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Dear Ladies and Gentlemen, respectable Colleagues and Friends of KOD,

It is a real pleasure and great honor for me to greet You on behalf of the Organizing
Committee of the Sixth International Symposium about forming and design in
mechanical engineering – KOD 2010. This year, symposium KOD takes place in
Hotel Prezident in Palić, Serbia on 29th and 30th September 2010, and I would like
to thank You for participating in it.
As we all know, the basic goal of this event is to assemble experienced researchers
and practitioners from universities, scientific institutes and different enterprises and
organizations from this region. Also, it should initiate more intensive cooperation
and exchanging of practical professional experiences in the field of shaping,
forming and design in mechanical and graphical engineering. Having always
present need for making more effective, simpler, smaller, easier, noiseless, cheaper
and more beautiful and esthetic products that can easy be recycled and are not
harmful for environment, the cooperation between specialists of these fields should
certainly be intensive.
Sixty nine articles, by authors from thirteen countries, are published in this
Proceedings. It could be more papers, but the recession is everywhere, so also in
publishing papers and proceedings. However, published papers are very interesting,
so that means these topics have potentials and have to be further researched.
Thank You for coming in Palić to take part in symposium KOD 2010 and for Your
interesting articles. I wish You success in Your further researching and great fortune
and happiness in personal life.

Prof. D.Sc. Siniša Kuzmanović, Eng.
Chairman of the Organizing Committee of KOD

Palić, 29 September 2010
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EFFORTS AND ACTIONS IN PRODUCT
DEVELOPMENT AND DESIGN
CHALLENGES
Milosav OGNJANOVIĆ
Abstract: The starting point of the article is a
contradiction: although the new methods and tools for
product development are in expansion, the number of new
products significantly decreases over the years. The main
challenge for product development is economic prosperity
of industrial enterprise and of society. Economic situation
over the years shows that economic challenge is not
strong enough to magnify investments in new products.
Integrated approach to product development has the
intention to improve it. Integration involves efforts of
ergonomics, bionics, ecology, aesthetics, etc. Numerous
institutions started to apply integrated approach in
product development and designers education. However,
it seems that the situation is not improved again. Final
discussion about evolutionary and revolutionary product
development offers visions and prediction of the future
processes. Extraordinary discovery of new energy sources
together with new technologies and developed design
methods and tools can expand product development and
replace “the era of mechanical power” with the new one.
Key words: Product development, Design, Ergonomics,
Bionics, Aesthetics, Ecology

1. INTRODUCTION
Product development and design in mechanical
engineering started with the development of human
civilization. Human needs were the main or the only
challenge. The necessity to solve a certain technical
problem was a great challenge and provided conditions
for survival. The Roman period in history as well as the
Renaissance was very intensive in technical solutions
development. The real expansion of mechanical system
solutions was in the time of the first Industrial
Revolution. It was also the challenge to solve numerous
technical problems and provide intensive economic
expansion of society. The modern challenges for product
development are predominantly economic and are
directed to satisfying the market needs and to provide

economic prosperity of industrial enterprises. In this
regard, it is necessary to create ideas for the new products
and to develop human needs and market for the new
product consumption [1][2]. It can be an extremely
complex task and can result in no guarantee for the
market success. This is proved by great expansion of
research activities in the area of product development and
design. Numerous methods and tools for this purpose are
developed and suggested. Governments invested a big
volume of money in research and development [3]. The
latest economic situation shows that results are opposite
to investment intentions. The investment in research and
development R&D has only one intention: to encourage
development of new technologies, the new products, the
new human and market needs. Development of the
mentioned segments should enlarge capital investment in
industrial production and provide economic prosperity. It
is obvious that capital finds easier way and goes round the
investment in industry. A great expansion of methods and
tools for product development did not result in numerous
new technical products. At the end of the twentieth
century it was obvious that only economic challenge for
the new product development is not strong enough any
more. Besides technical and economic challenges, it was
clear that it is necessary to find additional supports and
challenges in human and society’s needs in order to create
the enlargement of capital to be invested in industry and
product development. Then started the action oriented to
increase creativity and search for the additional
challenges for product development. The results are
numerous schools based on multidisciplinary approaches
and integrations in product development sense. In Fig.1
are presented areas which should be involved and
integrated as additional challenges. These sources of
knowledge, skills and creativity oriented to satisfying the
main challenge for product development are presented in
the upper part of the picture [4][5]. The lower part
contains additional challenges and sources which provide
much better success of the new product and great
improvement of human environment. Bionics can be a
strong challenge for more intensive transformation of
biological systems into technical ones. Higher level of
ergonomic harmonization of human needs and mechanical
systems can be also the challenge for development of
mechanical systems which can release human being of
hard work and transform work into the joy [6][7]. High
level of mechanical systems aesthetics provides
possibilities for these systems to become ornamental of
the life environment [8][9]. By ecological rules, satisfying
those systems can create health environment for existing
of biological and human being in harmony with
mechanical systems.
It is obvious that results are very poor. Economic crisis
prolongs and there are no new products which can
strongly animate production and economic activity. If we
come back to the period of the First industrial revolution
we can see that expansion of the new products was
challenged by invention of energy sources from natural
materials. It has been in the course of many years the
foundation for the development of technical systems.
Now it is obvious that this approach is glutted. Invention
of the new way of energy supply can change visions, way
of thinking and open the new areas.
1

- Design Methods
and Techniques

- General Technical and
Mechanical Knowledge

- Product development rules
and techniques

- General Methods
(Modeling, FEM,..)

- Bionics in Design
(Transform bio-systems into
technical)

Product development
and Design in
Mechanical
Engineering

- Design Aesthetic
(for Market, for Human)

- Harmonization with human needs
(Ergonomics)
- Harmonization with the environment
(Ecology)

Fig.1. Sources of knowledge, skills, creativities and challenges for the new
product development and design in mechanical engineering

2. TECHNICAL AND ECONOMICAL
CHALLENGES
Technical challenge for product development means that
someone notices that it is necessary to solve a certain
technical problem by the new product development. Then,
the designer team will receive the task, instructions and
limitations to design this product. Mainly, these are not
commercial products but some of them can become
commercial if they get a widespread application. It is
possible to notice that this technical challenge is too weak
and economy can’t wait for exceptional occasions for
product development. Economic reasons imply permanent
search for ideas which can lead to the new products that
can replace market existing products and provide much
more success at the market. This is the reason why the
market oriented companies have permanently organized
activities for investigation of the market, user needs,
economic and technological prediction. Also, they have
permanently arranged activities for ideas generation for
new products in order to be ready for market disturbances.
Investment in the new product development and design
has to start in the period when previous product has full
success at the market. Producers know that successful
products in the future will be pressed back from the
market and they have to be ready to replace them with the
new products. Market competition is the reason for
permanent product innovation and product development.
This is the part of financial circle flow which provides
economic increase. Every disturbance in this circle can
cause slow down in product development but slow down
in product development cause economic problems.
With the aim to solve economic and other human needs,
product development process is established as a complex
interaction. This process is based on numerous impacts
between scientific, technological, human, market and
other condition features. The main objective is to search
for solutions which can satisfy economic balance between
2

these features but the results can be also complex. Apart
from the new product, this procedure very often contains
suggestions for the new human needs development and
suggestions for the new technologies or for the new
scientific research. Product development implies complex
navigation in order to solve frequent contradictions and
lead the process to a defined aim. In Figure 2 are
presented the main objectives, constraints and effects
which suggest product development challenged by
technical or economical reasons. Since 1970s numerous
procedures for product development and design were
proposed. All of them have the main objective to create
the new product which will improve the market position
of a certain industrial enterprise. The basic idea in these
procedures is to create the new structures for the new
functions with the new behavior. The new product in this
sense needs development of the new human needs
(market needs). Estimation of suggested approaches is
that the new product with developed new market needs,
based on new technologies, has to provide a big
economical jump of industrial enterprise and society. This
approach presupposes frequent intake of new products at
the market and permanent increase of economical level.
The real present situation shows that these
presuppositions didn’t come true. The new product did
not get frequent appearance, especially in the last years.
The old products try to find the new market by territorial
spreading. The poor market areas can’t satisfy the
expected economic progress in a short time. Owners of
capital try to increase the money by financial transactions.
Globally, this produced economic crisis. It is possible to
conclude that absence of the new products in sufficient
volume over a long time period was one of the main
reasons for the global financial crisis. Also, the next
conclusion is that economical challenges for the new
product development are not strong enough. It is
necessary to search for additional challenges which can
support those economical, and they can be more
successful together.

Objectives

Constraints

- Economic survival
- Technological prosperity
- To improve human needs

- Market constraints
- Technical constraints
- Economical constraints

Technical and
Economical Challenges
for product Development
Communication
- Team level
- Technology and science level
- Economical and social level

Effects
- Market competition
- Economic expansion
- Technology innovation

Fig.2. Product development challenged by technical and economical reasons

3. INTEGRATED MULTIOBJECTIVE
EFFORTS AND CHALLENGES
The reasons why the economic challenge wasn’t fully
successful can be twofold. It might be that industrial
enterprises did not invest in the new product development
or the methods and procedures for product development
weren’t successful enough. In order to improve this
situation, product development theory is searching for the
new challenges and sources for the new technical
solutions. In this regard, it is important to point out that
there exist two areas of product development. One of
them is in the Engineering area (Engineering Design) and
another one is in the Artistic area (Industrial Design).
Designers carry out product development in these two
areas predominantly independently. Objectives of both of
them are very similar but the ways of realization and
outcomes are different. Engineering designers and
Industrial (artistic) designers satisfy the same product
features [10] having different orientations. Engineering
designers are predominantly oriented to satisfying user
needs, function, production etc. by features of reliability,
power, control, geometry, etc. Industrial designers
predominantly try to satisfy product features which can
provide high market competition. A great part of
designers’ activities are the same in both approaches.
Product development and design as direct action in
product definition try to transform knowledge and human
feelings into technical solutions. Engineers, for this
purpose, use certain procedures, methods, tools, rules etc.
which lead from the simple idea for the product to the
complex idea – project. Industrial designers use artistic
approaches as impression, studies, composition etc. [11].
In the branch of Mechanical engineering it means that
industrial designers develop products without necessary
technical knowledge, using feelings and observation. In
these circumstances a few possibilities can exist. Firstly,
industrial designers avoid developing products in the area
of mechanical engineering and the result is weak market
orientation of these products. The other extremity is the

development of these products by designers without
technical (mechanical) knowledge. Acceptable solutions
imply team work of engineering and industrial designers.
This also suggests multidisciplinary education (or
experience) of both groups of designers. Approaches,
objectives, limitations etc. in engineering and industrial
design are very different. Without multidisciplinary way
of thinking it is not easy for those two groups of designers
to mutually understand and accept each other’s reasons
and solutions.
Taking into consideration the impact of engineering and
industrial design approaches in the branch of Mechanical
Engineering, Aesthetics and market orientation of the
products emerge as a good challenge for product
development. Aesthetic products in this branch can
provide a set of advantages. Products such as dredgers,
transportation machines, agricultural machines, tool
machines etc. can produce an object which dignifies
living and working environment instead of disturbing it.
Also, these machines can make human work attractive,
can stimulate positive human feelings and increase
motivation for work.
To fulfill the product aesthetics and create the new
principles of actions, biological systems can provide an
unlimited source of ideas. Evolution of human beings
proceeded together with evolution of other biological
systems, flora, insects, animals etc. Human aesthetic
feeling was developed in this environment. The product
of aesthetics can be fulfilled if it is possible to establish
relationship with natural environment. Natural systems
produce many kinds of human feelings. Good and right
relationship with technical systems can provide the
expected effects.
Evolution of biological systems has provided extremely
complex processes and principles which is impossible to
transform into those technical at the moment. On the other
hand, the majority of technical systems were developed
by transforming the main principles of biological systems.
By increase of the level of scientific and technological
knowledge, possibilities for those transfers or
3

Constraints and limitations
Objectives:
- Transform biological into technical
- Scientific limitations
systems
- Technological limitations
- Relies human being of work
- Economical constraints
- Decorative technical systems
- Health environment
Integrated
Challenges for product
Development (technical,
economic, aesthetic, bionic,
ergonomic, ecologic)
Communication
- Environment relations
- Technology and science level
- Economical and social level

Effects
- High level of technical systems
- High level of aesthetics
- Easy work and joy in work
- Dignified environment
-

Fig.3. Integrated challenge for product development
transformations will get intensive. Every possibility for
the transfer can be a challenge for the new product
development. Objectives, limitations and effects of Bionic
and Aesthetic challenges for product development are
presented in Fig.3.
Back in the past it is possible to conclude that technical
systems were developed with the aim to satisfy human
needs in general. Some of those systems caused the need
for some human beings to have to work very hard. With
the aim to create good relation between machine operator
and machine itself and to provide higher benefit of human
work, a special scientific discipline Ergonomics was
established. One of the main indicators of machine system
quality is ergonomic relation between operator and
machine. The technical systems have to be adapted to the
human features, and work has to be as easy and less
dangerous as possible.
The strong challenge in the future can be the development
of machine systems which can stimulate positive feelings
for work. Furthermore, by inclusion of information
technologies, human being can relish any work. The task
of Ergonomics in this case is to create friendly interaction
between human being and machines with artificial
intelligence. The aim is to develop machine systems
which make human relishes work and to provide
opportunity for being occupied with more creative
activities. It can be one more additional challenge for the
new product development in the branch of mechanical
engineering.
It is known throughout the years that machine systems
disturb natural environment. People have to choose
between clean natural environment and economic
prosperity which can be provided by machine systems.
This choice makes numerous social and political
problems. The only right solution is development of
machine systems which do not disturb natural
environment. In order to avoid the mentioned social and
political problems, and to sustain natural environment,
development of machine systems which do not disturb
and dignify the environment is a strong challenge. In
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Figure 3 objectives, constraints and effects of product
development challenged by Ergonomics and Ecologic
reasons are presented.
Integrated challenges are reaction to the poor results in
new products development and in economic effects on
society. These effects do not correspond to the expansion
of design and product development methods. It was
necessary to unify all efforts, ways and actions in this
sense. The question is which way of integration and
organization it is necessary to apply. One of the
possibilities is to provide coordination at the global level
using global organizations and institutions similar to
financial or cultural area. The global coordination can
provide conditions to avoid randomness, define priorities,
and directions important for human progress. However,
central coordination is in contradiction with market
competition and not acceptable for this purpose. Instead
of global coordination, numerous institutions started to
arrange integrated and multidisciplinary approach to
product development. Universities have established
curriculums and educate experts for product development
in this sense.
The main features of integrated and multidisciplinary
approach are the next.
 Provision of integration and coordination inside the
design institution. The global coordination can
provide cooperation between those and other
institutions and organizations. Small centers and
individual designers can be in relation with main
centers.
 Unify and coordinate Engineering Design and
Industrial Design, define the tasks and directions of
action
 More strongly stimulate ecologic and aesthetic
challenges comparing to technical and economical.
 Research activities in design field have to be directed
to transform biological principal and structures in
technical solutions. Artificial intelligence in the future
has to be oriented to serve people and to release
human being of work.

4. VISIONS AND POSSIBILITIES
The starting point for the vision of future product
development is the fact that the progress of economy is
not possible without market activity and the new products
development. Turning back to the past we can see that
intensive product development and market activity started
with the first industrial revolution. This is the period of
mechanical energy sources discovery. The era of
mechanical energy has started then and lasted until today.
The other “industrial revolutions” provided better
conditions for further development of mechanical
systems. Other types of energy such as heat, electricity,
nuclear etc. were combined with mechanical energy. Heat
energy and nuclear energy are one of the steps in
mechanical energy processing. Electrical energy is
combined with mechanical energy very well. Electronic
and control systems also provide spreading of mechanical
systems in the form of mechatronic systems.
Product development at the beginning of this “mechanical
era” was spontaneous. The new product was the result of
increased necessity, accumulated knowledge, designer’s
skills and inspiration etc. Design and production of the
product were unified and were the same activity. Later,
the product development and design got organised
procedure, and design was separated from production but
in close connection with it. In this second stage, by
various kinds of organisation including various methods,
industrial enterprises tried to intensify the new product
development. The results were variable and were in
connection with numerous societal conditions and
occasions. Latent economic stagnation in the 1990s
caused expansion of methods, approaches and tools for
product development and engineering design in order to
challenge more intensively product development and
improve economic situation. This third stage of product
development is characterized by a short period and great

efforts. However, the expected results were, very
obviously, missed. In continuation of this phase (it can be
the new phase), in parallel with economic situation getting
worse, product development forces and efforts try to unify
and integrate as presented in previous section and in
Fig.3.
Looking back into the past it is possible to notice that
product development was evolution based on similar
principles and on the same energy sources etc. (Fig.4a).
This is the helical motion in the same direction. In the
case of the cars it is possible to notice a great progress
starting from the first car design, but the main principle
wasn’t changed. In the case of the plain development the
basic principle wasn’t changed either but there were a few
development barriers which it had to break through and
continue evolutionary progress. It was changes in energy
supply for flying, i.e. innovation of plane engines that
caused increase of fly speed. Change of the main
evolution direction presented in Fig.4a, means, for
example, the invention of helicopter fly principle. This is
a different principle for realisation of similar function. It
divides evolution trajectory and create the new direction
of evolutionary development. Also, it is possible to find
numerous spurs and starts of the new direction of
evolutionary development which was produced for
military reasons. This is a branch with no market
investment and with the great pressure in military race.
This is a collateral use of military objectives. Numerous
development barriers were broken through, contradictions
were solved and the new evolutionary directions of
product development were started for military reasons.
The present situation shows that evolutionary progress of
the technical solutions based on mechanical energy
significantly was slowed down. The new solutions or
inventions which can open the new development direction
are significantly reduced. The question is: Is it possible to
continue helical motion of evolution progress (Fig.4a) or
Product
Development
progress

Evolutionary progress

Evolutionary
degradation
Development
barrier
Change of main
development line
direction

Development
barrier

Extraordinary
discovery

a)

b)
Fig.4. Evolutionary (a) and revolutionary (b) product development
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not? It is obvious that mechanical principles got glutted. It
can make much worse economic situation which,
according to experience, continues with the global
incidental situation. Extraordinary discovery can change
conditions and redirect human efforts very profoundly and
significantly.
Extraordinary discovery in this regard means the through
new energy sources, i.e. new kind of energy which can
provide the possibility to leave glutted principles based on
mechanical power. For example, the energy sources based
on nuclear fusion which can be safe for wide application
in small power quantities can be a revolutionary
discovery. These sources firstly have to be perfected and
then applied for the new technical systems development
(Fig.4b). It is necessary to find out the principles and
solutions for the new energy sources applications. This is
a strong development barrier which has to be burst
through in order to establish the new principles and
solutions in a revolutionary sense. Also, in the first step it
can include some of mechanical principles and then to
open a very wide area for evolutionary product
development. At present, nano and micro-technology
knowledge, methods, approaches and tools for product
development and design are available. The new energy
sources in this direction can open the new era of technical
systems and economic progress. This also means the end
of mechanical energy era and might be the end of
mechanical engineering. However, it is possible to adapt
to the new circumstances but respecting the new
surroundings and limits.

5. CONCLUSION
Basically, the main reason and challenge for the new
product development is economic prosperity of industrial
enterprise and society. Capital invested in a certain
product development can be significantly increased. The
present situation shows that financial capital is not
involved in the product and market development.
Research and product development institutions try to find
out additional challenges which can encourage investors
to invest in the product development and challenges for
the new product development. One of the proposed
approaches is an integrated product development which,
together with technical and economic reasons, involves
ecologic, ergonomic, aesthetic reasons in close interaction
with bionics. Numerous product developments and
education institutions started to apply integrated approach
in order to enrich the process of product development and
education of designers. In the article it is named as the
third of product development approach. Then, the vision
of the future of technical systems is presented. Previous
product development period starting from the first
industrial revolution is named as “mechanical era”. As the
product development based on mechanical power is
glutted, the new product development expansion is
possible in the new nano and energy fusion era. This
extraordinary discovery can survey global economic
social prosperity.
6
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CONCEPT OF VIRTUAL PRODUCT
DEVELOPMENT
Vojislav MILTENOVIĆ
Miroslav VEREŠ
Milan BANIĆ

Abstract: Market globalization and increased customer
demands are leading providers of low series of expensive
machines to the high cost of development and
construction. To overcome noted challenges it is
necessary to use technologies if interactive simulation. I
tat way it is possible, even in early phases of product
development, to assess the operational behaviour of
machines. The specific customer demands are determined
before the actual machine design phase. The paper
presents an up to date concept of virtual product
development with application on assessment of behaviour
and life prediction of elastomeric machine elements.
Key words: virtual product development, simulation,
operation behaviour, life prediction

1. INTRODUCTION
During the last two hundred years of industrial product
development there has been a significant growth and
substantial changes in the field of construction and
design. Figure 1 shows those changes over the
evolutionary phases of design and shaping. In the
nineteenth century the development and production of the
products went on inside the workshop.
The course of further industrialization created a need to
intensify activities in the area, which led to a further
development in the field of design and application of
serial and standards-oriented design. Workshop drawings
have been supplied with details regarding the production.
Only in the third evolutionary stage with the
implementation of the design methodology, it is possible
to describe the design process in a general, abstract form.
Application of computer aided design radically changes
the auxiliary aids and tools in product development.
Significant calculation speed and ability to easily manage
and store data led to development and application of
algorithmic systems, such is the finite element method.
By application of geometric modelling the product

models were obtained from which it was possible to make
design documentation, perform numerical calculations, to
plan production as well as getting the base to
manuufacture with numerically controlled machine tools
and robots.
Advantages of currently available geometrical systems
reflect in ability to work interactively with geometrical
data. In many cases, designer had to connect individual
contours, surfaces or volume elements into unique
structure. In three-dimensional representation this task
was very complex, so that potential of 3D systems were
not fully exploited. Problem is solved by a user module
with the interactive design logic, which enables the
designer to automatically generate geometry.
In this way it is possible to consider concurrently
function, geometry and technology as well as their
interrelations. Computer aided product modelling
integrates noted tasks and enables the formation of
computer integrated factory. Process of product modelling
enables, beside geometric data, to obtain data about
product model which represent a basis for the new
approach to product development known as virtual
product development.
Given the possibility of information technologies, the
computer support is used in all phases of product
development. Therefore, the virtual product, i.e.
simulation of all product phases in product development
process, aided by the computer, can be recognized as a
strategic goal. In an integrated production model all the
product information necessary for product development
and further phases are transferred. Product modelling flow
is given in Fig.2.

2. CONCEPT OF VIRTUAL PRODUCT
DEVELOPMENT
One of the suitable strategies or organisational forms is
simultaneous engineering, where product development is
closely connected with the production. In order to
rationalise the product lifecycle the complete product
technology is encompassed by application of integrated
informational technologies.
The phase of innovative product development has a
decisive influence on enterprise market survival. During
his phase, in addition to finding and applying innovative
design solutions, most of the costs related product
manufacture as well as its market price is determined. In
this way, the competitiveness of companies in the market
is directly affected.
The modern process of industrial product development
includes support for computers in the assessment and
evaluation of proposed solutions as well as conceptual
analysis in the construction process. In respect to above,
different types of analyses are performed by engineers in
order to usually obtain physical properties, such as:
 loads,
 deformations,
 masses,
 volumes,
 centre of mass,
 as well as thermal, mechanical and other physical
properties.
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Fig.1. Evolutionary phases of design process

Fig.2. Virtual product modelling
Along with noted analysis types, the other types of
analysis are available too:
 analysis of mechanisms,
 functional analysis,
 ergonomical analysis, etc.
The collection of different program modules which enable
the application of above noted analyses is known as
Computer Aided Engineering (CAE).
In order to decrease the product development time the
organisational and technological measures are applied
too. The goal of such approach is to optimise the product
development process by acceleration of individual
processes i.e. their parallelisation – Fig.3.
Techniques for computer aided manufacturing process
simulation, as well as generation of production
instructions, are in tightly integrated with modelling of
product structure shape (Fig.4).
The process of virtual product development has several
advantages in regard to classical design logic. The aim of
computer aided product oriented development is to
integrate the derived product management functions with
information technology tolls and design methodology into
virtual product development (Fig.5).
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Fig.3. Parallel process chains containing the product
virtual model

Fig.4. Integrated CAD/CAE/CAM system

Fig.5. Generation of production orientated product
development process

and a curing agent (e.g. sulphur). Additional components
may include antioxidants, adhesion agents, flame
retardant agents and special process-enhancing chemical
additives. Common physical properties of rubber
compounds are affected by every ingredient of a rubber
recipe independently of or dependently on each other. The
mixing and curing process is also critical in determining
these properties. Improving one compound property
always results in changing other properties, for better or
for worse. Noted fact makes prediction of behaviour as
well as the service life of elastomeric based products a
very complicated task. Up to appearance of modern
computer aided tools, the development of those products
relied only on previous experience of the designer and
trial and error procedure. Such approach was inefficient,
expensive and time consuming because it required
iterative procedure combined with excessive experimental
testing to achieve desired mechanical properties.
By application of concept of virtual product development,
designer has an array of available methods and tools
which enable the prediction of behaviour and service life
before the manufacturing of the product prototype.
As already noted, elastomeric compounds are primarily
used as vibration or anti-shock components, so the main
properties designer must take into account are absorbing
capacity and rigidity of the compound. The most
important absorbing characteristic of rubber is evaluated
by its hysteresis. Hysteresis is the mechanical energy loss
that always occurs in an elastic material between the
application and the removal of a load. If the displacement
of a system with hysteresis is plotted on a graph against
the applied force, the resulting curve is in the form of a
loop. It depends not only on the elastomer type, but also
on fillers and other compound ingredients as other
mechanical properties.
Basic problem with development of elastomeric
compounds is that designer cannot predict the behaviour
of those compounds regarding the required absorption
capacity.

3. EXAMPLE OF VIRTUAL PRODUCT
DEVELOPMENT
Very good example about advantages of virtual product
development is development of product made from
elastomers (usually rubber compounds). Rubber or
rubber-metal springs are widely used in industry as antivibration or anti-shock components giving many years of
service. Their basic advantages in respect to metal ring
springs are: lower price, easier installation, less weight
(six times smaller for the same dynamic capacity),
reduced corrosion, no risk of fracture and no need for
lubrication. The basic lack of rubber or rubber-metal
springs is an insufficiently reliable service life caused by
rubber aging.
Those elements are well established to control vertical
and lateral movements. Nowadays, the more demanding
operating environment has made the design of such
components more challenging than ever before. In
addition to the design of the rubber part itself the interface
between the part and the customer’s structure is also
important.
Rubber compounds are generally composed of a base
rubber (e.g. natural rubber), a filler (e.g. carbon black)

Fig.6. 3D model and draft drawing of the initial geometry
The first step in the virtual development process is to
define the initial geometry of the product based on
required absorption capacity, work stroke, assembly
9

constraints and pre-stress assumption. Three-dimensional
computer model and a draft drawing of initial geometry
are shown on Fig.6. The basic spring element consists of a
reinforcement metal disk with openings and vulcanized
rubber parts on both sides of the plate connected through
the plate’s openings. The computer model of the product
was defined trough feature based design and through
various computer-aided product development techniques,
analyzed so that it becomes a virtual prototype. Features
help computer-based elaboration of the designing task.
The information which they contain is used in all phases
of product development, so they represent the basis for a
methodological approach to product development.
Through feature-related semantics, information, rules and
functional dependencies can be processed and stored in a
computer, so that they can be used in the later
development of the system. The dimensions of the virtual
model were parameterised in order to facilitate the model
change, automate the production of the design
documentation and enable the parametric optimisation.
The amortizing ability of a elastomer can be predicted by
simulation using the finite element method. For the
simulation purpose, the adopted initial design of the
spring element was transformed into a discretised model
of finite elements by applying advanced methods for
automatic generation of adaptive networks. Mechanical
behaviour of the selected rubber compound was described
by the Bergström-Boyce constitutive model. The
Bergström-Boyce
material
model
is
a
phenomenologically based, highly nonlinear model used
to model viscoplastic behaviour of elastomers. The model
allows for a nonlinear stress-strain relationship, strain rate
dependence and can capture the hysteresis effect of
elastomers.

The time dependent behaviour of realistic rubber
compounds (or elastomers) can be mechanically described
by decoupling it into two parts: an equilibrium response
and time depended deviation from the equilibrium
response. Rubber compounds or elastomers can then be
modeled as two parallel polymer networks (Fig. 7). The
first network (A) captures the equilibrium response and
can be modeled by using any of the known hyperelastic
material models. The second network (B) represents a
perfect network in series with a time dependent element
which acts to relieve the strain in the network during time.
By simulating the service operation of the developed
element the behaviour of the element regarding the
absorption capacity as well as the stress distribution was
predicted.
Based on stress distribution and its extreme values
predicted via the simulation, the service life of the basic
spring element was estimated by using the S-N curves
(Fig.8)
To reduce time and costs in the development of
elastomer-metal components while maintaining a high
product quality it is essential to use efficient optimization
tools besides the already performed nonlinear FE analysis.

a)

Fig.7. One-dimensional rheological constitutive model of
elastomers
b)
Fig.9. Stress distribution in initial (a) and optimised
element (b)

Fig.8. S-N curves of the rubber-metal element
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The optimization procedure was performed in order to
improve the design of the spring element regarding its
service life. By lowering the element stress levels values,
the service life is prolonged which is obvious from Fig. 7.
The optimization was performed by defining the design of
experiment as a central composite design in simulation.
By variation of the plate opening diameter (Do), the
number of openings (Bo) and radius on top and bottom of
the rubber part of the element (R), the functional

dependence of maximum equivalent stress from input
parameters was obtained. Minimisation of the obtained
functional dependence results in optimal geometric
dimensions of the basic spring element. Stress distribution
in the initial and optimised element is shown on Fig.9,
while the functional dependence of maximal equivalent
stress from input parameters is shown in Fig.10.
As the geometry of the element was changed it was
necessary to re-evaluate the absorption capacity of the
optimised element (Fig.11).

behaviour of spring element obtained via simulation and
experimental validation.

Fig.11 Comparison of behaviour of initial and optimised
spring element

Fig.12. Comparison of the predicted and experimentally
obtained force-displacement behavior
The deviation in behaviour is a consequence of the
material model used for simulation purposes and it is in
tolerable range for simulation of elastomeric compounds.
Previously generated feature based geometry enables the
automatic generation of the vulcanisation mould as well
as the analysis of the mould process. The mould geometry
is then transferred to numerically controlled machine
tools for manufacturing. Noted production procedure
reduce time and cost related to phase of product transfer
to production.
The described procedure of virtual development of
elastomeric based product drastically reduces time and
costs related to their development and thus enable
innovation and enterprise competiveness.

4. CONCLUSION
Fig.10. Functional dependence of maximal equivalent
stress from the optimisation parameters
The next stage in the development was the validation of
the virtual product in the realistic operating conditions.
Based on design defined trough development process the
prototype samples were made. Experimental validation
was conducted under conditions identical to conditions
defined in the simulation of mechanical behaviour of
elements. Figure 12 shows the comparison of mechanical

Based on stated above, the following conclusions can be
drawn:
1. The concept of virtual product development enables
the development and optimization of novel designs
and, consequently, reduces the costs and the time to
market.
2. Virtual product development enables the sharing of
product related data by everyone in the product
development process right at the outset.
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3. Virtual product development improves product
innovation through the iterative design process as well
as the product quality by using the digital validation,
mapped to product requirements and test plans.
4. Very good example of virtual product development is
a development of elastomeric based products. As their
development process requires extensive iterative
procedure integrated with physical testing, the virtual
development greatly decreases the number of required
tests and thus lowers the time and costs related to
development of these products. The ability to perform
unlimited virtual testing, which depends solely on
available computer resources, gives designer a better
control over physical and mechanical properties of
these products and improves their quality.
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ROLLING BEARING LOAD RATING
CAPACITIES AND RATING LIFE
Lucian TUDOSE

In Section 4 we show why basic dynamic load rating
(displayed by the bearing manufacturers in their catalogs)
is so important and in Section 5 the concept of basic static
load rating is introduced.
Nowadays, the recent catalogs of a few bearing
manufacturers feature “unilaterally revised” (ur) bearing
ratings in place of “ISO compliant” (ic) ones. The former
have greater values of basic dynamic load rating than the
latter (sometimes by 20-25%), but their values of basic
static load rating are equal. In Section 6 we show that the
values of basic dynamic load rating increased by larger
amounts are not computed with ISO formulae.
The last sections of the paper show that compliance with
bearing ISO standards (in all respects, including
especially the computing method of basic dynamic load
rating) should become universally accepted.

2. LIFE EQUATIONS
2.1. Weibull distribution function

Abstract: In this white paper the use across the entire
bearing industry of ISO 281 is advocated as a universally
accepted standard for the calculation of the basic
dynamic load rating of bearings for machine and
equipment designing. We argue that the calculations
behind the performance figures quoted by many
manufacturers in their catalogues are often not
sufficiently transparent and/or not in conformance with
recognized International Standards.
Key words: life equations, basic dynamic load rating,
basic rating life, bearing ISO standards, ISO 281

1. INTRODUCTION
It is hard to imagine any area of today’s industry that does
not use rolling element bearings. An object that seems so
trivial actually turns out to incorporate a huge amount of
knowledge from mechanics, mathematics, physics,
chemistry etc. The rolling element bearing industry was
among the first to use fatigue life as a design criterion. As
a result, the term “reliability” synonymous with
“probability of survival” is familiar to rolling bearing
manufacturers and users. The concept of basic rating life
L10 (proposed since 1924 by Palmgren [10]) is used today
as a measure of the bearing performance. By means of
ISO load rating standards, the rolling bearing industry
established very simple methods to evaluate rating life
through the crucial term of basic dynamic load rating.
These standards can be applied to compare the adequacy
of a range of bearing types from different manufacturers
for use in most engineering applications [2].
In this paper the author proposes a generalized procedure
to obtain the computable value of basic dynamic load
rating. To this end in Section 2 the main life equations are
presented and analyzed. This procedure serves to
demonstrate that there are several different ways of
computing the basic dynamic load rating. In Section 3,
after establishing the generic procedure, we illustrate it by
calculating the basic dynamic load rating of a radial ball
bearing starting from Lundberg-Palmgren life equation.

In 1939 W. Weibull published two reports on the strength
of materials: “A Statistical Theory of the Strength of
Materials” [19] and “The Phenomenon of Rupture in
Solids” [20]. In these papers his distribution function
characterizing the strength of materials is introduced,
empirically based on observations obtained from tensile,
bending and torsional tests on rods made of stearic acid
and plaster-of-Paris. The generalized strength distribution
law has the following expression:

ln(1 − ℑ) = − n(σ ) dv

∫

(1)

V

where ℑ is the probability of rupture at any given
distribution of stress σ over a volume V, and n(σ) is a
function specific to the material. Taking into account that
the probability of survival is

S =1− ℑ

(2)

from Eq. (1) we obtain

ln

1
= n(σ ) dv
S V

∫

(3)

For statistically homogenous materials Weibull also
assumed that the material function may be expressed by
the formula:

⎛ σ − σu ⎞
⎟
n(σ ) = ⎜⎜
⎟
⎝ σ0 ⎠

e

(4)

where σu (shift parameter), σ0 (scale parameter – in fact,
as Weibull proved, the ultimate strength of the material in
classical theory) and e (shape or slope parameter) are
material constants. For a given probability of survival S,
1e

⎛ 1⎞
σ~⎜ ⎟
⎝V⎠

(5)

meaning that for the same probability of survival the
components with the larger stressed volume will have the
lower strength (or shorter life). It is worth noting that in
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this entire paper symbol “~” must be read as “is
proportional to”.
On the other hand, Weibull postulated that the product
law of probabilities is in effect in this case, that is, if the
stressed solid is divided in an arbitrary manner into nv
volume elements, the probability of survival for the entire
solid S can be obtained by multiplying the individual
probabilities of survival as follows:

S=

nv

∏S

j

1
=
S

⇔ ln

j =1

nv

1

∑ ln S
j =1

(6)

j

After World War II, Weibull extended the application of
his distribution from strength phenomena to cyclic fatigue
phenomena, culminating in his monumental “Fatigue
Testing and Analysis of Results” [5] published in 1961 on
behalf of NATO. More information about Weibull’s
theory and its connection with rolling bearing statistical
methods can be found [4] and [3], respectively.
It is now recognized throughout the scientific community
that Weibull's distribution function should be the starting
point in the prediction of bearing fatigue life. The socalled “life equation” or “life theory” results from
applications of Weibull’s formulations.

2.2. Weibull life equation
As reported by Zaretsky [17], it seems that Weibull had
suggested to Palmgren and Lundberg the use of his
equation to predict bearing (fatigue) life. His suggestion
refers to the replacement of the function under the integral
in Eq. (3) in order to adapt it to the case of cyclically load
concentrated Hertzian contact.
We found no other reference in the open literature to this
suggestion, so we shall present it here merely as an
exercise. Consequently, Eq. (3) can be written as:

ln

1
= cst ⋅ τ c ⋅ N e ⋅ V
S

(7)

where cst is a constant of proportionality depending on
the formula it refers to, τ is the critical shear stress, N is
the number of stress cycles survived with the probability
S, c is the critical shear stress-life exponent, and e is
Weibull’s slope parameter. If the number of stress cycles
N is given by:

N = uL

(8)

where u is the number of stress cycles per revolution and
L is the contact life in revolutions (or millions of
revolutions), substituting Eq. (8) into Eq. (7) gives

ln

1
= cst ⋅ τ c ⋅ Le ⋅ V
S

(9)

For a given probability of survival S,

⎛1⎞
L~⎜ ⎟
⎝τ⎠

ce

1e

⎛1⎞
⋅⎜ ⎟
⎝V ⎠

(10)

where the parameter c/e is the stress-life exponent. This
implies that the inverse relation of life with stress is a
function of the life scatter or data dispersion.
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2.3. Lundberg-Palmgren life equation
In 1947 G. Lundberg and A. Palmgren [8] applied
Weibull’s analysis to the prediction of rolling-element
bearing fatigue life. Unfortunately Weibull’s theory is not
directly applicable to rolling bearings since it is based on
the assumption that the initial crack leads to failure.
Analyzing fatigue of rolling bearings, experience has
demonstrated that many cracks formed below the surface
do not propagate and do not reach the surface. Lundberg
and Palmgren considered that the probability of the
occurrence of a fatigue break should be a function of the
depth z0 below the load-carrying surface at which the
most severe shear stress occurs. But another important
question arises: “What will this most severe shear stress
be?”. Lundberg and Palmgren postulated that the most
severe shear stress that should be considered is the
maximum orthogonal shear stress τ0 and, consequently, z0
will be the depth at which it occurs. Since [8] refers to the
Hertzian point contact, later, in 1952, Lundberg and
Palmgren further developed their theory and applied it to
the Hertzian line contact too [9].
It is worth nothing that much experimental evidence
contradicts the above postulate; nevertheless, the
Lundberg-Palmgren theory and the subsequent
development of the standard load and life rating formulas
are based on this assumption. Many researchers think that
the scalar von Mises stress or the octahedral shear stress
represent better criteria for rolling contact failure [2]. The
Lundberg-Palmgren life equation is much like Eq. (9), but
uses τ0 and introduces the depth z0 at which it occurs:

ln

1
τ c ⋅ Le
= cst ⋅ 0 h ⋅ V
S
z0

(11)

where h is an exponent. This time, for a given probability
of survival S, we have

⎛1⎞
L ~ ⎜⎜ c ⎟⎟
⎝ τ0 ⎠

ce

1e

⎛1⎞
⋅ z0h e ⋅ ⎜ ⎟
⎝V ⎠

(12)

2.4. Ioannides-Harris life equation
In 1985 E. Ioannides and T. A. Harris [7] introduced a so
called fatigue-limiting stress τu and, from Eq. (3) and
considering Eq. (11) also, they obtained:

(τ − τ ) ⋅ Le ⋅ V
1
= cst ⋅ 0 uh
S
z0
c

ln

(13)

The idea of introducing a fatigue limit on life calculations
is not new. In 1924 Palmgren [10] states that bearing
"limited service life is primarily a fatigue phenomenon.
[...] If we start out from the assumption that the material
has a certain fatigue limit, meaning that it can withstand
an unlimited number of cyclic loads on or below certain,
low level of load, the service life curve will be
asymptotic.
Since, moreover, the material has an elastic limit and/or
fracture limit, the curve must yield a finite load even
when there is only a single load value, meaning that the
number of cycles equals zero”. However, Palmgren,
together with Lundberg, discarded the concept of a

fatigue limit in their future works. For more information
on this topic, the reader should refer to [16].
Returning to the Ioannides-Harris theory, for a given
probability of survival S, from Eq. (13) one obtains:

⎛ 1
L ~ ⎜⎜
⎝ τ 0 − τu

⎞
⎟⎟
⎠

ce

1e

⋅ z0h e

⎛1⎞
⋅⎜ ⎟
⎝V ⎠

(14)

Equation (14) is identical to that of Lundberg and
Palmgren (Eq. (12)) except for the introduction of a
fatigue-limiting stress. For further developments of this
theory, the reader is advised to consult [1] and [11].

2.5. Zaretsky life equation
Lundberg and Palmgren [8] assumed that once initiated,
the time a crack takes to propagate to the surface and
form a fatigue spall is a function of the depth z0 of the
maximum orthogonal shear stress τ0. Hence, by
implication, bearing fatigue life is crack propagation time
dependent. But crack propagation is an extremely small
time fraction for the total life or running time of the
bearing. The Lundberg-Palmgren relation implies that the
opposite is true.
On the other hand, Zaretsky observed that effective
critical shear stress-life exponent c/e depends on bearing
life scatter or dispersion of the data. This fact seems to be
not validated by experimental results.
Hence, in order to decouple the dependence of bearing
life and crack propagation rate, in 1994 Zaretsky [12]
dispensed with the Lundberg-Palmgren relation of L ~ z0
and made the exponent c independent of the Weibull
slope e:

ln

1
= cst ⋅ τ c0⋅e ⋅ Le ⋅ V
S

(15)

For a given probability of survival S,
c

1e

⎛ 1 ⎞ ⎛1⎞
L ~ ⎜⎜ ⎟⎟ ⋅ ⎜ ⎟
⎝ τ0 ⎠ ⎝ V ⎠

(16)

Equation (16) differs from the Weibull Eq. (10) and the
Lundberg-Palmgren Eq. (12) in the exponent of the
critical stress.
Zaretsky also assumes, based upon experience, that the
value of the stress-exponent c = 9 instead of c = 10.32 as
Lundberg and Palmgren found.

2.6. Summary of life equations
Although all the above mentioned life equations are based
on Weibull's theory, they fundamentally differ in terms of
the natural phenomena and experimental results taken into
account. For this reason, the values of exponents differ,
even if in all equations they are denoted with the same
symbols.
As we will demonstrate in the following, these values will
influence the value of bearing load ratings in a decisive
fashion.
Since this section is only a review of life equations,
detailed examination and comparison between these can
be found in [15] and [17].

3. BASIC DYNAMIC LOAD RATING AND
BASIC RATING LIFE
This section has two major objectives. The first one is to
present a generalized procedure (based on life equations
presented in the previous section) to introduce and
calculate the basic rating life and basic dynamic load
rating of rolling bearings. This procedure is intended to
prove that it is possible to calculate several values of the
basic dynamic load rating depending on which life
equation is adopted and what level of simplification is
used. The second objective consists of exemplifying the
procedure starting from Lundberg-Palmgren life equation,
adopted both in ISO and ANSI/ABMA standards [21]
[22] [24] [25] [26].

3.1. Generalized procedure for the calculation of
the basic rating life and basic dynamic load
rating of rolling bearings
We will present this procedure in the context of a radial
ball bearing loaded by a purely radial load. The
extrapolation of this procedure to another bearing type
will be a very easy task, the procedure being similar. This
generalized procedure for the calculation of the basic
rating life and basic dynamic load rating of bearings
encompasses the following steps:
Step 1: Determining of the basic dynamic capacity of a
rolling element-raceway contact
Any of the equations (9), (11), (13), and (15) shows that
the probability of survival S of a cyclically loaded
Hertzian contact depends on its associated predicted life L
and on shear stress, volume, and possibly depth. From
Hertz’s theory, via maximum contact stress σmax, all these
last values can be written in terms of the normal force Q
between a rolling element and the raceway. This fact
leads to a generalized expression as follows:

ln

1
= cst ⋅ Le ⋅ Q ω
S

(17)

For a given probability of survival S (for example S = 0.9,
which means 10% probability of failure), and assuming
that e/ω = 1/p one obtains:

Q ⋅ L1 p = Λ

(18)

where Λ is a complex material and geometrical constant.
Note that, from case to case, p and Λ take different
values, but the relationship remains the same. In this
moment the setting up of a “life unit” is mandatory.
Almost all bearing manufacturers agree that this unit of
life is one million revolutions. However, at least one
company uses also as a unit of life the value of 90 million
revolutions. In this paper we refer to the value of one
million revolutions.
For a given probability of survival, the basic dynamic
capacity of a rolling element-raceway contact is defined
as the load that the contact will endure for one million
revolutions of the bearing ring. Instead of basic dynamic
capacity ISO prefers the much longer rolling element load
for the basic dynamic load rating of the bearing [25].
Hence, the basic dynamic capacity of a contact is (L = 1):
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Qc = Λ

(19)

For a given probability of survival S and L = 1, Λ is in
fact the solution of the Eq. (17) . This solution can almost
always be computed. For a bearing of a given dimension,
by equating Eq. (18) with Eq. (19), one obtains

Q ⋅ L1 p = Qc

(20)

or

⎛Q ⎞
L = ⎜⎜ c ⎟⎟
⎝Q⎠

p

(21)

Thus, for an applied normal load Q and a basic dynamic
capacity Qc (of a contact), the fatigue life in millions of
revolutions may be calculated.
Note that from Eq. (17) and Eq. (21), for a certain load Q,
one obtains
ep

ln

⎛Q ⎞
1
= K L ⋅ Le = K L ⋅ ⎜⎜ c ⎟⎟ = K Qc ⋅ Qcep
S
⎝Q⎠

(22)

If we consider a system of Z geometrically identical
contacts (same Qc) but loaded with different normal
forces, Qj, j = 1 … Z, and for a given probability of
survival S, the fatigue life of the system will be obtained
using the following equation

⎛Q ⎞
L = ⎜⎜ c ⎟⎟
⎝ Qe ⎠

p

(23)

⎛1
⎞
Qe = ⎜ ⋅ Q jp1 ⎟
⎜ Z j =1
⎟
⎝
⎠
Z

∑

1 p1

(24)

where p1 is an experimentally determined exponent.
Step 2: Determining of basic dynamic capacity of rings
A rolling bearing encompasses several Hertzian contacts:
contacts between rolling elements and the raceway of a
ring which rotates relative to the applied load (usually this
is the inner ring) and contacts between rolling elements
and raceway of a ring which is stationary relative to the
applied load (almost always the outer ring). Let us assume
that the basic dynamic capacity of the first type of contact
is QC1 and the basic dynamic capacity of the second type
of contact is QC2. If Eq. (23) can be used, then it is not
necessary to determine the dynamic capacity of rings, but
the fatigue life of the rotating and non-rotating ring, L1
and L2, respectively, are computed:

⎛Q ⎞
= ⎜ c1, 2 ⎟
⎜Q ⎟
⎝ e1, 2 ⎠

p

(25)

Since the product law of probabilities is in effect, it is
possible to calculate the rolling bearing fatigue life L (in
fact the basic rating life):
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)

−1 e

(26)

If Eq. (23) cannot be used, it is always possible to
derivate simplified relationships between the basic
dynamic capacity of rings C1 and C2, respectively, and
QC1, QC2, number of rolling elements Z, and other
geometrical elements:

C1, 2 = f (QC1, 2 , Z )

(27)

Note that equations as Eq. (22) are still valid for rotating
and non-rotating ring, respectively

ln

1
= K L1, 2 ⋅ L1e, 2 = K C1, 2 ⋅ C1ep, 2
S 1, 2

(28)

where S1 and S2 are the fatigue life of the rotating and
non-rotating ring, respectively.
Step 3: Determining of basic rating life and basic
dynamic load rating of the bearing
In this step one has to assemble the data obtained in the
previous steps in order to determine the basic rating life
and basic dynamic load rating of the bearing. In the first
case, when basic rating life is already computed, the basic
dynamic load rating is given by the following equation:

C = Fr ⋅ L1 p

(29)

Otherwise, using Eq. (27) and Eq. (28) the basic dynamic
load rating of bearing is

(

C = C 1− ep + C 2− ep

where Qe is an equivalent force that “loads” the system
and is calculated as follows

L1, 2

(

L = L 1− e + L 2− e

)

− 1 ep

(30)

and the basic rating life yields, from Eq. (26):

⎡⎛ C ⎞ − ep ⎛ C ⎞ − ep ⎤
+ ⎜⎜ 2 ⎟⎟ ⎥
L = ⎢⎜⎜ 1 ⎟⎟
⎢⎣⎝ Fr ⎠
⎝ Fr ⎠ ⎥⎦

−1 e

⎛C
= ⎜⎜
⎝ Fr

⎞
⎟⎟
⎠

p

(31)

If in Eq. (31) basic rating life is associated with a
probability of survival S = 0.9 (meaning a failure
probability of 0.10 = 10%, hence the notation L10) one
obtains

⎛C
L 10 = ⎜⎜
⎝ Fr

⎞
⎟⎟
⎠

p

(32)

The common definition of basic rating life is rating life
associated with 90% reliability (that means S = 0.9) for
bearings manufactured with commonly used high quality
material, of good manufacturing quality, and operating
under conventional operating conditions.
If one introduces L10 = 1 (meaning one million of
revolutions) from Eq. (32) we get C = Fr and the
definition of the basic dynamic load rating of bearing
becomes evident:
The basic dynamic load rating is either pure stationary
radial (for radial bearings) or central axial load (for
thrust bearings) of constant magnitude in a constant
direction, under which a group of apparently identical
roller bearings with stationary outer ring can endure for
a rating life of one million revolutions of the inner ring.

Usually the notation Cr stands for the basic dynamic load
rating of a radial bearing and Ca is used for the basic
dynamic load rating of a thrust bearing. Obviously if Ca is
used in Eq. (32) Fr will be replaced by pure axial load Fa.
The two definitions above were both adopted in ISO and
ANSI/ABMA standards [24] [21]. The reader must be
advised that the terms basic dynamic capacity (created by
Lundberg and Palmgren [8] [9]), basic load rating (used
by ANSI/ABMA [21] [22]) and basic dynamic load
rating (used by ISO [24]) are synonyms, and thus
interchangeable.
Recall that sometimes another basic rating life is used (for
example TIMKEN uses 90 millions of revolutions – this
dynamic load rating is denoted by C90 and user must be
careful in using Eq. (31) because a correction has to be
made).
Bearings are used under various operating conditions and,
in most cases, they receive radial (Fr) and axial (Fa) load
combined, while the load magnitude fluctuates during
operation. In order to use the same Eq. (32), a so called
dynamic equivalent load is introduced, that is, the
constant stationary radial Pr (axial Pa – for thrust
bearings) load under the influence of which a rolling
bearing would have the same life as it would attain under
the actual load conditions. The dynamic equivalent load
is given by the formula

Pr , a = X ⋅ Fr + Y ⋅ Fa

(33)

where X, Y are the dynamic radial and axial factor,
respectively. These factors are computed in terms of the
above mentioned equivalence [21] [22] [24] [25]. In this
general case, Eq. (32) becomes

⎛C ⎞
L 10 = ⎜ r , a ⎟
⎜P ⎟
⎝ r,a ⎠

p

(34)

For a given application it is better to obtain the basic
rating life in other useful units of measurement such as
hours.

L 10 h =

106 n L10
60

(35)

where n is the rotational speed, rpm.
Ongoing advances in bearing technology and
manufacturing processes continue to extend bearing life
and reduce sensitivity to severe operating conditions.
Standard ISO 281 has developed in step with these
advances to predict service life more accurately. The
latest version expands coverage to include bearing
material fatigue stress limits, and a factor for solid
contamination effects on bearing life when using various
lubrication systems such as grease, circulating oil, and oil
bath. Thus, a so called modified rating life is given by the
equation

L nm = a1 aISO L10

(36)

where a1 is the factor of reliability (1.0 for 90%
reliability) and aISO is the life correction factor, based on a
systems approach to life calculation. The reader will find
complete details on this topic in [24] [26] [3].

3.2. Basic dynamic load rating of a radial ball
bearing according to the LundbergPalmgren life equation
Step 1
The Lundberg-Palmgren life equation is given by Eq.
(11). Furthermore, an assumption was made that the
stressed volume is bounded by the width 2a of the contact
ellipse between the ball and raceway, the depth z0, and the
length of the raceway path Θ:

ln

1
τ c ⋅ Le
= cst ⋅ 0 h −1 ⋅ a ⋅ Θ
S
z0

(37)

Using the results of Hertz’s theory, an equation similar to
Eq. (18) is obtained [2] [25]:
3e
c
−
Q L h+2

=

2c + h − 5
A1 Φ D wc − h + 2

(38)

where Dw is the ball diameter, and A1 is a material
constant. Lundberg and Palmgren used the following
values for exponents: e = 10/9, c = 31/3, and h = 7/3.
Solving Eq. (38) for L = 1 it yields the basic dynamic
capacity of the Hertzian contact:

Qc = A1 Φ D w1.8

(39)

After the calculation of the complex factor Φ according to
bearing geometry and material one can obtain
⎛ 2f ⎞
⎟⎟
Qc = 98.0665 ⎜⎜
⎝ 2 f −1⎠

0.41

(1 m γ )1.39 ⎛ γ ⎞ 0.3 D1.8 Z − 13
⎜
⎟
(1 ± γ )1 3 ⎝ cos α ⎠ w

(40)

where the upper signs refer to the inner raceway contact
and the lower signs refer to the outer raceway contact.
Subsequent improvements in the steel quality and in the
manufacturing accuracy made the 98.0665 material factor
inappropriate. This is accommodated by ISO by a factor
bm that augments the material factor [24]. ANSI/ABMA
hid this increase in the factor fcm [21] [22] (in fact
ANSI/ABMA fcm is bm · fc, where bm and fc follow ISO
denotations). The other variables in Eq. (40) are as
follows: f = r/Dw, r is the raceway groove radius, α is the
contact angle, γ = Dwcos α/Dpw, Dpw is the pitch diameter
of the ball set, and Z is the number of balls.
Step 2
In lieu of the foregoing rigorous approach to the
calculation of the bearing fatigue life, Eq. (24) through
Eq. (26), an approximate method was developed by
Lundberg and Palmgren [8] for bearings having rigidly
supported rings and operating at moderate speed.
According to this method, the basic dynamic radial load
rating of a rotating ring is given by:

C1 = 0.407 ⋅ QC1 i 0.7 Z cos α

(41)

and the basic dynamic radial load of a non-rotating ring is
given by:

C2 = 0.389 ⋅ QC 2 i 0.7 Z cos α

(42)
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where i is the number of rows of balls. Note that in the
calculation of C1 and C2, QC1 and QC2 will be obtained
using the appropriate formula in Eq. (40).

4. WHY IS BASIC DYNAMIC LOAD RATING
SO IMPORTANT?

Step 3
Substitution of C1 and C2 in Eq. (30) (where ep = 10/3)
gives the following expression for the basic dynamic
radial load rating of the bearing:
0.7

Z 2 3 Dw1.8

(43)

where bm is “the rating factor for contemporary,
commonly used, high quality hardened bearing steel in
accordance with good manufacturing practices, the value
of which varies with bearing type and design” [24]. For
radial ball bearings the actual value of bm is 1.3.
Generally, it is the inner ring that rotates relative to the
load and therefore, for ball bearings, it yields:
10 3
0.41
⎫
⎧ ⎡
1.72
⎛ 1 − γ ⎞ ⎛ fi 2 fo − 1 ⎞ ⎤ ⎪
⎪
⎟⎟ ⎥ ⎬ ⋅
⎟⎟ ⎜⎜ ⋅
f c = 39.8⎨1 + ⎢1.04 ⎜⎜
⎝ 1 + γ ⎠ ⎝ f o 2 f i − 1 ⎠ ⎥⎦ ⎪
⎪ ⎢⎣
⎭
⎩

γ 0.3 (1 − γ )
⋅
(1 + γ )1 3

1.39

⎛ 2 fi ⎞
⎟⎟
⋅ ⎜⎜
⎝ 2 fi − 1 ⎠

(44)

⎧⎪bm f c (i cos α ) 0.7 Z 2 3 Dw1.8
if Dw ≤ 25.4 mm
(45)
Cr = ⎨
1.4
0.7 2 3
⎪⎩3.647 ⋅ bm f c (i cos α ) Z Dw if Dw > 25.4 mm

The value of the basic rating life of the radial ball bearing
is given by the following equation:
3

(46)

Note that the basic dynamic radial load rating of a radial
roller bearing is given by the expression [24] [25]:

Cr = bm f c (i Lwe cos α )

79

Z

34

29 27
Dwe

(47)

where Dwe and Lwe are the roller diameter and the effective
roller length, respectively, applicable in the calculation of
load rating. The value of the basic rating life of the radial
roller bearing is given by the following equation:

⎛C
L10 = ⎜⎜ r
⎝ Pr

p

(49)

where p is 3 or 10/3, as appropriate. Suppose that, after
some improvements performed by the manufacturer of the
bearing, the basic dynamic radial load rating increases by
a factor of q to the value:

Cr (ur ) = q ⋅ Cr (ic ) > Cr (ic )

(50)

Consecutively, if the loading condition remains the same,
the bearing reaches in this application a new basic rating
life:
p

⎛ Cr (ur ) ⎞
⎟⎟ = q p ⋅ L10(ic ) > L10(ic )
= ⎜⎜
P
⎝ r ⎠

L10(ur )

(51)

As an illustration, in figure 1 these increases are provided
in percentages. As one can observe, a slight increase by
only 10% of the basic dynamic radial load rating will lead
to a remarkable increase of basic rating life by 33% and
37%, respectively. And an increase of about 25% of the
basic dynamic radial load rating will virtually double the
expected bearing life.
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10 3

⎞
⎟⎟
⎠

(48)

3.3. Conclusions upon C calculation
It is now very clear that several values for basic dynamic
load rating can be obtained for the same bearing
according to which life equation was the starting point of
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⎛ Cr (ic ) ⎞
⎟⎟
= ⎜⎜
⎝ Pr ⎠

L10(ic )

0.41

where index i and o stand for inner and outer ring,
respectively. The reader can find further explanations on
calculation of basic dynamic radial load rating in [2] [24].
Experimental results showed that for larger balls the
increase of basic dynamic radial load rating with the
increasing of ball diameter is somehow slower than that
predicted by Eq. (43). For this reason a correction must be
performed and ISO recommends [24] [25]:

⎞
⎟⎟
⎠

All bearing manufacturers include in their catalogs,
among other data, the basic dynamic load rating for each
bearing listed in the tables. This value is both an
engineering and a marketing tool. On the technical side,
the basic dynamic load rating is a measure of the ability
of the bearing to carry load while rotating and is used to
determine the basic rating life L10. From a marketing
standpoint, the higher the dynamic load rating, the greater
the commercial value.
Assuming, as an exercise, that a certain radial bearing
(ball or tapered roller bearing) has the basic dynamic
radial load rating Cr(ic) and is loaded by a dynamic
equivalent radial load Pr, the basic rating life of this
bearing is given by one of life equations (46) or (48):

Increase of bearing life [%]

Cr = bm f c (i cos α )

⎛C
L10 = ⎜⎜ r
⎝ Pr

the procedure, which “unit of life” was adopted, how the
dynamic capacities of the rings were calculated etc.

Fig.1. Increasing bearing life by increasing the basic
dynamic load rating
Today, some manufacturers’ catalogs appear to show
outstanding bearings with very high values of the basic
dynamic load rating. We will further refer to these as
“unilaterally revised” bearings. By contrast, the catalogs

of many other bearing manufacturers feature same
bearings but with a much lower value of basic dynamic
load rating. Sometimes this difference in terms of basic
dynamic load rating can be also seen when consulting
chronologically successive catalogs of the same
manufacturer. We will further refer to these bearings with
lower values of the basic dynamic load rating as “ISO
compliant” bearings.
What is interesting is that although the “unilaterally
revised” bearings have a much greater value of the basic
dynamic load rating than the corresponding “ISO
compliant” bearings, they almost always display the same
values of the basic static load rating. In the following
section we remind the reader what the basic static load
rating is.

5. BASIC STATIC LOAD RATING

⎧⎪C0 r (ic ) = f 0 (ic ) i Z (ic ) Dw2 (ic )
⎨
2
⎪⎩C0 r (ur ) = f 0 (ur ) i Z (ur ) Dw(ur )

(53)

6. IS IT POSSIBLE TO INCREASE C BY
20-25% ONLY BY CHANGING THE
INTERNAL BEARING GEOMETRY AND
MAINTAINING THE SAME C0?
In their latest catalogs some bearing manufacturers
display larger values of C than in previous publications
(sometimes by 20-25%), but values of C0 are equal. In
their catalogs, web sites, and publications even these
manufacturers refer to ISO as the most valuable reference.
But do they really respect the ISO prescriptions? In this
section we intend to investigate whether these data
presented by manufacturers in their tables are calculated
according to ISO [23] [24].
We will examine two types of bearings: deep groove ball
bearings and cylindrical roller bearings. We also assume
that the values listed in connection with both “unilaterally
revised” and “ISO compliant” bearings are calculated
according ISO formulae (both C and C0 values).
Finally, the indices ic and ur stand for “ISO compliant”
and “unilaterally revised” bearings, respectively.

(54)

Since these values are equal, one obtains:

f 0(ur ) Z (ur )
=
⋅
f 0 (ic ) Z (ic )

C0 r (ic )

2

⎛ Dw(ur ) ⎞
⎟ =1
⋅⎜
⎜ Dw(ic ) ⎟
⎝
⎠

(55)

According to Eq. (45) the values of the basic dynamic
radial load ratings for the ISO compliant and unilaterally
revised bearing are, respectively:

⎧⎪Cr (ic ) = 3.647 ⋅ bm f c (ic ) i 0.7 Z (2ic3) Dw1(.4ic )
⎨
0.7 2 3
1.4
⎪⎩Cr (ur ) = 3.647 ⋅ bm f c (ur ) i Z (ur ) Dw(ur )

(56)

Dividing equations (56) yields

Cr (ur )
Cr (ic )

f c (ur ) ⎛ Z (ur ) ⎞
⎟
=
⋅⎜
f c (ic ) ⎜⎝ Z (ic ) ⎟⎠
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1.4

⎛ Dw(ur ) ⎞
⎟
⋅⎜
⎜ Dw(ic ) ⎟
⎝
⎠

(57)

Rearranging the terms in Eq.(55) gives

Z (ur )
Z (ic )

−1

⎛ f 0(ur ) ⎞ ⎛ Dw(ur ) ⎞
⎟ ⋅⎜
⎟
=⎜
⎜ f 0 (ic ) ⎟ ⎜ Dw(ic ) ⎟
⎝
⎠ ⎝
⎠

−2

(58)

Substituting Eq. (58) in Eq. (57) and rearranging the
terms one obtains

Cr (ur )
Cr ( ic )

(f f )
=
(f f )

−2 3
c 0
( ur )
−2 3
c 0
( ic )

(
(

1 15

)
)

⎛ Dw(ur ) ⎞
f f − 2 3 (ur )
⎜
⎟ ≈ c 0
⎜ Dw(ic ) ⎟
f c f 0− 2 3 (ic )
⎝14243
⎠

(59)

≈1

12
11
10

fc*f0^(-2/3)

(52)

where f0 is the factor for calculation of basic static load
rating. Regarding a single radial roller bearing the basic
static radial load rating is given by the expression:

⎛
D cos α ⎞⎟
i Z Lwe Dwe cos α
C0 r = 44 ⋅ ⎜1 − we
⎜
D pw ⎟⎠
⎝

Deep grove ball bearings are radial bearings with α = 0
and we consider the case in which Dw > 25.4 mm because
we are mostly interested in the cases in which
experiments would be very expensive. We also assume
that the number of rows of balls remains the same.
According to Eq. (52) the values of the basic static radial
load ratings for the ISO compliant and unilaterally revised
bearings are, respectively:

C0 r (ur )

According to ISO [23], the basic static radial load rating
is the radial load which corresponds to a calculated
contact stress at the centre of the most heavily loaded
rolling element-raceway contact of
 4,600 MPa for self-aligning ball bearings,
 4,200 MPa for all other radial ball bearing types, and
 4,000 MPa for all radial roller bearings
For these contact stresses, under static load, a total
permanent deformation of rolling element and raceway
occurs which is approximately 0.0001 of the rolling
element diameter. According to the same standard, the
basic static radial load rating of a single radial ball
bearing is given by the equation:

C0 r = f 0 i Z Dw2 cos α

6.1. Deep groove ball bearings

y = 90.606x3 - 111.36x2 + 44.165x + 5.2381
R2 = 0.9992

9
8
7
6

y = 6135.9x3 - 1462.7x2 + 134.61x + 3.6381
R2 = 0.9993

5
4
0

0.1

0.2

0.3

0.4

0.5

Dw/Dpw

Fig.2. Variation of complex factor fc·f0-2/3 in case of radial
ball bearing
Eq. (59) shows that the increase in Cr is due to the
increase in the complex factor fc·f0-2/3, which is a function
of γ = Dw/Dpw.
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In figure 2 the variation of this factor is presented. The
interpolation function fball we find is:

⎛ D ⎞
⎛ D ⎞
f c ⋅ f 0− 2 3 ⎜ w ⎟ = f ball ⎜ w ⎟
⎜ D pw ⎟
⎜ D pw ⎟
⎝
⎠
⎝
⎠

(60)

where the interpolation function fball(x) is given by

According to Eq. (57) the values of the basic dynamic
radial load ratings for the ISO compliant (ic) and
unilaterally revised (ur) bearing are, respectively:
79
34
29 27
⎧⎪Cr (ic ) = bm f c (ic ) i 7 9 Lwe
( ic ) Z ic Dwe ( ic )
⎨
79 79
34
29 27
⎪⎩Cr (ur ) = bm f c (ur ) i Lwe (ur ) Z ur Dwe (ur )

Dividing equations (64) yields

⎧6135.9 ⋅ x 3 − 1462.7 ⋅ x 2 +
⎪
⎪+ 134.61 ⋅ x + 3.6381 if x ≤ 0.1
fball ( x ) = ⎨
3
2
⎪90.606 ⋅ x − 111.36 ⋅ x +
⎪+ 44.165 ⋅ x + 5.2381 if x > 0.1
⎩

(61)

Cr (ur )
Cr (ic )

D
⎛
⎜ 1 − we(ur )
D pw(ur )
⎜
=⎜
D
⎜ 1 − we(ic )
⎜
D pw(ic )
⎝

Increase of Cr

Z (ur )

∆(Dw/Dpw) = 5%
∆(Dw/Dpw) = 10%

Z (ic )

∆(Dw/Dpw) = 15%

3%

f c (ur ) ⎛ Lwe (ur ) ⎞
⎜
⎟
=
f c (ic ) ⎜⎝ Lwe (ic ) ⎟⎠

79

⎛ Z (ur ) ⎞
⎜
⎟
⎜ Z ( ic ) ⎟
⎝
⎠

34

⎛ Dwe ( ur ) ⎞
⎜
⎟
⎜ Dwe (ic ) ⎟
⎝
⎠

29 27

(65)

Rearranging the terms in Eq. (63) gives

5%
4%

(64)

2%

⎞
⎟
⎟
⎟
⎟
⎟
⎠

−1

⎛ Lwe (ur ) ⎞
⎜
⎟
⎜ Lwe (ic ) ⎟
⎝
⎠

−1

⎛ Dwe (ur ) ⎞
⎜
⎟
⎜ Dwe (ic ) ⎟
⎝
⎠

−1

(66)

Substituting Eq. (66) in Eq. (65) and rearranging the
terms one obtains:

1%
0%
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Dw/Dpw

Analyzing the Eq. (59) one comes to the conclusion that
the variation of Cr depends only on the variation of ratio
Dw/Dpw. Using the above mentioned interpolation function
we calculated the variation of Cr for reasonable amounts
of increase of Dw/Dpw. The results are plotted in figure 3.
As one can see the maximum possible increase is about
4.5%, far from 20-25%. In conclusion, values of Cr
increased by larger amounts are not computed with ISO
formulae and therefore they can be regarded as
“unilaterally revised” dynamic load ratings.

6.2. Cylindrical roller bearings
Cylindrical roller bearings are radial bearings with α = 0.
Once again, we assumed that the number of rows of balls
remains the same. According to Eq. (56) the values of the
basic static radial load ratings for the ISO compliant and
unilaterally revised bearing are, respectively:

⎧
⎛ Dwe (ic ) ⎞
⎟ i Z (ic ) Lwe (ic ) Dwe (ic )
⎪C0 r (ic ) = 44⎜1 −
⎜
⎟
D
⎪
pw ( ic ) ⎠
⎝
⎨
⎛ Dwe (ur ) ⎞
⎪
⎜1 −
⎟i Z L
C
44
D
=
0
r
(
ur
)
⎪
⎜ D pw(ur ) ⎟ (ur ) we (ur ) we (ur )
⎝
⎠
⎩

(62)

Cr (ur )
Cr (ic )

1 36

35 108

⎛ Lwe (ur ) ⎞ ⎛ Dwe(ur ) ⎞
⎜
⎟ ⎜
⎟
≈
⎜ Lwe(ic ) ⎟ ⎜ Dwe (ic ) ⎟
⎝14243
⎠ ⎝14424
⎠ 4
3
≈1

≈ 1.035

−3 4
⎡ ⎛
⎞ ⎤
⎢ f c ⋅ ⎜1 − Dwe ⎟ ⎥
⎢ ⎜⎝ D pw ⎟⎠ ⎥
⎣
⎦ (ur )
≈ 1.035 ⋅
−3 4
⎡ ⎛
⎞ ⎤
⎢ f c ⋅ ⎜1 − Dwe ⎟ ⎥
⎢ ⎜⎝ D pw ⎟⎠ ⎥
⎦ (ic )
⎣

(67)

In Eq. (67) a reasonable maximum increase by 10% of the
diameter Dwe was considered and one can easily see that
the increasing of Cr is due to the increasing of complex
factor fc·(1–γ)-3/4, which is a function of γ = Dw/Dpw.
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fc*(1-Dwe/Dpw)^(-3/4)

Fig.3. Increase of Cr for different increases of ratio
Dw/Dpw (in case of radial ball bearing)

−3 4
⎡ ⎛
⎞ ⎤
⎢ f c ⎜1 − Dwe ⎟ ⎥
⎢ ⎜⎝ D pw ⎟⎠ ⎥
⎣
⎦ (ur )
=
−3 4
⎡ ⎛
⎞ ⎤
⎢ f c ⎜1 − Dwe ⎟ ⎥
⎢ ⎜⎝ D pw ⎟⎠ ⎥
⎣
⎦ (ic )

110
100

y = 1141.2x3 - 1136.1x2 + 397.61x + 61.67
R2 = 0.9999

90
80
70

y = 43335x3 - 10612x2 + 1113.9x + 42.763
R2 = 0.9993

60
50
0

Since these values are equal, one obtains:

C0 r (ur )
C0 r (ic )
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1−
=

0.1

0.15

0.2

0.25

0.3

0.35

Dwe/Dpw

Dwe (ur )

D pw(ur ) Z (ur ) Lwe (ur ) Dw(ur )
=1
Dwe (ic ) Z (ic ) Lwe (ic ) Dw(ic )
1−
D pw(ic )

0.05

Fig.4. Variation of complex factor fc·(1-Dwe/Dpw)-3/4 in
case of radial roller bearing
(63)
In figure 4 the variation of this factor is presented as well
as the interpolation function froller we find:

−3 4
⎛
⎛ Dwe ⎞
⎛ Dwe ⎞ ⎞⎟⎛ Dwe ⎞
⎜
⎜
⎟
⎜
⎟
⎜
⎟
⎜⎜ f c ⋅ ⎜1 − D ⎟ ⎟⎟⎜ D ⎟ = f roller ⎜ D ⎟
pw ⎠
⎝ pw ⎠
⎝
⎠⎝ pw ⎠
⎝

(68)

where the interpolation function froller(x) is given by

⎧43335 ⋅ x 3 − 10612 ⋅ x 2 +
⎪
⎪+ 1113.9 ⋅ x + 42.763 if x ≤ 0.1
f roller ( x ) = ⎨
3
2
⎪1141.2 ⋅ x − 1136.1 ⋅ x +
⎪+ 397.61 ⋅ x + 61.67 if x > 0.1
⎩

(69)

Analyzing Eq. (67) it is clear that the variation of Cr
depends, once again, only on the variation of the ratio
Dw/Dpw. Using the interpolation function given by Eq.
(69) we calculated the variation of Cr for reasonable
amounts of increase of Dw/Dpw. The results plotted in
figure 5 show that the maximum possible increase of Cr is
about 7.5%, larger than in the case of ball bearings, but
very far from 20-25%. In conclusion, once again, one can
say that values of Cr increased by larger amounts are
certainly not computed with ISO formulae.
8%
∆(Dwe/Dpw) = 5%
∆(Dwe/Dpw) = 10%

Increase of Cr
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Fig.5. Increase of Cr for different increases of ratio
Dwe/Dpw (in case of radial roller bearing)

7. IMPORTANCE OF COMPLIANCE WITH
ISO STANDARDS
In 2000, the German Institute for Standardization (DIN)
commissioned a research study to determine the value of
standardization to corporations [14]. The study was
developed from questionnaires sent to over 4,000
companies in 10 industry sectors, selected at random, in
Germany, Austria and Switzerland. In comparing both
company-developed standards, and industry-wide
standards, the report states that “…company standards
have the greatest positive effect on businesses, for they
help improve processes. When it comes to the relationship
with suppliers and customers, however, industry-wide
standards are the main instruments used to lower
transaction costs and assert market power over suppliers
and customers. In fact, industry-wide standards play a
vital role in our increasingly globalized world.”
In 2009, B. Bradley wrote [6]: “Standards are a common
language through which manufacturers and users can
specify and evaluate products. In business, a prudent
buyer can assess cost effectiveness and the technical and
manufacturing expertise of various supplier bids by the
establishment of consistent engineering specifications for
equitable bidding. Standards serve this role. They are also

used as trade and marketing tools by manufacturers, either
in penetrating new markets or protecting established
ones”.
The two quotes above, even though they refer to a general
context, are excellent pleadings in favor of compliance in
all aspects with standards. In the particular case examined
in the above sections, the question arising is “Why should
bearing manufacturers comply with ISO standards,
especially regarding the published values of the basic
dynamic load rating?”. In the following we will try to
answer this question as convincingly as possible.
First of all we have to have in mind that a designer almost
always accepts a bearing as suitable to his application if
and only if the calculated modified rating life exceeds a
certain imposed value (prerequisite life). In order to
calculate the modified rating life of a certain bearing, he
must compute firstly the basic rating life with one of the
simplest formulas in engineering practice. In this formula
the value of basic dynamic load rating arises, a value that
the designer must extract from a catalog. It is very clear
now that, in fact, this value of basic dynamic load rating
is the parameter that makes a bearing suitable or not for a
certain application. In this context, the value of C
becomes crucial and makes the difference between
manufacturers, a sort of “unit of measure” of the
competence of one competitor or another.
As we clearly proved in a previous section of this paper
there are several ways to compute the basic dynamic load
rating and many possibilities for improving the existing
and enshrined formulas from ISO 281. But obviously this
“unit of measure” has to be based on measurable, proven
and officially recognized reliable methods, factors and
data. At this point, ISO 281, permanently updated, seems
to be the unique alternative, especially if we consider the
huge amount of knowledge accumulated in it, which
proved to be satisfactory and statistically significant for
such a long period of time.
Another important issue is that the mixture of “ISO
compliant” and “unilaterally revised” bearings confuses
the user and can lead to misunderstanding and mistakes.
The user has only two alternatives: to ask the
manufacturer to show the method that produced the
values (usually this does not happen) or to perform
expensive endurance tests himself (often impossible
considering the size of some bearings) or virtual tests
[18]. Otherwise, we have to take into account the fact that
ISO formulas of Cr involve most of the internal geometry
of the bearing (which, as we have shown, has almost a
negligible influence) and to a lesser extent the material
proprieties (only through bm factor). Thus, any
considerable increase in Cr originates in material,
machining, surface quality etc. that came out of R&D
activity, but most likely at an incipient stage. It is obvious
that the user ought to be warned about these facts.

8. CONCLUSIONS
We have shown that one can obtain several values of
basic dynamic load rating for the same bearing depending
on which life equation and what level of simplification
are used. Some bearing manufacturers replaced, in the
latest edition of their catalogs, the “ISO compliant”
dynamic load ratings with “unilaterally revised” ratings.
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The latter display values larger than the former
(sometimes by 20-25%), but the values of basic static load
rating are equal. We have shown that these larger values
of basic dynamic load rating are certainly not computed
following ISO formulae.
Finally, we supported the idea that the suitable
background for calculation of the basic dynamic load
rating must be ISO 281, a tool universally recognized,
constantly updated and revised according to the level of
knowledge, and that has proven highly accurate and
reliable for machine and equipment designing.
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Abstract: The paper start from preliminaries emphasizing
the historical presence of machine elements once
alongside the development of two industrial revolutions.
Terminology aspects referring machine elements role in
the past and in the future time. The position of study of
machine elements in academic institutions from Europe is
presented. Various curricula of mechanical engineering
in chosen German, Romanian and Serbian universities
are analyzed with the aim to proof the main idea of the
article, that machine elements fundamental mater of those
curricula’s. Final conclusions study underscore that this
discipline is maintained as a brand worldwide.
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1. INTRODUCTION
1.1. Preliminaries
The concept of machine elements is one of the oldest
named and used in industrial and academic palette. The
reason is linked to time of the nomination of this concept:
the old time of the first industrial revolution from the end
of the 18th century and of the second one placed since
1850 years. These revolutions began in England and
infused in all other countries from Europe, America and
of the world. This benefit period on social-economic
plane is marked by penetrating industrial transformations
in all areas of the social-life: manufacturing, transport,
agriculture, culture, etc. In a few words one can say that
these revolutions marked a major change in the human
history.
The main axis of these industrial revolutions could be
traced:
a) the transition from the manual fabrication to the
machining manufacturing;

b) the apparition of a lot of new technical systems, the
term of machine becoming the most innovated and
diversified as types.
The mechanical engineering was developed in a visible
rhythm during the duration of industrial revolutions even
this branch has historically an old origin from ancient and
medieval ages. Its development was impetuously
accelerated once the apparition and innovation of new
technical systems during the industrial revolutions.
The machines in a modern conception become a major
attribute in the panoply of these diversified systems. As a
result, the machines decisively influenced the following
development of industrial branches. And even the
machine concept has got new meanings in time, as will be
detailed below.
The associated term of “machine elements” became a
description idiom for components of machines, but also of
other technical systems. In other words, “machine
elements” could be seen as a brand designation in
technique.

1.2. Paper aims
The present paper seeks facets connected to the present
possibilities as the machine elements - as old discipline
existent in the academic world - to be modern and of
perspective on academic plane in the present tendencies
of economic and industrial development.
For this reason, the paper starts from two information
resources:
a) the experience of authors in teaching the discipline in
their countries, they having a significant activity in
this area;
b) the knowledge of the higher education institutions
from world trough different visits of authors
occasioned
by
scientific
manifestations
or
scholarships;
c) the references analyzed for this subject partially
selected in them list.
The paper contains detailed considerations about some
terms (terminology) in the area of technical systems and
their important component, the machine. This section is
followed by a discussion regarding the definition and
other considerations about machine elements and the
object and importance of their study. Some historical
aspects relating to the apparition and study of these
components are given. Starting from these concerns, the
paper looks for the position of the study of the machine
elements in the academic institutions from Europe. This
aim is seen in the context of existing new courses tangent
with the one of machine elements: machine design,
mechanical design, engineering design, product
development etc. The study is finalized by conclusions
emphasizing the main idea to keep the brand name of
machine elements as basic curricula in the academic
institutions from world.

2. ON TERMINOLOGY ASPECTS
2.1. System, technical system
The considerations about these two concepts were
presented before by Dobre (2003 [3] and a new detailed
form by Dobre and Mirica (2009) [6]. These are retaken
here.
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The system is one of the broadest and most abstract
concepts of modern scientific thinking. Technical system
is result of transformation of knowledge into technical
solution i.e. materialized form of actual knowledge.
Because of its extreme degree of abstraction, the
following definition could be used:
Definition 1 of the technical systems. Starting from this
observation, the technical system is a system that relates
to technique.
The new term of technique has different definitions in
literature. For the industrial field of discussion, the
meaning connected to the technology is acceptable. In this
idea, the technique could be understood as an ensemble of
technologies to produce and manufacture the materials; in
other words, this definition could be understood as an
extension in the technology area of the definition given by
www.businessdictionary.com/definition/technique.html:
the technique is “systematic procedure, formula, or
routine by which a task is accomplished”.
Finally, the last primary concept is the one of technology
involved in the definition of the technique. The site
http://en.wikipedia.org/wiki/Technology gives a feasible
definition in our opinion: “Technology is a term referring
to whatever can be said at any particular historical period,
concerning the state of the art in the whole general field
of practical know-how and tool use”, encompassing “all
that can be said about arts, crafts, professions, applied
sciences, and skills”. The meaning of industrial
technologies is considered in the paper aim analysis.
Definition 2 of the technical systems. This definition is
valid for the area of technique: an ensemble of material
components at least partial solid made by technique
(industrial technologies), but used in any other socialeconomical area.
From the wide variety of technical systems (machines,
mechanisms,
devices,
apparatus,
machineries,
equipments, installations, see Dobre and Mirica, 2009
[6]), the one of machine will be discussed widely below.

2.2. Machine
The machine has a long history, even the period of its
dynamic evolution starts from the industrial revolutions.
Really, Leonardo de Vinci is recognized for its technical
ingenuity in conception during the Renaissance period of
different types of machines: helicopter, tank, solar power
system,
calculator
etc.
[15]
(http://en.wikipedia.org/wiki/Leonardo_da_Vinci).
The definition of the machine become also a difficult
tentative, taking into account the different references in
field. Here are some definitions:
1. In a general definition, the machine could be a
technical system using the energy to perform some
activity (http://en.wikipedia.org/wiki/Machine).
2. ISO [8] consider that the machine is a mechanical
system that performs a specific task, such as the
forming of material, and the transference and
transformation of motion and force.
Initially historically this concept was considered having
moving parts. The delivery of the electronics systems
determined a new meaning: the machine is understood not
having motions between its parts, the computer being the
most obvious example.
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For the mechanical engineering, another definition could
be accepted [12], [3]: the machine is the technical system
whose solids have well defined movements in order
(Fig. 1):
 to achieve a useful mechanical work (working
machine);
 to transform the energy from one form to another, one
being mechanical (force or energetic machine).
Mechanical

Working machine

energy
Mechanical

energy
Generator

Energy ≠ mechanical energy

energy
Energy ≠ mecha-

Mechanical

Engine

nical energy

Mechanical
energy

Force or
energetic machine
Fig.1. Different types of machines in mechanical
engineering [3]
A short discussion on these types of machines is given
below.
1. The working machines are powered by engines (the
entry mechanical energy according to the Fig. 1); their
exit mechanical energy produces the modification of
proprieties, state, form and/or position of the object
processed by these machines [12]. Some examples:
machine tools, agricultural machines, hoisting
machines etc., seen
2. The force or energetic machines are divided as
generators and engines. For example:
 The electrical generator transforms the mechanical
energy at input into the electrical energy at output;
 The electrical motor makes the inverse process: the
transformation of the electrical energy at input to
mechanical energy at output;
 The combustion engine - a representative type that
revolutionized the industry: it transforms the
thermal energy (the combustion of fuel
determining gases at high temperature and
pressure in expansion) at input into mechanical
energy (the motion of pistons, turbines, etc.).

3. MACHINE ELEMENTS
3.1. Definition
Machine elements are the carriers of elementary functions
in mechanical system. By combination of elementary
functions it is carried out the total (general) function of
machine system. Machine elements can be the simple
structure, machine parts or complex structures. The
revolutionary development of machine as the main
technical system during the industrial revolutions puts the
problem of study of their components. This process
prolongs in nowadays in modern circumstances and very
often in the form of mechatronic components.

Over time, the concept gained a distinct accepted
meaning: components, assemblies and or sub-assemblies
entering in the structure of the majority of technical
systems (including here the machines) having two basic
features: a) the same or similar shapes; b) entering in
compound of the majority of technical systems.
Note that keeping the old name (including the appellation
of machines) remained traditional: today these
components belong to all technical systems. Another
name of mechanical components is used in engineering in
same meaning of machine elements.
Another important observation: the special components as
field use purpose (piston, cylinder, crankshaft, cam shaft,
blades, etc.) are the object of study of special disciplines.

Basic types of machine elements can be classified in the
synthesized manner given in Fig. 2, noting that this
classification is not exhaustive.
The general content of the discipline is presented in the
Fig. 3
Definition
General
considerations

Content
of study
of
machine
elements

Keys and keyseats

Joints

Splined shafts and hubs
Friction force
joints
Elastic joints
Riveted joints

Rigid
joints

Welded joints

Machine elements

Soldering joints
Elements
of rotary
motion
drive

Axles and shafts
Bearings
Seals
Couplings

Elements
of mechanical transmissions

By gears
By friction
h l fi i
By belts
By chains

Elements
of tube and
pipe connections

Tubes, pipes

Elements for
connection and
closing
Fig.2. Classification of machine parts according to their
functional role

Materials and
technological
methods

Phenomenological aspects. Theoretical study

Conception/desi
gn

Threaded joints
Dismountable
joints

Classifications
Characterization

3.2. Object and importance
From the previous exposition turns out that the machine
elements have a very general use. These represent the
"building blocks" of technical systems.
Moreover, the machine elements are structural and
functional units which can individually designed, but in
connection with the assembly from which they are parts
and also with its general function.
Consequently, insight into machine elements is
indispensable for the smooth and easy design of these
systems. This knowledge of machine elements from
several points of view is possible by studying them in a
distinct educational discipline: "Machine elements".

Functional role

Materials able to
accomplish the
functional and
economical role.
Mainly economical
technologies
Phenomenology
specific to operation
Theoretical study
Theme/entry data
i
Conception
Constructive design

Recommendations regarding
the operating
conditions
Fig.3. Content of the study of machine elements

It is visible that this study is based on knowledge of
design principles of an entire technical system. One can
say that this discipline is to establish training project and
creative skills. For this aim, the study of the discipline of
machine elements uses different knowledge of basic and
fundamental disciplines such as mathematics, physics,
chemistry and other technical disciplines of general
technical culture such as study of materials, strength of
materials, technical drawing. The discipline of machine
elements becomes special disciplines for a technical
specialty that treats specific components of technical
systems: automotive, engines, etc. Another observation: it
may be considered: the study of machine elements is a
restricted part of the product development process.

4. HISTORICAL ASPECTS REGARDING
THE APPARITION AND STUDY OF
MACHINE ELEMENTS
The machine elements were studied since ancient times
and the decisively and systematically with the
development of the industrial revolution.
Hero of Alexandria (before AD) is known as a
mathematician and engineer. A large list of his inventions
is described in his book “Mechanics and Optics”: a steam
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engine version, a type of vending machine, a wind wheel,
etc.; these include types of mechanical components as
screws, gear wheels and even worm gears.
The genial personality which was Leonardo da Vinci in
the years 1500 (a polymath: painter, sculptor, architect,
musician, scientist, mathematician, engineer, inventor,
anatomist, geologist, cartographer, botanist and writer,
http://en.wikipedia.org/wiki/Leonardo_da_Vinci).
He
studied problems connected to mechanics and machine
elements: beams, trolls, screws, bearings, gear wheels
(reaching here the tooth shape differentiation). The same
great personality studied friction and wear problems.
Production of steam in the middle of the eighteenth
century but also the increased interest in the building of
bridges has been requested the large application of riveted
joints.
A visible evolution in the study of gear wheels was
marked regarding the shape and construction of wheels,
passing: from the initial construction with bolts to ones
with iron teeth mounted on a wood wheel body; to the
iron wheel body with brute toothing; to the steel wheel
body with machined teeth. Euler proposed in the
eighteenth century the well-known involute shape of the
tooth profile that is decisive used in the practical
applications. The contributions brought Huygens (the
cycloid profile), Willis (1841), Lewis (1893),
Buckingham (1931), Dudley (1948), Petrusevich (1953),
Kudrjavtev (1955), Litvin (1956), Zablonskij (1958),
Niemann (1960), Merrit (1965), Fronius (1970), etc..
Studies on the gears continue today worldwide in a large
measure
The ball bearings have an interesting history. They are
known from ancient times in Egypt, but the first patent in
field is awarded to a bicycle mechanic on the middle of
the eighteenth century. Also the use of performed winning
bicycles promoted the use of rolling bearings. Palmgren
approached the bearing life prediction (1924), as basis for
the Lundberg-Palmgren life theory (1947).
Euler studied also the forces and stress in an elastic wire
wrapped on a cylinder in the presence of the friction
giving expressions used also today in the calculation of
the belts.
The ample studies of elements of the future tribology
appear – after Leonardo da Vinci - once with the
researches of Amontons (1699) and Coulomb (1781)
regarding the dry friction. Stribeck (1902) give
experimental results regarding the friction in bearings and
a much known dependence of the friction coefficient on
the speed of journal bearing (sliding speed) being even
today valid. Schools recognized were constituted close
our times by Khrushchev (1957), Vogelpohl (1961),
Bowden and Tabor (1939), etc.
The contact mechanics intervening also in tribology was
started practically by the researches of Hertz (1882)
(“Über die Berührung fester elastischer Körper") in the
contact of elastic solids (Hertzian contact stress becoming
a very used syntagma). After the contributions from
Bowden and Tabor (1939) and nearly 100 years, massive
research in the field have started: Archard (1957),
Greenwood and Williamson (1966), Derjaguin (1975),
Bush (1975), etc. The fluid bearings have been studied in
an increased measure since the 19th century, especially
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along with the development of the theory of fluid
mechanics and hydrodynamic lubrication. The following
names remain famous in this field: Navier and Stokes
proposing (1822) the well-known equations essential in
fluid mechanics; Reynolds (1883) which is better known
by the dimensionless Reynolds number Re (proposed in
fact by Stokes in 1851); Petrov (1883); Tower (1885);
Zhukovski and Chaplygin in the 1890's. The researches
continued today worldwide in a large scale.
An important observation is the manifest connection of
the researches in machine elements with the other from
associated disciplines: physics (properties of coating
materials), metallurgy (types of materials), strength of
materials (fatigue), etc. The modern techniques of
modeling and analysis based on computers (CAD-CAMCAE techniques) will have a wide range of application in
the study of machine elements.

5. MACHINE ELEMENTS AS DISCIPLINE IN
VARIOUS ACADEMIC INSTITUTIONS IN
THE WORLD
5.1. Introduction
The machine elements remain worldwide a brand in the
academic studies in mechanical engineering profile. Even
new disciplines broken from the classical study of
mechanical disciplines appeared (introduction in CAD,
mechatronics, product development, etc.), the discipline
of machine elements resists in academic plans of
mechanical faculties because of its specific content as
basic support in the teaching of a mechanical engineer.

5.2. German-speaking countries
A first view is done below for the position of the
discipline of machine elements in the German-speaking
countries (Germany, Austria and a part of Switzerland),
taking into account that this in these countries early
industrialized the researches and study of the mechanical
components was and remains a focalized activity. The
discipline of machine elements is taught here, in general,
coupled with the introduction of CAD (or drawing
machines) and with notions of strength of materials,
sometimes with product development and mechatronics.
A lot of recognized German academic books of machine
elements are given in the list of references [16,17, 18, 21].
The table 1 presents the situation in the bachelor
curriculum in some prestigious universities; optional
facultative disciplines for thoroughgoing study of special
chapters of machine elements were omitted in this table. It
is noted the following conclusions:
1. The old classical name of machine elements in other
ones: a) Maschinengestaltung - Machine Design at
RWTH-Aachen, it having the same content and
slightly enlarged (with drawing aspects); b)
Konstruktion (including also drawing aspects and
introduction elements in 3D) at TU Berlin; c)
Konstruktionslehre (with dreawing aspects) at
Universität Stuttgart and partially TU Wien; d)
Productentwicklung (imncluding elements of product
development) at ETH Zürich. But the content of
machine elements is cpmmpletly approached.

2. The basic discipline is better associated with the
complementary ones in many universities: TU
Braunschweig, Universität Stuttgart, TU Wien, ETH
Zürich.
3. Total number of credits allocated to all disciplines
with subjects of machine elements and of their
associated varies between 12 and 22, it being
important as value.
Table 1. Disciplines of base and associated of machine
elements in technical universities from Germany
Disciplines (in
German)

Hours/week
for lectures/coursework
RWTH-Aachen

Maschinengestaltung I

Semester

1

1/2

Einführung in CAD
2
0/2
Maschinengestaltung II
3
2/2
Maschinengestaltung III
4
2/2
TU München
Maschinenelemente I
3
3/2
Maschinenelemente I
4
4/2
TU Berlin
CAD
0/1
Konstruktion I
2/2
Konstruktion II
4/4
Konstruktion III
0/4
TU Braunschweig
a) Mandatory
Grundlagen des
2
2/1
Konstruierens 1
Grundlagen des
2
2/2
Konstruierens 2
Gestaltung and
3
4/1
Berechnung komplexe
Maschineelemente
b) At choice
Vertiefte Methoden
4-6
2/1
des Konstruierens
Feinwerkelemente
4-6
2/2
Kranbau
4-6
2/0
Neue Methoden der
4-6
2/1
Produktentwicklung
Antriebstechnik I
4-6
2/1
Antriebstechnik I
4-6
2/1
Modellierung mechat4-6
2/1
ronischer Systeme 1
TU Darmstadt
a) Mandatory
Maschinenelemente
3
4/4
und Mechatronik I
Maschinenelemente
4
4/4
und Mechatronik II
Product Design
4
0/3(2)
Project'
b) At choice
Angewandte
2/2
Produktentwicklung

Credit
points

3
1
5
6
2
4
10
6

Table 1. Disciplines of base and associated of machine
elements in technical universities from Germany
(continuation)
Disciplines (in
German)

Semester

Hours/week
for lectures/ coursework

Credit
points

Universität Stuttgart
Konstruktionslehre I
Konstruktionslehre II

1
2

2/1
2/2

-

Konstruktionslehre III

3

3/2

-

Konstruktionslehre IV
Konstruktionslehre III
- Feinwerktechnik

4

2/2

-

-

3/2

-

-

2/2

-

1

0/2

2

2

2/0

3

3

3/0

4

4

0/3

3

1

2/0

2

1

3/0

3

1

0/2

2

2

2 Curs and
coursework

2

Konstruktionslehre IV
- Feinwerktechnik

TU Wien
Technisches
Zeichnen/ CAD
Grundlagen der
Konstruktionslehre
Grundlagen der
Maschinenelemente
Grundlagen der
Maschinenelemente

ETH Zürich

5
5

Produktentwicklung I
- Maschinenelemente
Produktentwicklung CAD
Produktentwicklung Technisches
Zeichnen
Produktentwicklung Innovationsprozess
Information
Produktentwicklung Innovationsprojekt

5

Dimensionieren I

2.5
2.5
8

5

5
5
5

8
8
4
4

2
3

2 Curs and
coursework
3 Curs and
coursework

2
3

All these observations prove that the discipline of
machine elements has a significant weight in the
curriculum in Germany; it is still regarded very important
in the academic plans of mechanical faculties.

5.3. Romania
The table 2 gives an image of the presence of the
discipline of machine elements in some mechanical
faculties from the University POLITEHNICA of
Bucharest. The following conclusions could be traced
analyzing this table:
1. The number of hours/week for the discipline of
machine elements is small in comparison with the
ones mentioned in the table 1.
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Table 2. Disciplines of base and associated of machine
elements in University POLITEHNICA of Bucharest,
2009
Hours/week for
Disciplines
lectures/seminar,
coursework/project
Faculty of Mechanical Engineering
Semester

Machine Elements I

4

3/1/0/1

Machine Elements II

5

3/1/1/2

Finite Element
5
2/1/0/0
Methods
Tribology
6
2/0/1/0
Project Management
4
2/1/0/0
in the Product
Development
Faculty of Engineering and Management of the
Technological Systems
Machine Elements I

3

2/0/1/1

Machine Elements II

4

2/0/1/1

Faculty of Engineering of Biological Systems
Machine Elements I

4

2/1/0/1

Machine Elements II

5

2/1/0/1

Faculty of Transport Engineering
Machine Elements I

4

2/0/2/0

Machine Elements II

5

2/0/1/2

Faculty of Aerospace Engineering
Machine Elements

4

2/0/1/1

Mechansims and
Transmissions

5

2/0/1/1

Faculty of Engineering in Foreign Languages
a) Section in German Language
Maschinenelemente
3
4/2/0/0
und Mechatronik I
Konstruktionsprojekt
3
0/0/0/2
I
Maschinenelemente
4
4/2/0/0
und Mechatronik II
Konstruktionsprojekt
4
0/0/0/2
II
Modellierung und
6
1/0/2/0
Simulierung im
Maschinenbau
Produkt Design

6

1/0/0/2

Modellierung und
Systemanalyse

7

2/0/1/0

Virtual Prototype

7

1/0/2/0

b) Section in English Language
Introduction to
3
1/1/2/0
Mechanical Engin.
Machine Elements
4
2/0/1/0
and Mechanisms I
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Machine Elements
and Mechanisms II

5

2/0/1/2

Mech. Transmissions

6

3/0/1/0

Mach. Design Project

6

0/0/0/2

Tribology

7

2/0/2/0

c) Section in French Language
Eléments de machines
5
2/0/1/2
et mécanismes
Transmissions méca6
3/0/10
niques
Constructions méca.
2. A difference in this regard is visible at the Faculty in
Foreign Language, in which the English and German
sections has a very good coverage with the basic
discipline and the associated ones.
3. A low position have the single discipline (here are not
complementary disciplines) at the Faculty of
Engineering and Management of the Technological
Systems, where the primary and elementary notions
necessary for an engineer in such important specialty
(technological).
4. Some interesting associated disciplines cooperate with
the basic one of machine elements: tribology, finite
element methods, project management, constructions
mécaniques, Modellierung und Simulierung im
Maschinenbau, Produkt Design, Modellierung und
Systemanalyse, Virtual Prototype, etc.
It is interesting to mention the preeminent role played in
Romania by Prof. Manea in the sustaining the position of
the discipline of machine elements in the academic plans
after the years 1950. He published real treaties [10], [11],
[12] recognized in the scientific world. New books of
Romanian authors continue this work [3], [4], [5], [14].

5.4. Serbia
The table 3 gives an overview of subjects related to
science of Machine elements at base (bachelor) and
master studies machine elements in some mechanical
faculties from the University of Belgrade, Novi Sad, and
Niš. In Serbia, Bologna system of Mechanical
Engineering studies started 5 or 4 years ago, with relation,
bachelor and master 3+2 years. Transformation of
traditional system of studies into Bologna system had the
next objectives. To provide studies in steps, freedom in
subjects election, measurement of accepted knowledge
and developed skills, reduction of total time for studies
finish. In it transformation Machine elements and other
subjects in relation with machine elements are kept as
bound courses. These disciplines are the base of
mechanical engineering curriculums. Also the field of
machine elements was the base for creation numerous
elective courses which students can elect for building up
the own curriculums. It is possible to conclude that actual
transformation gives possibility for wide incorporating of
this traditional and modern knowledge in flexible
Bologna education system. The new Bologna system is
Stopped reduction of students interest. However this
effect is really week with extreme week mechanical
industry.

Table 3. Disciplines in relation with machine elements at
bachelor and master studies (3+2) in Universities of
Belgrade, Novi Sad, Niš, 2010
University of Belgrade – Faculty of Mechanical
Engineering
Hours/week
SeCredit
for lectuDisciplines
mester res/course- points
work
Material strength
1
2/1
4
Engineering graphics
2
2/3
6
Design materials 1
2
1/1
2
Design materials 2
3
2/3
6
Machine elements 1
3
3/2
6
Machine elements 2
4
3/2
6
Machine elements 3*
5
3/2
6
Machine design*
5
3/2
6
Shape modeling*
5
2/3
6
FME-Analysis*
6
2/3
6
Development of
8
3/2
6
machine systems*
Tribotechnic*
6
3/2
6
Tribological systems*
9
3/2
6
Reliability of gear
9
3/2
6
transmitters*
*) Some of subjects which participate in curriculums of
20 elective modules oriented to certain branch of
mechanical engineering
University of Novi Sad – Faculty of Technical Sciences

Disciplines
Engineering
graphical
communication
Material strength
Machine elements
Computer aided
design
Theory of
mechanisms and
machines
Driving systems*
Technical
exploitation of
machines*
Metal constructions*
Higher course of
material strength*
Noise, vibration and
design*
Transmissions of
power and motions*

Semester

Hours/week
for lectures/coursework

Credit
points

2

4/4

9

3

4/4

9

3

4/4

9

4

2/4

6

4

2/2

4

4

2/2

4

4

2/2

4

6

3/3

6

6

3/2

5

7

2/2

5

8

2/2

5

Optimization of
8
3/3
8
mechanical systems*
Dynamics and
8
2/2
5
stability of
constructions*
Machine design*
9
2/2
5
Product design*
9
2/2
4
Mechanisms*
9
2/2
5
*) Some of subjects which participate in curriculums of
elective modules oriented to certain branch of
mechanical engineering
University of Niš – Faculty of Mechanical
Engineering
Hours/week for
Selectures/seminar,
Disciplines
mester
coursework/project
Machine Elements 1

3

2/0/1/0

Machine Elements 2

4

2/0/1/0

Machine Elements 3

5

2/0/1/0

Construction Basics

4

2.6/0.6/1.8/0

Tribology

7

2.6/0.6/1.8/0

7

2.6/0/1.8/0.6

8

2.6/0/1.8/0.6

8

2.6/0/1.8/0.6

Basic of Product
Development
Methods in Product
Development
Integrated product
Development

6. CONCLUSIONS
The main message of presented analysis is that machine
elements disciplines are one of fundamental sources for
mechanical engineering curricula creation in various
form. The other conclusions are given below punctually.
1. The machine become a very important technical
system once the development of the two industrial
revolutions from the end of the 18th century, even
some references to this type appear before in the time
of Leonardo da Vinci.
2. The machine elements are seen as assemblies and/or
sub-assemblies from the structure of the majority of
technical systems (including here the machines)
having two main attributes: a) the same or similar
shapes; b) entering in structure of the majority of
technical systems. The hystorical name of machine
elements (valid today for a large area of technical
systems) remains a brand name for future.
3. A few ways of incorporation of machine elements
mater in curriculums of mechanical engineering
faculties are introduced. The object and importance of
the study of machine elements are decisive criteria in
the teaching of the value mechanical engineers.
4. As a result, the study of machine elements remains
worldwide strength point in the structure of the
academic plans of the mechanical faculties. The future
product development and mechanical engineering
studies will be based at the new forms of knowledge
and those technical solutions.
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development but also in term of lifelong education and
employability of technical university graduates.
The present time brings along the need of superior
education providing for:
 Ability to make decisions,
 Solve problems,
 Work with information,
 Ability to learn – lifelong education,
 Computer literacy,
 Communicative skills even in foreign languages,

E-LEARNING IN AUTOMATION
TEACHING
Peter KOŠŤÁL
Andrea MUDRIKOVÁ
Abstract: In this paper is described the main ideas of
national project “KEGA 3/7131/09 – Laboratory of
production system program control”. This project is
focused to build of virtual laboratory and supplemental elearning documents for several studying subject at our
institute. This virtual laboratory serve for teaching
automatic control principles and programming in flexible
production via various control modes often used in the
technical practice. In this laboratory there are applied
real elements of control systems. By means of these
laboratory students as future graduates of technical
university can acquire and improve occupational
competences demanded by actual labour market.
Key words: e-learning, laboratory, automation, teaching,
labour market

1. INTRODUCTION
Within the grant project KEGA being solved in the
Institute of Production Systems and Applied Mechanics,
STU Bratislava, in years 2009-2011, we endeavor to
acquire and improve abilities and skills which employers
expect graduates of technical universities to have in
present circumstances.
Intent of this project is to create a laboratory for program
control of production systems by pneumatics and a
suitable teaching system supporting key and occupational
competencies, abilities and skills of technical university
students which at the same time would reveal strong
point’s and weak spots of their preparation for practice. In
this paper we wish to present targets of this grant mission
and its expected merit.
To achieve project goals it is necessary to revise
curriculum and to use such teaching forms and methods
that enable to exceed the scope of cognitive knowledge of
scientific disciplines and professions that means to
develop key competencies of students. These gain
extraordinary significance not only for the personal

 Self-activity and self-responsibility
Rapid changes put higher and higher demands on people
nowadays. Obtained professional knowledge is out of date
after a shorter and shorter time. Professional knowledge
includes areas of „general basic knowledge and
knowledge specific for particular major...“.
This one is usually obtained cognitively and stored in the
left brain hemisphere. However, in the area of electronics
and technology, changes will be more frequent.
Key competencies should help us deal with professional
knowledge with aim to solve the problems. Competencies
with focus on one particular situation are quickly out of
date or totally useless.
„Key competencies have longer lifetime than professional
qualification. That´s why these are the basis for the next
learning...“
Key competencies can be understood as a complex of
universal abilities exceeding the boundaries of specific
professional knowledge and abilities. They express
abilities of people to behave adequately to a specific
situation.
Working in virtual laboratory will develop and strengthen
computer literacy, so important on the present and even
more important in future as we presume and last but not
least will absolutely support acquisition of other key and
occupational competencies of our university graduates.
Graduates will acquire the needed skills, experience and
knowledge of production system controlling design
methodology. They can simulate functions of designed
devices. For simulation specialized software will be
installed on our intranet. By this software we can
supervise every part of the designed control system. This
control system includes only real industrial parts (PLC,
stepper driver, servo driver, sensors, etc.).
By object-lessons and connection with practice we want
to increase value of our graduates at the labour market.

2. PROJECT TARGET AND
IMPLEMENTATION
The Project target includes building of virtual laboratory
for program control systems. That laboratory is
instrumental to teaching architecture principles of
pneumatic and electro-pneumatic and program control
systems and to verification of these systems´ functions by
simulations.
Students gain experience of working with real industrial
parts and the learning process is more effective. The goal
is to make the pedagogical process more attractive for
students in several studying subjects e.g.. :
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 Automation and mechanization,
 Theory of automates,
 Production systems,
 Production systems operation,
 Production and manipulation devices programming,
Students learning in this planned laboratory will acquire
necessary skills and will acquaint themselves with
generation methodology of several systems (pneumatic,
electro-pneumatic, and electric ones) what will markedly
increase their value at the labour market. The Fig. 1
presents the mentioned virtual laboratory.
Creation of virtual pneumatic or electro-pneumatic
program control systems requires both individual work
and decision making and cooperation including discussion
on simulation of the proposed control circuit (Fig. 2).

between design approaches and knowledge needs of
academic and corporate learners.

Fig.2. Discussion about an electro-pneumatic scheme

Fig.1. View to virtual laboratory
By this laboratory students will obtain an opportunity to
prepare assignments and projects of various subjects
applying pneumatic and electro-pneumatic control
systems and get ready for the real problem solving in
practice. Thereby they also get a practice so important for
employers. It widely develops and strengthens their
technical occupational competencies and also their key
competencies.
Within the project there will be developed study elearning materials (manuals, methods, examples,...) and
made available on Internet which will enable effective
working in the laboratory and serve as a basis for further
development of knowledge and skills of our students.

3. E-LEARNING
Traditional learning design is indicative of the learning
field’s reluctance to change. In spite of advances in
neuroscience, collaborative technology, and globalized
business climate, learning is still largely based on design
theories created during the early 1900’s to 1960’s. The
environment in which we are immersed has changed.
Media and technology has changed. The social
environment has been altered. The world has become
networked and connected. In this environment of colossal
change, the design methodologies used to foster learning
remain strangely outdated – created for a time and need
which no longer exist. Learning Development Cycle
(LDC) is a learning design model to bridge the gap
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Much of LDC is rooted in more traditional design
structures. We are currently still in the beginning stages of
societal and technological alterations. The model is
intended to simply open doors to new design approaches,
while maintaining aspects from previous models that still
serve learners. More developed (connectivist-centric
models) will be required as we move forward. LDC is a
transitory design approach, bridging traditional design
and beginning to embrace internet-era design.
Different types of learning exist. Learning happens in a
variety of ways – from courses, conversations, life
experiences, personal thought, or working on a project.
Each different type of learning requires a different design
process (as the object of the design differs depending on
learning type). LDC presents four broad learning
categories: transmission, acquisition, emergence, and
accretion. These categories will be discussed in greater
detail in this paper.
Learning today has moved beyond courses (courses serve
a static knowledge field). As a result, course-based ID is
not as useful for designing alternative modes of learning.
The more rapidly knowledge and information climates
change, the greater the need for responsive dynamic
models.
E-Learning – phenomena of education of the 21st
century. It is astounding by its extensiveness, attracts by
huge amounts of technical resources, and affects nearly
all areas of human gnosis. The reason is time and change
velocity in daily life of all of us. One option is to apply
electronic education – e-Learning in our lifelong
education. Education is one of the most important life
priorities for us but also for the modern society.
Electronic learning or e-learning (sometimes written as
elearning) has various definitions. E-learning is facilitated
and supported via information and communications
technology (ICT).
The American Society for Training and Development
(ASTD) defines e-learning as a broad set of applications
and processes which include web-based learning,
computer-based learning, virtual classrooms, and digital.
Much of this is delivered via the Internet, intranets, audioand videotape, satellite broadcast, interactive TV, and
CD-ROM. The definition of e-learning varies depending

on the organization and how it is used but basically it is
involves electronic means of communication, education,
and training.
Many terms have been used to define e-learning in the
past. For example web-based training, computer-based
training or web-based learning, and online learning are
a few synonymous terms that have over the last few years
been labelled as e-learning. Each of this implies a "justin-time" instructional and learning approach.
Regardless of the definition you chose to use, designers,
developers, and implementers make or break the
instructional courses and tools. E-learning is simply a
medium for delivering learning and like any other
medium, it has its advantages and disadvantages. Elearning covers a wide array of activities from supported
learning, to blended or hybrid learning (the combination
of traditional and e-learning practices), to learning that
occurs 100% online.

4. E-LEARNING IN VIRTUAL
LABORATORY
If we look at e-learning as at efficient utilization of
information technologies in educational process then it
actually means new opportunities that can be used in
education.
E-learning is a solution designed for education, however
education conceived in full context. It is not limited to
education of students only but is in a broad sense
a method of information sharing and passing within
lifelong education that is a necessity especially for
technicians.
In contrast to classical information systems dealing
especially with information sharing and a possibility to
find information necessary in proper time; e-learning lays
a big stress on method of representation. Nowadays it is
not enough only to acquire correct information in due
time but it also is necessary to understand it fully and see
it in context. And just e-learning supports these abilities.
E-education as a progressive teaching form opens many
new opportunities. This form can be used in all formal
education grades and also in lifelong education

correctly to test questions verifying his/her actual
knowledge of studied subject after taking in the course).
E-Learning gives immediately available information on
individual students, how many points they achieved, how
much time they spent in individual course parts, how they
answered questions. Equally simply E-Learning evaluates
statistically fruitfulness of individual courses and thereby
identifies courses to be revised. Likewise E-Learning
brings new forms of communication and cooperation
among students and between students and lectors which
would be inconceivable without using information
technologies.
E-Learning turns teaching into an addressed, individual,
interactive and interesting process integrated with daily
life of students.
E-learning means a process which describes and solves
creation, distribution, managing and feedback realization
of the pedagogical process by computers and network.
These applications contain simulations, multimedia,
combinations of text and graphics, audio, video and
electronically testing of students. Every student can
choose individual form of study that is suitable for him.
E-learning is a high quality extension of existing
possibilities of study.
The virtual laboratory applies a combination of classical
way of teaching and e-Learning courses.
E-Learning turns teaching into an addressed, individual,
interactive and interesting process integrated with daily
life of students.
For working in the virtual laboratory of pneumatics and
electro-pneumatics we use software environment
FluidSIM that is one of many software enabling to set up
various pneumatic and electro-pneumatic control circuits
as well as to verify their function by simulation of these
control circuits. Fig. 3
Software FluidSIM was compiled by the company
FESTO and serves the purpose of control simulation of
pneumatic and electro-pneumatic circuits.

Fig. 4. Circuit scheme in FluidSIM

Fig.3. FluidSIM workbench
E-Learning effectively measures every course by means
of testing objects and control systems. It enables to set up
desired goals without prejudice (e.g. student must answer

Step by step students learn creation principle of
pneumatic and electro-pneumatic control circuits by
means of e-Learning materials and with participation of
a lector. On the basis of e-Learning courses they pass step
by step through creation principles of control circuits at
first, thereafter through verification by simulation of
control circuit function. Control circuit diagram can be
seen in Fig. 4.
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Work of students in the virtual laboratory is a part of eLearning courses where they can create their own
pneumatic and electro-pneumatic control circuits for
control of specific equipment and thereafter verify its
reliable function via simulation.

5. CONCLUSION
We have “learning centers” and “training departments” –
treating learning as if it were a compartment or corporate
activity in which we sometimes engage, rather than a
constant, ongoing process – a thread through the fabric of
daily activities. Learning is a thread that runs through all
of life. We do not belong only in corporate training
rooms. The act of learning is ongoing and constant.
An organization’s ability to adapt is important to ongoing
survival (even innovation, if you will). But the adaptation
must be of a particular type. It must be progressive,
ongoing, punctuated with periodic bursts (the
transformation), but many about a progressive, but not
overly reactionary trends to what is going on in the larger
learning landscape. Few organizations will be positioned
to adopt wholesales the ideas I’ve presented. To do so
would damage many elements of the system continuing to
work well. But to survive, all organizations need to
embrace experimentation – an ongoing “blood in the
corporate veins” type of experimentation. Policy-induced
change can be effective, but most often, if we follow the
lessons of evolving organisms, developing corporate
competence progressively is the best approach for longterm sustained change.
The needs of continual learning, often tightly linked to
work, required a new approach and model. LDC has been
designed to create an alternative, less-linear view of
learning. Learning is the intent of any development
activity – communities, courses, networks, or ecology.
Selecting the most appropriate design approach will
assure greater a more positive and valuable experience for
the learner.
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ENERGY OUTPUT OF TRACKED PV
SYSTEMS WITH BI-MOBILE LINKAGES
Maria-Monica VĂTĂŞESCU
Dorin DIACONESCU
Ion VISA
Bogdan BURDUHOS
Abstract: The solar radiation is an available, nonpolluting energy source converted into power and/or heat
using photovoltaic systems, concentrating photovoltaic
systems, solar-thermal systems, etc. Implementing
mechanical tracking systems into solar energy conversion
systems represents a feasible solution to increase the use
of solar energy, thus supporting the general research
trend on increasing the conversion efficiency, for
developing advanced, marketable systems. Accordingly,
this paper presents a comparative study upon the use of
three tracking linkages, used for bi-axial solar
photovoltaic tracking, on different latitude: from 0 to 65
deg. The three mechanical structures are modelled and
numerically simulated for one year period and then the
tracking accuracy is compared. The results demonstrate
that, when imposing an hourly step in the tracking
program, the three tracking linkages have comparable
performances.

This paper presents a study on three different tracking
systems aiming to evaluate which type is best suited for
implementation in PV tracking platforms, at different
latitude, between 0° (the Equator) and 65° (the Polar
Circle).
Previous studies analyzed 6 structures of bi-axial, bimobile tracking systems, [6], considering the
implementation position corresponding to the Brasov,
Romania location (ϕ = 45 deg. Lat. N). The results
indicated that only three of them are able to perform
efficient solar tracking, namely the equatorial (see Fig.1,
a1), the pseudo-equatorial (see Fig. 1b1) and the azimuth
(see Fig. 1c1). This paper extends the study considering
the entire northern latitudes domain 0 – 65o, and the
daytime is equal to the sun light time period.
The three bi-axial tracking systems are numerically
simulated, considering the solar ray that reaches the
terrestrial surface on different angular values (depending
on latitude), to find out which tracking type fits best for a
given latitude.

2. BASIC TYPES OF BI-AXIAL TRACKERS
A bi-axial tracking system consists of a kinematic open
chain, designed to perform two output movements (the
daily and the seasonal-elevation movements) by using
controlled actuators.

a1)

a2)

b1)

b2)

Key words: tracking linkage, azimuth PV tracking system,
equatorial PV tracking system, pseudo-equatorial PV
tracking system, tracking efficiency

1. INTRODUCTION
The conscious transition towards a sustainable
development is a key factor in dismantling the world wide
economic and energy crisis. In this view, according to the
extended European policies and programs, supporting the
development and implementation of renewable energy
systems (e.g. IEE1 projects), solar tracking becomes a
feasible solution to increase the use of (still) expensive
photovoltaic (PV) platforms [5, 2, 6]. Choosing the
tracking system is the result of optimizing the
quality/performance requirements along with the costs
and payback time.
1

Intelligent Energy Europe (projects)
(http://ieea.erba.hu/ieea/page/Page.jsp)

c1)

c2)

Fig.1. Three basic structural variants of bi-axial solar
tracking systems (fitted with linear actuators): a1) the
equatorial-; b1) the pseudo-equatorial-; c1) the azimuth
tracker and their position on the Earth surface, at ϕ
latitude (without actuators): a2) the equatorial-l; b2) the
pseudo-equatorial- and c2) the azimuth tracker
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In Fig. 1 there are presented two situations: in a1, b1 and
c1 the three kinematic chains are obtained by linking only
linear actuators, while in a2, b2 and c2 the same types of
tracking systems are assembled only out of revolute
joints. Nevertheless, hybrid systems are also highly used
in practice: having a rotating actuator for the daily motion
and a linear actuator for the elevation movement. The use
of linear actuators leads to a simpler mechanical structure
and to a low-cost product: the tracked solar energy
convertor.
In the equatorial tracking system (Fig. 1a2), the tracking
linkage is obtained through a serial arrangement of two
revolving joints, generating the two angular movements,
defined by the hourly angle, ω*, and the declination, δ*;
the revolute joint 1-2 in Fig. 1a2, positioned next to the
base 0, is used to perform the hourly angle stroke ∆ω*.
This spin of the PV platform 2, around the N-S axis is
induced by the extension or contraction of the linear
actuator c. The declination movement δ* around a
perpendicular axis on the N-S axis, is generated by
another linear actuator a. Because of this particular
displacement of the two revolute joints, the declination
movement, δ*, becomes difficult. Therefore this model
presents major constructive and functional difficulties and
is rarely implemented in in-field applications.
To solve these inconveniences, an innovative model was
proposed – the pseudo-equatorial kinematic open linkage
[2], modelled according to the local solar angle
configuration. Here, the revolute joints’ serial
arrangement is reversed, as presented in Fig. 1b2: the
revolute joint for the elevation movement γ* is set next to
the base, so the daily movement β* raises no difficulty.
In the example, presented in Fig. 1b1, the elevation
movement γ* is obtained according to the expansion and
contraction of the linear actuator a; same does the daily
movement β*, obtained according to the expansion and
contraction of the second linear actuator c.
The third model is the azimuth system (Figs. 1 c1 and c2),
where the two tracking movements have larger angular
variation gradients as compared to the previous models.
In the example presented in Figs. 1 c1 and c2, both
elevation and daily movements are using two linear
actuators for enlargement and contraction, so this model
enhances the simplicity and liability of the driving
elements.

3. MODELLING AND SIMULATION
CONDITIONS
Unitary modelling and simulation requires a set of
common conditions, defined as follows:
 The turbidity factor (TR) has a linear variation with
latitude, Fig. 2, considering a minimum value of 1,3 at
North Pole (90° lat. N) and a maximum value, of 6, at
the Equator (0° lat. N) [1].
 The tracking program consists of a sequential
displacement, with one hour step, on each axis; the
tracking steps are done simultaneously both for the
daily and the elevation movements.
 The solar radiation and solar energy are calculated in
the clear sky conditions; this simplified condition does
not affect the tracking efficiency described by the ratio
36

between the solar received energy and the available
energy, [6].

Fig.2. The linear distribution of the yearly constant
turbidity factor (TR) along the northern latitude

4. LATITUDINAL MODELLING OF THE
TRACKING EFFICIENCIES
A PV tracking system is designed to orientate the
photovoltaic (PV) surface towards the sun, in order to
maximize the normal component of the direct solar
radiation on the solar convertor. These tracking systems
are designed according either to the global model (the
equatorial tracking system), or to the local model (the
azimuth and the pseudo-equatorial PV tracking systems).
Each of these models describes the solar ray’s daily and
elevation positions according to specific angles:
 The specific solar angles in the equatorial system are
the hour angle (ω) and the declination (δ), calculated
with eq. (1) and (2), while the homologues PV
platform angles, δ* and ω* are described by step
curves that approximate δ and ω variation curves,
respectively, as presented in Fig. 3a;
 In the pseudo-equatorial system, the specific solar
angles are the diurnal angle (β) and the elevation (γ),
calculated with eq. (3) and (4), while the homologues
PV platform angles are: β* and γ*, calculated with eq.
(3’) and (4’) respectively, Fig. 3 c;
 The solar angles in the azimuth system are the
azimuth (ψ) and the altitude (α), calculated with eq.
(5) and (6), while the homologues PV platform angles
are ψ* and α*, calculated with eq. (5’) and (6’), Fig.
3 b1 and b2.

ω = 15°(t − 12 )

(1)

⎛ 360°( N − 80) ⎞
⎟
365
⎝
⎠

δ = 23,45° sin⎜

(2)

β = sin −1 (cos δ ⋅ sin ω )

(3)

β * = sin −1 (cos δ * ⋅ sin ω *) Ù β * = β (ω *)

(3’)

⎛ cosδ cosω sin ϕ − sin δ cosϕ ⎞
⎟⎟
cos β
⎝
⎠

γ = sin −1 ⎜⎜

(4)

γ * = γ (ω *)

(4’)

⎛ sin ϕ sin α − sin δ
⎝ − cos α cos ϕ

ψ = (sgn ω ) arccos ⎜⎜

ψ * = ψ (ω *)

⎞
⎟⎟
⎠

(5)
(5’)

α = arcsin (cos ϕ cos δ cos ω + sin ϕ sin δ )

(6)

α * = α (ω*)

(6’)

To estimate the effective direct solar radiation on the PV
surface, the incidence angle, for each of the three systems,
is calculated according to eq. (7), (8), (9):

υ EQ = cos−1 (cosδ cosδ * ⋅ cos(ω − ω*) + sinδ sinδ *)

(7)

υ AZ = cos−1 (cosα cosα * ⋅ cos(ψ −ψ *) + sinα sinα *)

(8)

υPs.EQ = cos−1 (cosβ cosβ * ⋅ cos(γ − γ *) + sin β sin β *)

(9)

The direct solar radiation received by the photovoltaic
surface (BPV) represents the perpendicular fraction of the
available solar radiation beam (B) falling on the PV
surface. Therefore, to estimate BPV, equations (10), (10’)
and (11) are applied [5]:
B0 = 1367 ⋅ [ 1 + 0 ,0334 ⋅ cos( 0 ,9856 o N − 2,72 )]

− TR
⎛
⎞
B = B0 exp ⎜
⎟
⎝ 0 ,9 + 9 ,4 sin α ⎠

(10)
(10’)

in which TR represents the annual average value of the
turbidity factor, for different latitudes.
The received solar radiation beam is calculated, for each
PV tracking system, according to the Lambert law:

BPV = B ⋅ cosν k ,

k = {Eq, Az, Ps.Eq}

(11)

According to eq. (14), the tracking efficiency η can be
calculated as the ratio between the energy of the received
solar radiation beam on the PV surface (EBPV), eq. (12),
and the energy of the available radiation, calculated with
eq. (13), [6]:

E B.PV = ∫ BPV dt
η=

(12);

EB = ∫ Bdt

EB.PV
EB

(13)
(14)

To compare and to analyze the variations of the tracking
response, for the three types of tracking systems,
numerical simulations were further developed.

5. NUMERICAL SIMULATIONS
All the tracking parameters, as defined by eq. (1) – (14)
were numerically simulated during the solar referential
dates: Spring Equinox Day, Summer Solstice Day and
Winter Solstice Day. To identify the best suited type of
tracking linkage to be implemented on a given latitude,
the annual energetic gain and the annual tracking
efficiency were calculated for each of the three tracking
systems. As example, in Fig. 3 the results of the
numerical simulations of the solar angles, of the PV
platform’s angles, of the incidence angles and the solar
radiation daily variations are presented for the Spring
Equinox Day.
The results showed that in the equatorial and azimuth
systems the solar ray position relatively to the PV surface
is described by totally different angular variations: a
single variation for each ω, δ, β, ω*, δ*, β* no matter the
latitude (Figs. 3 a and c) and a specific variation,
according to each latitude, for α, ψ, γ, α*, ψ* and γ*
(Figs. 3 b1, b2 and c). The extreme (min/max) values
during one year are presented in Table 1.
The corresponding incidence angles have similar and
regulate variations, for all latitudes, Fig. 4. Still, despite
the similarity between variation of the equatorial (ω,ω*)
and of the pseudo-equatorial pair (β, β*), the incidence
angle developed by the Equatorial and the PseudoEquatorial systems develop different variations on each
latitude, as presented in Figs. 4 a and c, as result of the
different latitudinal linear variation of γ* (see Fig. 3c)
When considering the curves considering the received
solar radiation in Fig. 5, it can be noticed that, despite the
differences on the solar angles and on the incidence
angles variations, all three types of tracking systems
develop the same level of solar radiation harvest. This
proves that the tracking program has enough steps to gain
most of the available solar radiation (B).

Table 1 The extreme values for the daily and elevation angles, calculated at different latitudes for the three
types of tracked solar energy conversion systems
lat.N
1°
5°
10°
15°
20°
25°
30°
35°
40°
45°
50°
55°
60°
65°

δ*min
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°
-23,45°

δ*max
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°
+23,45°

ω*min
-180°
-180°
-180°
-180°
-180°
-180°
-180°
-180°
-180°
-180°
-180°
-180°
-180°
-180°

ω*max
+180°
+180°
+180°
+180°
+180°
+180°
+180°
+180°
+180°
+180°
+180°
+180°
+180°
+180°

γ*min
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°

γ*max
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°

β*min
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°
-90°

β*max
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°
+90°

α*min
0°
0°
0°
0°
0°
0°
0°
0°
0°
0°
0°
0°
0°
0°

α*max
+90°
+85°
+80°
+80°
+84°
+88°
+83°
+78°
+72°
+67°
+63°
+57°
+53°
+48°

ψ*min
-90°
-90°
-100°
-100°
-100°
-115°
-115°
-115°
-120°
-120°
-130°
-130°
-140°
-160°

ψ*max
+90°
+90°
+100°
+100°
+100°
+115°
+115°
+115°
+120°
+120°
+130°
+130°
+140°
+160°
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Fig.3. The variation of the Solar and PV platform angles, modeled for different latitudes, in the Spring Equinox Day,
from 6 until 12 a.m., in: a) Equatorial System; b1& b2) Azimuth System; c) Pseudo-equatorial System.

Fig.4. Incidence angle variations, during the Spring
Equinox Day, for 0…900 latitude, in :
a) Equatorial System; b) Azimuth System;
c) Pseudo-equatorial System
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Fig.5. The available solar radiation (B) and the received
beam solar radiation (BPV), for different latitudes, during
the Spring Equinox Day, in: a) Equatorial System; b)
Azimuth System; c) Pseudo-equatorial System.

Table 2. Tracking efficiency values, for different latitudes, delivered by the three bi-axial tracking systems, according to
an hourly step tracking program
Lat.
N

Eq.

1°
5°
10°
15°
20°
25°
30°
35°
40°
45°
50°
55°
60°
65°

99,575
99,575
99,575
99,575
99,575
99,575
99,575
99,575
99,575
99,575
99,575
99,574
99,574
99,573

Spring Equinox
Az.
Ps.Eq.

Eq.

Summer Solstice
Az.
Ps.Eq.

Eq.

Winter Solstice
Az.
Ps.Eq.

Eq.

One year
Az.

Ps.Eq.

99,598
99,630
99,663
99,572
99,629
99,605
99,621
99,595
99,633
99,601
99,620
99,429
99,442
99,455

99,585
99,615
99,649
99,579
99,602
99,496
99,327
99,153
98,998
98,788
98,515
98,106
98,069
97,757

99,586
99,611
99,644
99,572
99,596
99,492
99,325
99,148
98,985
98,768
98,581
98,274
98,006
97,857

%
99,580
99,580
99,580
99,580
99,580
99,580
99,580
99,580
99,580
99,580
99,581
99,581
99,582
99,583

99,575
99,578
99,587
99,603
99,625
99,651
99,681
99,715
99,750
99,787
99,824
99,860
99,893
99,923

99,642
99,642
99,642
99,641
99,641
99,642
99,644
99,646
99,646
99,647
99,649
99,649
99,650
99,650

99,647
99,646
99,647
99,647
99,648
99,647
99,646
99,647
99,648
99,647
99,646
99,648
99,648
99,647

99,639
99,611
99,574
99,533
99,497
99,463
99,436
99,407
99,375
99,353
99,333
99,321
99,325
99,351

99,640
99,640
99,639
99,639
99,640
99,641
99,641
99,640
99,639
99,639
99,644
99,633
99,648
99,587

99,647
99,647
99,648
99,648
99,647
99,646
99,646
99,647
99,648
99,648
99,643
99,654
99,639
99,699

99,651
99,674
99,706
99,740
99,778
99,815
99,851
99,883
99,909
99,935
99,962
99,976
99,991
99,998

6. RESULTS AND DISCUSSIONS
To compare the three types of solar trackers, the tracking
efficiency levels were calculated and simulated during the
solar referential days: Spring Equinox (Eq.), Summer
Solstice (SS) and Winter Solstice (WS). The annual
tracking efficiency was estimated using:

η year =

E A _ PV
EA

⋅ 100

(15)

where:
EA → the available solar energy calculated with (15’)
EA_PV → the energy of the solar radiation received
on the PV surface, calculated with (15”)
EA =

365
[2 ⋅ EB ( Eq) + EB (SS ) + EB (WS )]
4

E A _ PV =

365
[2 ⋅ EB.PV ( Eq) + EB.PV (SS) + EB.PV (WS)]
4

(15’)
(15”)

The results presented in Fig. 6 and Table 2 indicate that
the differences between the annual energy delivered by
the three systems are negligible, with tracking efficiency
variations of ∆ηyear < 0,5 % between 0 and 35 deg lat. N,
∆ηyear < 1 % up to 50 deg lat. N and ∆ηyear < 1,9 % up to
65 deg. lat. N. Particularly, during the solar referential
dates, the differences are even lower: ∆η < 0,4 %, no
matter which two out of the three systems are compared.
Therefore, the problem of choosing the best fitted
tracking linkage for a particular latitude is reduced to
identifying the optimum kinematic open linkage to
perform the solar tracking movement, considering the
economic aspects and according to the PV surface needed
to be tracked.
Considering the constructive and functional requirements,
often the azimuth are prefer to track large PV platforms,
and the pseudo-equatorial and the equatorial systems are
usually used for small ones and for individual modules.
While large PV platforms are recommended for PV parks,
the small platforms and the individual modules are largely
recommended for integration in the built environment.

Fig.6. Tracking efficiency variation at different Northern
latitudes (1°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°,
50°, 55°, 60°, 65°) for the equatorial, azimuth and
pseudo-equatorial systems, during: a) Spring Equinox
day; b) Summer Solstice day; c) Winter Solstice day; d)
one year period
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7. CONCLUSIONS
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The basic bi-axial tracking systems (of equatorial, pseudoequatorial or azimuth type), used for locations set on the
latitudes between 0º and 65º and based on hourly step
angular moves, lead to high annual tracking efficiency, with
values above 97%. Therefore, the best fitted tracking system
for a given location is to be established according, not only,
to a tracking efficiency quantitative analysis, but also,
according to a qualitative analysis, regarding the optimum
tracking structure and accuracy, the PV surface to be tracked,
the economic aspects and the liability of the system in the
imposed conditions.
Further on, the differences between the tracking efficiency
values are expected to be identified in a future study in which
a comparison will be developed, between the mono-axial
models derived from the equatorial, azimuth and pseudoequatorial systems; the mono-axial models are characterized
by an optimum constant elevation angle (δ* or α* or γ*)
fixed for a whole year period; the mono-axial tracking
behaviour, between 65° lat. (the Polar circle) and 90° lat. (the
Pole), will be analyzed also in a future paper.
An overall evaluation of the three solar tracking systems will
be made, considering both the bi-axial and the mono-axial
types and for each latitude will be set the optimum system to
be implemented.
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over the radial-axial bearing and further to leaning
surface, regarding excavators, portal cranes or other
machines of construction and transport mechanization [1].
Long life and functionality of these bearings greatly
depends on support surface stiffness to bearing bond. As
the contact between terrain and running machine is not
possible, either for ground deflection or production error,
there occurs lifting or descending of some of machine
supports, that is the redistribution of vertical reactions in
supports and by itself the deformation of carrying
structure.

RESEARCH AND DEVELOPMENT OF
CARRYING STRUCTURE OF RADIALAXIAL BEARING OF CONSTRUCTION
AND TRANSPORT MECHANIZATION
MACHINES
Milomir GAŠIĆ
Mile SAVKOVIĆ
Goran MARKOVIĆ
Nebojša ZDRAVKOVIĆ
Abstract: Choice of geometric values of support structure
of radial-axial bearing can influence the defining of
necessary stiffness of construction and transport
mechanization carrying structure. This parameter has a
dominant influence on functionality and reliability of
radial-axial bearing function.
Apart from using the theoretic relations of geometric
values which influence the reduction of bearing structure
support surface deformation, it is not possible to
completely eliminate the above mentioned occurrence.
The paper gives the systematization of theoretic and
experimental results in realized solutions research, and in
the end it gives a constructive solution which eliminates
the influence of terrain roughness on radial-axial bearing
support surface deformation.
Key words: radial-axial bearing, carrying frame,
mechanization, deformation, structure

Fig.1. Types of excavator running machine realizations

2. MODEL DEFINING
Analytic defining of stiffness dependence and influence
of geometric values of support structure relations would
enable the geometric structure parameters solutions which
would provide the successful track supervision and proper
bond function by radial-axial bearing. Supposing that one
of the supports (support C –figure 2) is declined for ∆
value, the basic system is formed in a way that in support
D the unknown force X1 is introduced, and instead of the
rejected bonds, the unknowns
Xi (i=2,3,...,7) are
introduced [1], [2], [3],[9].

1. INTRODUCTION
While excavator is in function, due to roughness of
leaning surface, it is not possible to accomplish the
complete contact between the caterpillar running machine
and the leaning surface so a torsion of carrying structure
occurs. Excavator carrying structure torsion deforms the
support surface of the radial-axial bearing bond structure.
Choice of geometric values of radial-axial bearing
carrying construction can influence the structure stiffness
of construction and transport mechanization machines.
This parameter has a dominanat influence on functionality
and reliability of radial-axial bearing function. In
numerous manuscripts there has been done the analysis of
load transfer from revolving platform to carrying structure

Fig.2. Excavator carrying frame model
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In case that values relations for excavator carrying frame
model are introduced (figure 2) [1], [2]:

ψ = L1 L2 ;η = I 5 I 2 ; β = I 4 I 2 ;

ϕ = I 3 I 2 ; w = l1 / l2 ; I 2 = I1

β ⋅l ≥ 3 ⇒

applying canonic equations:

j =1

(1)

we come to theoretic dependences:

Cki ⎛ ki
=⎜
Ckj ⎜⎝ k j

3

⎞
CLi ⎛ L j ⎞
=⎜ ⎟
⎟⎟ i
C
Lj
⎝ Li ⎠
⎠

where:
δ ij - moving of point

4

3 ( 1 −ν )
r 2 ⋅ δ z2

2

⋅l ≥ 3

(4)

where:

10

∑ δ ij ⋅ X j + ∆i = 0 ; i = 1,...,7

cylindric carrier (δ) it is possible to reduce deformation of
support surface of radial-axial bearing with big diameter.
For determining the necessary height of cylindric carrier
we use the relation:

ν - Poisson quotient,
δ - cylindric carrier wall thicknes,
R – curve radius of cylindric carrier.

3

(2)

i because of unit load functioning

X j = 1;

X j - real value of the unknown parameter;

∆ i - moving of point i because of outer load

µ=

EI x
= 3k λ 0 ,4
GI0 1

l

functioning.
In considerations there has been used the relation between
flexural and torsional stiffness for box-like cross section
carriers of steel plates:

(3)

where:
k – relation quotient of cross section carier height and
width
λ – relation quotient of horizontal and vertical cross
section carrier plates thickness

2.1. Solving the given problem
By solving the system of canonic equations by the
unknown X1 with knowing the value of support ∆
“descending”, it is possible to determine the stiffness [2],
[8], [9].
On the base of these analyses, we come to a conclusion
that it is possible by choosing the relations of carrying
structure geometric values to influence the:
increase of carrying structure stiffness,
better supervision of the track where the machine
goes, that is proper functioning of the bond between the
revolving and nonrevolving part.
However, even if the relation is defined in this way, it is
not possible to provide the stiffness where the
deformation of support surface would be smaller than
allowed.
Ingredient
element,
whose
mounting
considerably influences the effect of stiffness increase in
support surface of radial-axial bearing, is cylindric cross
section carrier (figure3 – position 4).
Realization of cylindric cross section carrier function
depends above all on its geometric characteristics. By
defining the necessary height l and the wall thickness of
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Fig.3. Radial-axial bearing with cylindric
cross section carrier
On the base of realized solutions we can conclude that the
relation of radius and cylindric carrier thicknes is found
within r/δz = 20÷30, so the smallest height l for ν=0,3:

l ≥ ( 0.45 − 0.56 ) ⋅ r

(5)
Wall thickness has a considerable influence on
deformations in support surface of cylindric carrier.
Having in mind the loads which radial-axial bearing
conveys during function, in order to determine the wall
thickness, we need to determine the moving of points of
support surface which are a consequence of action of
radial force and knock over moment.
Out of condition that such calculated moving is less than
allowed we get:

δz ≥

2 ⋅ M ⋅ l + Fr ⋅ l 2
2 ⋅ π ⋅ r 2 ⋅ E ⋅ δ doz

(6)

For model (figure 4) with geometric values for two
realized solutions, with and without indirect element
between radial-axial bearing and carrying structure
(position 4, figure 3), there has been done a comparative
analysis of moving the characteristic points of support
surface.

Also, the experimental research has been done in order to
verify the theoretic results. Memi feeders are set on
appropriate places of carrying structure of radial-axial
bearing (figure 4).
Characteristic positions of revolving platform, considered
in the experiment, follow:
a) Carrying frame leans on all the supports, when they
are in horizontal plane, loaded with its own weight
and extra load. Turning has been done with stopping
at every 45° and without stopping.
b) Carrying frame leans on the supports, where one of
them is lowered for value ∆ loaded with its own
weight and extra load. Turning has been done with
stopping at every 45° and without stopping.

Fig.4. Experimental model
Comparative results of stiffness, obtained by calculation
and research, show a high level of matching (deviation
less than 13%).

Calculation
value
Eksperimental
value

b)
curve – a – stiff model
curve – b – final elements model
curve – c – experimental results
Fig.5. Load distribution at radial-axial bearing

Table 1. Comparative display of theoretic and
experimental results
Force on the
support O2 (kN)

a)

Deflections on
the support O2
(mm)

If the force F0 causes deformation δ0, then the
deformation from the force is Fx, δx=δ0⋅ cosx α.
It shows that the relation is:

F02

=

F12

=

F22

= ... =

Fx2

= const ⇒

57.79

2.3

δ 03

56.98

2.0

F = F0 1 + 2 cos 2.5 α + 2 cos 2.5 2α + ... + 2 cos 2.5 xα

Radial-axial bearings have small stiffness. Moment loads
are different by bearing sizes and cause pressure increase
on one group of balls (cylinders), and decrease on the
other one. If the support surfaces of revolving and
nonrevolving parts are stiff; that is if movements of some
of the points are smaller then allowed values, than it can
be taken that the distribution of forces from the moment is
a straight line.
Results of the analysis of load distribution for different
calculation models are shown in figure 5a [5],[7].
Load distribution from the moment, at equal distance of
balls by defined angle α (figure 5b), can be determined by
the following equation:
M =2F ⋅ r =2F0 ⋅ r + 4F1 ⋅ r ⋅ cos (α ) + 4F ⋅ r ⋅ cos ( 2α ) + (7)
+ 4Fx ⋅ r ⋅ cos ( xα )

where:
α=2π/ z – angle between two adjacent balls
x=(z-4)/4 – number of angles on one quarter of bearing
r – radius of the ball’s path
z – number of balls

δ 13

(

δ 23

δ x3

)

(8)

Expression in brackets depends on the number of balls z.
For different values of balls number, we get relations
z/(F/F0) shown in table 2.
Table 2. Relation z/(F/F0) in function of number of balls z
Number
of balls
z
12
16
36
72

Angle between
the balls α
30
22.5
10
5

Number
of angles
x
2
3
8
17

Relation
z/(F/F0)
4.36
4.37
4.37
4.40

It can be seen that these relations have value of about
4.37, which says that 1/4 of 1/5 balls convey the load
from the moment, or that the bearing is loaded on the part
which is limited by angle of 72° to 90°. Considering also
the elastic deformations, load distribution from the
moment does not follow a straight line. Deviations for the
real model reach the values higher than the theoretical up
to 30%. Load from the moment is conveyed over a part of
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the ring, limited by angle of 450 from both sides of the
moment action plane, which points to a fact that this
segment of revolving part must have higher stiffness.

bearing support surface deformation is decreased. Change
in support surface deformation, with and without cylindric
carrier, is shown in picture 8.

Fig.6. Realised solution of carrying frame of radial-axial bearing
Further analysis of carrying frame of radial-axial bearing
and determining the performance of revolving and
nonrevolving parts bond, can be done by final elements
method. We start with the realized solution and determine
the movement of points of longitudinal and transversal
carriers.
Realized solution of carrying frame of radial-axial bearing
with geometric parameters (Table 3) is shown in figure 6.
In order to understand the influence of roughness of
terrain where machine goes on support surface
deformation, as well as the verifications of formerly
obtained conclusions, the movements of characteristic
points of support surface are obtained by considering the
carrying frame with and without cylindric carrier.
Necessary movements of support surface of both variants
of carrying structure obtained by final elements method
are shown in figure 7.
Aim of analysis is reduction of influence of terrain
roughness
where
construction
and
transport
mechanization machines go. Shifting of one of supports ∆
was taken as outer load. Lower shifting values are bound
to transport machines (cranes), while higher shifting
values are characteristic for construction machines.
By mounting the indirect element between the carrying
structure and the radial-axial bearing, the effect of
stiffness increase in the bearing support surface is
realized, that is the influence of terrain roughness on the
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Table 3. Geometric parameters of realized solutions of
radial-axial bearing carrying structure
Excavator carrying structure realization type - H

L1 (mm)

Parameter
value
725

δ1 (mm)

Parameter
value
10

L2 (mm)

800

δ2 (mm)

10

l1 (mm)

1000

δ3 (mm)

10

l2 (mm)

Parameter

Parameter

800

δ4 (mm)

16

4

20270

δ5 (mm)

10

4

16126

δ6 (mm)

16

4

16126

h1 (mm)

300

4

I4 (cm )

16126

b1 (mm)

350

h2 (mm)

300

D1 (mm)

815

b2 (mm)

200

D2 (mm)

850

h3 (mm)

300

D3 (mm)

1040

b3 (mm)

200

δp (mm)

30

h4 (mm)

300

δz (mm)

20

b4 (mm)

200

l (mm)

160

I1 (cm )
I2 (cm )
I3 (cm )

Fig.7. Movements of carrying frame points,with and without cylindric carrier
support surface can be realized by mounting the indirect
element and also by the right choice of bearing type.

Fig.8. Comparative diagram of carrying structure
support surface deformation with and without cylindric
carrier
Stiffness increase effect by mounting the indirect element,
having in mind the bearing producer’s references and
proper functioning of revolving and nonrevolving parts
bond is given in figure 9.
By value analysis for characteristic point deformation of
support surface for variants with and without cylindric
carrier, it’s decrease can be seen, that is carrying frame
stiffness increase at indirect element mounting. Having in
mind the preconditions of reliable and safe function of
revolving and nonrevolving parts bond, as well as the
appropriate choice of carrying frame geometric values
relations, it is noticeable that the necessary stiffness of

Fig.9. Comparative diagram of stiffness difference
quotient dependence kr
Bearing structure influence effect, that is the bearing type,
is smaller for structure variant with cylindric carrier as
indirect element. At that, we should also bear in mind the
fact that the choice of radial-axial bearing depends on the
load that it conveys during its exploitation. By appropriate
choice of geometry of structure itself and the indirect
element, it is not always possible to realize smaller points
movements of support surface than allowed.
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3. ANALYSIS OF NEW SHAPE OF RADIALAXIAL BEARING CARRYING
STRUCTURE

solution of carrying structure, by which the deformation
of bearing support surface is eliminated, having in mind
the size of real load during the construction machine’s
work, is shown in figures 12 – 14 [8].

By realizing the influences of certain parameters on
support surface deformation, which is based on former
analyses, we came to a new shape of carrying structure
(figure 10) which would almost completely disable the
support surface deformation of bearings with big
diameters caused by the terrain roughness.
In this way a better machine adaptability to the terrain
would be realized, that is contact of all the wheels with
the terrain.
Deformations and roughness of the ground, defined by the
angle in relation to referent plane, by rule do not
overcome values γ=±100 in over 80% function situations.
If the structure solution of the bond between the main
carrier and the bearing carrier is done in joint shape
(figures 11 & 12) the influence of ground deformation
and roughness on deformation of support surface for
bearing bond can be eliminated.

1. Axle
4. Nut

2. Bush
5. Lead

3. Limiter
6. Stiffness

Fig.12 Final bond of longitudinal carrier and
carrying structure frame

Fig.10. New variant of carrying frame support

Fig.13. Sliding plate

1. Central axle
3. Axial bearing
5. Bush
7. Limiter
9. Lid

2. Sliding plate
4. Radial bearing
6. Upper lid
8. Safety nut
10. Longitudinal carrier

Fig.11. Joint bond of longitudinal carrier’s
central part
Joint bond is placed in the central part of longitudinal
carrier, while at its ends are axles which form sliding
pairs. More detailed display of suggestion for new
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Loads (axial force Fa, radial force Fr and moment M) are
carried over radial-axial bearing. In case of total stiffness
of support surface of revolving and nonrevolving parts,
the law of distribution of pressure forces from the
moment is a straight line, which is not the case when the
elastic deformations of support elements are taken.
Confirmation to these facts, as well as the development of
models which would consider numerous influences on
load distribution, are given in a great number of papers
[4],[5],[6],[7]. Values of forces or loads depend on
calculation method type, but they are within the limits
acceptable for engineering practice, while further progress
in this field is realized thanks to wide range of FEM use.
Example of results for deviation in tension values on the

FEM outer ring surface and by experimental measuring,
at support surfaces rotation of 30° one in relation to
another and the load Fa = 123.3 kN, M=555.3 kNm [5], is
shown in figure 15.

Fig.14. Joint bond of longitudinal carrier

therefore it is necessary to reduce the number of
influential parameters without disturbing the generality of
considered problem.
Easy mounting of bearing’s assembled elements and
increased stability of the whole structure with own
boundary parameters, make an advantage compared to
other ways of supporting, and by that the justified analysis
and research of influential parameters on revolving and
nonrevolving parts bond.
Justifiableness of the analysis and researches with the aim
of life prolonging and safety in function of named
machines is the greater the more we have in mind the
problems at transfer of load from revolving to
nonrevolving parts of carrying structures in construction
and transport mechanization machines.
By comparative analysis of movement values of
characteristic points of support surfaces for the first and
second variant (figure 7), the influence of cylindric carrier
mounting on reduction of deplanation and on movements
of support surface points for radial-axial bearing bond can
be determined.
By mounted cylindric carrier, it is not always possible to
realize movements that are smaller than allowed, and
partially the stability of excavator during work is reduced.
That is why we should research the shape of carrying
structure without cylindric carrier. The solution is in joint
carrying structure (figures 10 & 11) which in great part
will eliminate the influences of terrain roughness on
deformation of bearing support structure.
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INVESTIGATION AND COMPARISON OF
STATIC AND DYNAMIC LOAD IN THE
MAIN MACHINE TOOLS SPINDLE
Branko PEJOVIĆ
Vladan MIĆIĆ
Bogdan ĆIRKOVIĆ
Abstract: In this paper, starting from the kinematics
scheme of a general gear for the main machine tools
motion, set up a dynamic model for determining the
torsional oscillations for arbitrary working spindle, in
case of uneven rotation. At present, besides the main
parameters of dynamic systems, takes into account the
elastic and damping characteristics. To determine the
law, which would describe observed movement or
rotation angle of elastic elements were used Lagrangeove
equations of the second order. Obtained principle was
used to determine the elastic torque, as important
characteristics. Its dependence on time, and dynamic
character was demonstrated. Comparison of torques,
which is present in the dynamic and static loading, is
performed by introducing a suitable coefficient. In the end
of this paper, on the basis of working relations for the
general model, determined relations for several
characteristic cases, which relate to the law changes the
angle of rotation, and evaluate the relationship between
dynamic and static loads.

as a result of uneven movement of machine elements, for
example rotating the main spindle and the changes
chippings section. With suitable constructive technological solution it can be reduced to very small
size. Of practical importance is determining the size of
amplitude of oscillation of the dynamic system of
machine tools, both in the work period and at work on a
blank /4/, /5/. The process of cutting inserts an additional
disorder, related to cutting forces, which elastically
deform the structure and changing the size of the forced
vibration. Self-excited vibration is characterized by
unstable working machines. By varying processing
regime to avoid the unstable area of work, but it also
narrows the scope of performance of machine tools.
Investigation the causes of self-excited vibration and
finding methods for their repairing allow the construction
of machine tools of high quality /5/, /6/. In the stationary
regime of cutting, i.e. constant cutting speed, with
constant values of depth and cutting steps, the
corresponding cutting forces can be considered as
constant values, and their effects are static. When we
change some of these sizes, depending on the time, it can
occur under appropriate conditions the oscillation of tools,
including elements of the machinery /6/, /7/. Disorder, or
impulse, apparently leads to un-stationary cutting regime,
and hence the oscillation machining systems.

2. MODEL OF TORSIONAL OSCILLATION
At working spindle gear machine tools for metal cutting,
besides torsion, there are transverse and longitudinal
oscillations. For the analysis of torsional oscillations can
be started from one gear to the main motion machine for
cutting, where they represented the two mobile groups
gears and staples, according to Fig.1.

Key words: gear machine tools, main spindle, uneven
movement, torsion system, damping

1. INTRODUCTION
The problem of oscillation of machine tools for
machining cutting, is one of the most important problem,
since the effects of oscillation manifested in the form of
machine inaccuracy, in premature blunting of tools, as
well as the possible damage to machine components /1/,
/2/, /3/. The working of machine tools followed by forced
oscillations and vibration, while in certain operating
regimes self – excited oscillations are appears. Both these
groups are undesirable oscillation phenomena, because in
addition to reducing the processing accuracy and quality
of machined work piece surface and reduce the
productivity of machine /3/, /4/. Forced vibrations occur

Fig.1. Combined sprocket gear
Torsional model, which can general relate to any work
spindle gear in Fig. 1, is shown in Fig.2, where the discs 1
and 2 burdened by external moments M1 and M2, while
the spindle is elastic. Moments M1 and M2, in the given
case, have the opposite direction.
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Fig.2. Analogies between torsional and chain oscillatory
system with two degrees of freedom
For ease of problem solving we can go from analogy
equivalent scheme of the chain system with two masses
m1 and m2, in the according with fig. 2b, on which affect
external forces F1 and F2. The masses are connected by
elastic spring and damper. Oscillatory torsional model
with two mass moments of inertia J1 and J2 and the elastic
stiffness of the spindle c and damping b is shown on fig.3.
y
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Fig.3. Oscillatory torsional model of the machine
tool spindle
In the first approximation considered to have masses 1
and 2 which are much greater in the compared with mass
spindle, which is mostly hollow. Of all the spindles, as the
most important case for the practice the main spindle
machine tools will be observers. Disc 1 is the gear
through which the movement is transferred to the main
spindle while disc 2 is a chuck with working object that is
being processed. Also, assume a realistic case in practice
when moments of M1 and M2 during the processing are
approximately constant. This case is frequently
encountered in practice in machines for scraping,
especially in electric drives. Given that there is a rolling
bearing friction forces on the supports will be ignored.
Here it should be noted that the damping material is a
fundamental aspect of spindle damping because different
materials behave differently in this respect. Torque
through which the movement leads to the main spindle or
torque to the transmission element 1 will be for uniform
motion:
M1 = M iz = M ul ⋅ iu ⋅ηu

(1)

Here, Mul, Miz present moment of the transmitter in the
enter and the exit for the observed kinematic chain (on the
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element 1), while the total transmission ratio or efficiency
for the same kinematic chain are iu, ηu.Torque output
from the transmission and torque to the transmission
element 2, will be:
D
(2)
M 2 = F1 r
2
Here F1 is the main resistance to cutting, and Dr is the
diameter of the treated work piece.
For the case, that the elements of the cutting regime
unchanging, moment M2 will be approximately constant.
For rotation, observers are uneven movement of the main
spindle in the transient period during the starting up
machinery. Also, it is possible to observe the case of
stopping the machine when you have instead of angular
acceleration angular deceleration.

3. EQUATION OF TORSIONAL
OSCILLATIONS
Torsional oscillations of given mechanical system with
two degrees of freedom (Fig. 3), for the case that beside
conservative forces and the forces of resistance, also
occurs coercive force can be effectively studied using
Lagrange’s equations, which apply to cases small
oscillatory motion of the system /8/, /9/, /10/.
∂ ∂Ek ∂Ek ∂E p ∂Φ
(3)
+
= Qy
+
−
dt ∂ϕ&i ∂ϕi
∂ϕ
∂ϕ&
Angles of rotation of discs which determines the position
of the system will be ϕ1 and ϕ2 measures from the
position of equilibrium. They represent the angles of
twisting spindle in disc places. Kinetic energy of the
system will be:
1
1
Ek = J1ϕ&12 + J 2ϕ& 22
(4)
2
2
Partial derivative in according to (4) shall be:
∂Ek
d ∂Ek
= J1ϕ&1
= J1ϕ&&1
dt ∂ϕ&1
∂ϕ&1
(5)
∂Ek
d ∂Ek
= J 2ϕ&2
= J 2ϕ&&2
dt ∂ϕ& 2
∂ϕ&2
Also, we have
∂Ek ∂Ek
=
=0
(6)
∂ϕ1 ∂ϕ2
Potential energy of the system will be:
1
E p = c(ϕ1 − ϕ 2 )2
(7)
2
Partial derivative carried out in according to (7) will be:
∂E p
∂ϕ1
∂E p

= c(ϕ1 − ϕ 2 )

(8)

= −c(ϕ1 − ϕ 2 )
∂ϕ 2
Here, c is the elastic stiffness of the spindle. The function
of dissipation and dissipative system functions can be
written as / 8 /, / 11 /:
∂Φ
∂Φ
= b(ϕ&1 − ϕ& 2 );
(9)
= −b(ϕ&1 − ϕ& 2 )
&
∂ϕ1
∂ϕ& 2
Here b is represents the damping characteristic.

By relation (9), obviously, it was assumed that the
moment resisting force proportional to the first degree of
angular velocity ϕ& .Virtual elementary work of external
torques for rotary motion will be shown /13/, /14/:
(11)
dAϕ = (M1ϕ1 )dϕ1 − (M 2ϕ 2 )dϕ 2
Here dϕ1 and dϕ2 are the elementary rotation angles.
Elementary forces are:
(12)
Qϕ1 = M1ϕ1; Qϕ 2 = − M 2ϕ 2
Substituting (5), (6), (8), (9) and (11) in expression (3),
we get
J1ϕ&&1 + c(ϕ1 − ϕ 2 ) + b(ϕ&1 − ϕ& 2 ) = M1
(13)
J 2ϕ&&2 − c(ϕ1 − ϕ 2 ) − b(ϕ&1 − ϕ& 2 ) = − M 2

By deal the system of equations (13) with J1 and J2 will
be:
c
b
M
ϕ&&1 + (ϕ1 − ϕ 2 ) + (ϕ&1 − ϕ& 2 ) = 1
J1
J1
J1
(14)
c
(ϕ1 − ϕ 2 ) − b (ϕ&1 − ϕ&2 ) = − M 2
ϕ&&2 −
J2
J2
J2
If the second equation of system (14) subtract from the
first, we get:
⎛ c
c ⎞
⎟(ϕ1 − ϕ 2 ) +
ϕ&&1 − ϕ&&2 + ⎜⎜ +
⎟
⎝ J1 J 2 ⎠
(15)
⎛ b
b ⎞
M1 M 2
⎟(ϕ&1 − ϕ&2 ) =
+ ⎜⎜ +
+
⎟
J1
J2
⎝ J1 J 2 ⎠
Analysis system (13) can be seen that sizes
c(ϕ1 − ϕ 2 ), b(ϕ&1 − ϕ&2 ) represents the moments of elastic
forces and moments of resistance forces, which oppose
the external moments M1 and M2. Also, the size
Jϕ&& showed the moment of inertial forces of the system.
The angle of rotation of the spindle, according to Fig.3
can be expressed as:
ϕ1 − ϕ 2 = ψ
(16)
Differentiating by time, angular velocity and angular
acceleration will be:
ϕ&1 − ϕ&2 = ψ&
ϕ&&1 − ϕ&&2 = ψ&&
(17)
Equation (15) can be written in next form:
J +J
ϕ&&1 − ϕ&&2 + c 1 2 (ϕ1 − ϕ 2 ) +
J1 J 2
(18)
J + J2
+b 1
(ϕ&1 − ϕ& 2 ) = M1 + M 2
J1 J 2
J1
J2
Using (16) and (17) we get:
J +J
J +J
M
M
ψ&& + c 1 2 ψ + b 1 2 ψ& = 1 + 2
J1 J 2

J1 J 2

J1

J2

(19)

Equation (19) is a no homogenous differential equation of
second order with constant coefficients /16/, /17/.
For ease of solving equations (19) introduction next
markers:
J + J2
2δ = b 1
(20)
J1 J 2
J +J
ω2 = c 1 2
(21)
J1 J 2
Equation (19) introduces in (20) and (21) and solved
through the characteristic equation of homogeneous parts:
λ2 + 2δλ + ω 2 = 0
(22)

For the real condition ω < δ (small damping), solution
(22) will be:
λ1,2 = −δ ± δ 2 − ω 2
(23)
For the case of large damping ω ≥ δ do not get the
solution of the oscillatory character, and this case does not
correspond to reality.
Using (23) we get complex solution
λ1,2 = −δ ± i ω 2 − δ 2
(24)
Condition δ<ω according (20) and (21) will be

occurred for:

4c J1 + J 2
>
J1 J 2
b2
Introduction
p = ω2 −δ 2

(25)
(26)

λ1,2 = −δ ± p i

Using (26), solving of homogenous part of equation (19)
will be:
(27)
ψ h = e −δt ( A cos pt + B sin pt )
The right part of equation (19) has a constant value, and
its particular solution we are looking for in the form of
constants:
ψp =D
(28)
Now, we have:
ψ& p = 0
ψ&& p = 0
(29)
Using equation (29) in equation (19) we get:
M
M
0 + 0 + ω 2D = 1 + 2
J1
J2
From this expression D is:
1 ⎛ M1 M 2 ⎞
⎟
⎜
(30)
D=
+
⎟
⎜
ω 2 ⎝ J1 J 2 ⎠
From (28):
1 ⎛ M1 M 2 ⎞
⎜⎜
⎟⎟
+
(31)
ψp =
ω 2 ⎝ J1 J 2 ⎠
The solution of equation (19) is obtained as the sum of the
homogeneous and particular solution (27) and (31):
(32)
ψ = ψ h +ψ p
ψ = e −δt ( A cos pt + B sin pt ) +

1 ⎛ M1 M 2 ⎞
⎜⎜
⎟⎟
+
ω 2 ⎝ J1 J 2 ⎠

Using starting condition
for t = 0 ⇒ ψ 0 = 0 , ψ& 0 = 0
and replacement in (33) will be:
ψ = 1( A ⋅1 + B ⋅ 0) +

(33)
(34)

1 ⎛ M1 M 2 ⎞
⎜
⎟
+
⎜
⎟
ω 2 ⎝ J1 J 2 ⎠

From this expression we get constant A:
A=−

1
ω2

⎛ M1 M 2 ⎞
⎜⎜
⎟
+
J 2 ⎟⎠
⎝ J1

(35)

Differentiating relation (33) will be:
ψ = e −δt (cos pt (B p − δ A) − sin pt (δ B + A p )) (36)
From (34):
ψ = 1⋅ (1⋅ (B p − δ A) − 0 ⋅ (δ B + A p ))
and now constant B is:
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B=−

⎛ M1 M 2 ⎞
⎜⎜
⎟
+
J 2 ⎟⎠
p ω 2 ⎝ J1

δ

(37)

Using (35) and (37) in (33) will be:
⎛ M1 M 2 ⎞
⎜⎜
⎟−
+
J 2 ⎟⎠
⎝ J1

1
ω2

ψ =

e −δ t
−
pω2

(38)

⎛ M1 M 2 ⎞
⎜⎜
⎟( p cos pt + δ sin pt )
+
J 2 ⎟⎠
⎝ J1

Now, it follows that the system of equations (13) by
suitable mathematical transformations is reduced to one
equation (38), which greatly simplifies the analysis.
For easer analysis of equation (38) we introduce next
parameters /10/, /11/:
p = R sin α
δ = R cos α
(39)
p2 + δ 2 = R2

tgα =

p

α = arctg

δ

p2 + δ 2

R=

(40)

p

(41)

δ

The sum of trigonometric function in (38) according (39)
is:
p cos pt + δ sin pt = R sin α cos pt +
(42)
+ R cos α sin pt = R sin ( pt + α )
Using (42) in (38) we get finally solving in easer form:
ψ=

⎛
1 M1J 2 + M 2 J1 ⎜
⎜1 −
c
J1 + J 2
⎜
⎝

⎞
p 2 + δ 2 sin ( pt + α ) ⎟
⎟
p
⎟
eδ t
⎠

(43)

Equation (43) represents the change of angle ψ in the
function on the time of elastic spindle, or the law
depreciable torsional oscillations, with angular frequency
2π
.
p, and period T p =
p

4. TORSIONAL ELASTIC MOMENT

In equation (46) sizes G, I0 represent the module slip
material spindles or polar moment of inertia of the cross
section of the spindle (at d = const).
Moment in expression (45) represents moment of elastic
forces (fig. 4)
M e = cψ = c(ϕ1 − ϕ 2 )
(47)
This moment is opposed the moment of external forces
(fig. 4). Using relation (43) elastic torsional moment can
be expressed in the function of time:
M J + M 2 J1
Me = Md = 1 2
⋅
J1 + J 2
(48)
⎞
⎛
⎜
p 2 + δ 2 sin ( pt + α ) ⎟
⋅ ⎜1 −
⎟
p
⎟
⎜
eδ t
⎠
⎝
Limiting value of the function of moment (48) for case
that t ⇒ ∝ will be:
M J + M 2 J1
⋅
lim M d = lim 1 2
J1 + J 2
t →∞
t →∞
(49)

⎛
⎜
⋅ ⎜1 −
⎜
⎝

⎞
p 2 + δ 2 sin ( pt + α ) ⎟
⎟
p
⎟
eδ t
⎠
sin ( pt + α )
Using that lim
=0
t →∞
eδ t

For limiting value we get
M J + M 2 J1
(50)
lim M d = 1 2
J1 + J 2
t →∞
We will show that limiting value (50) represents torsional
moment at static loading.

Fo1

Me=c(ϕ1−ϕ2)
M1

The angle of twisting spindles according Fig.5, will be
/17/, /18/:

ψ=

M l
1 l Mt
dz = t
∫0
G I0
G I0

Torsional moment will be:
G I0
Mt =
ψ = cψ
(45)
l
Stiffness of the torsion, according (45) will be /14/, /15/:

G I0
c=
l

(46)
y

Mte=cψ
B

θ

ψ

x

Mt
0

A
l
))
d
ψ = lθ = A B
2

Fig.4. Elastic torsional moment and the torsional
deformation of the main spindle
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Fig.5. Torsional elastic moment of spindle
At elastic loading angle of torsion is constant, ψ=const,
ψ& = 0
ψ&& = 0
(51)
Using (51) in (19) we get:
J + J2
M
M
c 1
ψ st = 1 + 2
J1 J 2
J1
J2

ψ st =
d

0

Fo2

(52)

Angle of torsion at elastic loading will be:

I0,c
Mt

J2

J1

(44)

M2

z

M1J 2 + M 2 J1
c(J1 + J 2 )

(53)

Size (53) represents the centre of static equilibrium. Static
torsional moment according (53) will be:
M J + M 2 J1
(54)
M st = cψ st = 1 2
(J1 + J 2 )
and it is in according with (50).
Using relation (54), relation (43) can be written in the
function of torsional static moment:

t≥0

(59)

Over the second derivative

d 2M d
d t2

is easy to show that the points (59) are points of
maximum and minimum functions (56).
The initial point of function (56) will be:
k = 0 t = 0 Md = 0
The maximum value of function (56), is the largest
amplitude of torque Md and it will be according to (56)
and (59):
t=

π

Мdma

k =1

p

1
1
M d max = [c
−c
e
2
pω 2
ω
π M J + M 2 J1
+ δ sin p )] 1 2
p
J1 J 2

δπ
⎛
−
⎜
M d max = М st ⎜1 + e p
⎜
⎜
⎝

Мd

−δ

Tp

Tp

Tp Tp

π

p ( p cos p π +
p

Мst

(58)

δ 4π ⎞
⎛
−
⎜
⎟
(63)
M d 4 = М st ⎜1 − e p ⎟ = M d min
⎜
⎟
⎜
⎟
⎝
⎠
The law of change points of extremly functions (56) is
obvious now.
The relationship between two adjacent amplitude of
torque Md will be:
δ Tp
δπ
An
A1 A2
p
=
=
= ... = e
=e 2
(64)
An −1 A2 A3
From this it follows that resistance reduces the amplitude
of torque Md by geometric progression.
The period of conditional functions (56) was the same as
for function (55):
2π
(65)
Tp =
p
Using the previous analysis, in Fig. 6, the changes of
elastic torsion spindles depending on the time, according
to expression (56) was shown.

A4

kπ
p

k = 0,1,2,3,4...

(62)

A3

t=

(57)

⎞
⎟
⎟
⎟
⎟
⎠

Мdmi

pt = kπ

]

δ 3π
⎛
−
⎜
M d 3 = М st ⎜1 + e p
⎜
⎜
⎝
4π
k=4 t=
p

A2

+ e −δ t ⎛⎜ − p 2 sin pt + pδ cos pt ⎞⎟
⎝
⎠
and for dMd / dt=0 follow
⎛⎜ p 2 + δ 2 ⎞⎟ sin pt = 0
⎝
⎠
sin pt = 0
Extreme values will be:

δ 2π ⎞
⎛
−
⎜
⎟
(61)
M d 2 = М st ⎜1 − e p ⎟ = M d min
⎜
⎟
⎜
⎟
⎝
⎠
Following the extreme points of functions (56) will be:
3π
k =3 t =
p

A1

⎛
⎞
⎜
p 2 + δ 2 sin ( pt + α ) ⎟
1
(55)
ψ = M st ⎜1 −
⎟
c
p
⎜
⎟
eδ t
⎝
⎠
From this it follows that the observed system performs
oscillatory motion in the form of torsional oscillations.
Resistance oscillations decreases with time, and they
completely faded into infinity.
Dynamic torsional elastic moment M d = ψ c accordind
(55) will be:
⎛
⎞
⎜
p 2 + δ 2 sin ( pt + α ) ⎟
(56)
M d = M st ⎜1 −
⎟
p
⎜
⎟
eδ t
⎝
⎠
Moment also is changing during the time and has
oscillatory character. Extreme values of functions of
moment we get by differentiating:
dM d
M
= − st ⎡− δ e −δ t ( p cos pt + δ sin pt ) +
⎢
dt
pω 2 ⎣

t

Fig.6. Change of elastic torque depending on the time

⎞
⎟
⎟ = M d1
⎟
⎟
⎠
−δ t

(60)

It should be noted that the size e in the expression (56)
represents the depreciation factor.
Minimum value of function (56) will be:
2π
k=2 t=
p

Graph was obtained by translational displacement
graphics core functions in the direction ordinatne axis for
length Mst, so that the function of torque Md is oscillating
about the size of Mst.
Speed increase in torque Md (56), by (29) and (21), is
determined through the circular frequency.
p = ω2 − δ 2 =

J1 + J 2 ⎛⎜
b 2 J1 + J 2 ⎞⎟
c−
J1 J 2 ⎜
4 J1 J 2 ⎟
⎝
⎠

(66)
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The time interval for that moment Md come to the same
phase, or period, will be (Fig.6):
2π
Tp =
p
The initial phase torque Md, according to (41) and (20)
and (25) will be:
α = arctg

p

δ

= arctg

4c − b 2 J12
b 2 J12

(67)

J + J2
where is J12 = 1
J1 J 2
If we introduce the ratio of maximum dynamic and static
torque in torsion, according to expression (60) will be:
−

δπ

M d max
= 1+ e p
M st
Limit values of coefficients (69) will be:
k d max = 1 + e 0 = 2
kd =

(69)

This corresponds to the case without damping (δ=0, b=0).
k d min = 1 + e − ∞ → 1
This case corresponds when the ratio δ/p⇒∝, or δ>>p.
A graphic representation of the exponential dependence
(69) is shown in Fig. 7. It is obvious that for the cases of
damping in the system, the coefficient kd is moving in the
range of 1 to 2.
kd

2.0

kd = 1 + e

−

p

=

J12
4c
− J12
b2

If the relation (55) write in the form of:
⎛

⎞

2

⎜
⎛ δ ⎞ sin ( pt + α ) ⎟
1
ψ = M st ⎜1 − 1 − ⎜⎜ ⎟⎟
⎟
c
⎝ p⎠
eδ t
⎜
⎟
⎝

(71)

⎠

then from expression (41) follow:
p
δ
tgα =
ctgα = → 0
p
δ
ctgα → 0

α=

π

2
Sine function in (71), can be written as:
π⎞
⎛
sin ( pt + α ) = sin ⎜ pt + ⎟ = cos pt
⎝

1⎠

Now from relation (71) follow:
⎛
π ⎞⎞
⎛
⎜
sin ⎜ pt + ⎟ ⎟
1
2 ⎠⎟
⎝
⎜
2
ψ = M st ⎜1 − 1 − (0)
⎟
t
δ
c
e
⎜
⎟
⎝
⎠

⎛ cos pt ⎞
1
⎟
M st ⎜⎜1 −
⎟
c
eδ t ⎠
⎝

(72)

(73)

The maximum of function is for t1 = π/p
⎛
π ⎞⎟
⎜

δ/p

cos p
p
⎜
M d max = M st ⎜1 −
π
δ
⎜
⎜
e p
⎝

⎟
⎟ = 2M st
⎟
⎟
⎠

now coefficient kd is:
M
2M st
k d = d max =
=2
M st
M st
b) The case without damping δ=0

(70)

J + J2
,
where is J12 = 1
J1 J 2
According to the diagram in Fig. 7, the coefficient kd
decreases with increasing ratio δ/p. From (70) and (69)
follow that the coefficient kd decreasing with increasing
characteristics of damping b and decreasing torsional
stiffness c, at constant other conditions. Similarly, at
constant other conditions, the coefficient kd becomes
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a) The case of very small damping δ/p→0
This case occurs when δ/p→0 or δ<<p (damping a
lot of less than angular frequency)

⎛ cos pt ⎞
M d = ψ c = M st ⎜1 − δ t ⎟
e
⎝
⎠

From (20), (21) and (25) ratio δ/p is:
b
J12
δ
δ
2
=
=
p
ω2 − δ 2
b2 2
cJ12 −
J
4 12
p

Based on the obtained relations of the general model (55),
(56), (60) and (69) can perform several typical cases are
encountered in practice.

Dynamic torsional moment according (72) will be:

Fig.7. Dependence of maximum values of the elastic
torque from ratio δ/p

δ

5. ANALYSIS OF CHARACTERISTIC CASES

ψ =

δπ

1.0

smaller at lower moments J1 and J2, as the moment J12
decreases with increasing J1 and J2.

According to relations (20), (21) and (25) follows that:
b J1 + J 2
δ=
=0
2 J1 J 2
J + J2
p = ω2 − δ 2 ; ω2 = c 1
J1 J 2
Using the expression (38), replacing the above values will
be:
1 ⎛ M1 M 2 ⎞ e − 0⋅t ⎛ M1 M 2 ⎞
⎜
⎟−
⎜
⎟⋅
+
+
ψ=
⎜
J 2 ⎟⎠ ω ⋅ ω 2 ⎜⎝ J1
J 2 ⎟⎠
ω 2 ⎝ J1
⋅ (ω cos ω t + o ⋅ sin ω t )

ψ=
=

1 ⎛ M1 M 2 ⎞
⎜
⎟(1 − cos ω t ) =
+
⎜
⎟
ω 2 ⎝ J1 J 2 ⎠

⎛
⎜
M d = ψ c = M1⎜1 −
⎜
⎝

1 ⎛ M1J 2 + M 2 J1 ⎞
⎜
⎟(1 − cos ω t )
⎜
⎟
J1J 2
⎠
ω2 ⎝

(74)

Using relation (74) dynamic torsional moment will be:
M1J 2 + M 2 J1
(1 − cos ω t ) =
(J1 + J 2 )

(75)

M st (1 − cos ω t )

2k + 1

ω

π ; k = 0,1,2,3,...

M d max
=2
M st
From this follows that the best case is without damping. A
graphical representation of relations (75) is shown in Fig.
8, from which it follows that the amplitude of torque Md is
constant during the time.

b=0
A 1 = A2

Мst

A2

A1

Мdmax

Мdmax= 2Mst
Мdmin= 0

t
0
Fig.8. Change of elastic torsional moment as a function of
time in case there is no damping

c) The case when the moment of inertia Ј2>>J1
In practice, it meets the case, when the moment of inertia
J2 is much larger than the moment of inertia J1, for
example by heavy machine tools. For this case the static
moment (54), after division with J2 will be:
J2
J
M1
+ M2 1
J2
J2
M1J 2 + M 2 J1
M st =
=
=
J1 J 2
J1 + J 2
+
J2 J2
M1 ⋅ 1 + M 2 ⋅ 0
= M1
0 +1

J1
→0
J2
Torsion angle of the spindle, according to (55), will be
⎛
⎞
p 2 + δ 2 sin ( pt + α ) ⎟
M ⎜
(76)
−
ψ = 1 ⎜1 −
⎟
c ⎜
p
⎟
eδ t
⎝
⎠
Dynamic torsional moment according (56) will be:

and for this case

−

δπ
p

d) The case when the external torque M2 is the
function of time М2=М2(t)
ψ&& + 2δψ& + ω 2ψ =

kd =

Мd

M
k d = d max = 1 + e
M st

Differential equations (19) can be written as:

M d max = M st (1 + 1) = 2 M st

cos ωt = −1;ωt = (2k + 1)π ; t =

(77)

Coefficient kd for this case is constant

M J + M 2 J1
ψ= 1 2
(1 − cos ω t ) = 1 M st (1 − cos ω t )
c (J1 + J 2 )
c
M d = c ⋅ψ =

⎞
p 2 + δ 2 sin ( pt + α ) ⎟
−
⎟
p
⎟
eδ t
⎠

1
1
M1 +
M 2 (t ) = M (t )
J1
J2

(78)

The solution of homogeneous part of this equation can be
presented in the form:
(79)
ψ n = e −δ t ( A cos pt + B sin pt )
To obtain a general integral of equation (78) shall apply
the method of variation of constants in the general
integral of equation (79). After the variation of constants
we obtain /19/:
1t
A = − ∫ eδ τ M (τ )sin pτ dτ + C1
p0
(80)
1 t δτ
B = ∫ e M (τ ) cos pτ dτ + C2
p0
Here, C1 and C2 are arbitrary integration constants. With
replacement (80) in (79) we obtain genaral integral of
equation in the form:
ψ = e −δ t (C1 cos pt + C2 sin pt ) +
(81)
1t
+ ∫ eδ (t −τ )M (τ )sin p(t − τ ) dτ
p0
Disturbance moment M2 (or M1) may here be an arbitrary
function of time, for example М2 = М0 sinΩt.
Using (81) dynamic torsional moment will be:
M d =ψ c
(82)
Derived relation (81) is possible to directly apply for each
specific case depending on M2 = M2 (t).
Notice that the character of oscillations (81) differs
significantly from the previously described vibration
damping and with constant external moments.

6. CONCLUSION
Using chain analogue systems the solving of problems
and analysis of torsional oscillations can be significantly
simplified. Also, it is possible to control the given results.
Torsional elastic torque observed the main spindle, as
shown, changes during the time, which means that it has a
dynamic character. For qualitative analysis and
quantitative calculations of the most important is its
maximum amplitude. Amplitude of torque under the
influence of the resistance is reduced by geometric
progression. From the general model follows that the
dynamic effect of torque, while the other unchangeable
conditions, decreases with increasing damping
characteristics and the reduction of moments of inertia of
rotating mass, which can be important information for
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design. The adopted coefficient kd can be considered as a
good indicator of the comparison of dynamic and static
torsional torque. As shown, its theoretical value in general
case is moving in the interval 1-2, where the upper value
applies to the case when damping is neglected in the
system. In practice, we should expect somewhat higher
values than theoretical. Given initial general model for
determining the torsional oscillations and moments,
proved to be very effective, given that it is derived from
some characteristic of special models, which may have
practical significance. In the present, models that take into
account the characteristics of damping more analogous
with realistic situation. The observed external torque,
which are constant and do not depend on time, do not
change the character of the torsional oscillations as well
as the character of the elastic torque. For the case when
one of the external torques is function of time, which is
often the case in practice, the problem of torsional
oscillations are efficiently solved using a mathematical
method of variation of constants. Constructive relation
can be applied to arbitrary time function of the external
torque. Variable forces in the transitional period of
working machine tools, due to unbalanced rotation
(acceleration and deceleration), transferred to the working
spindle, especially the main spindle, and because of their
elasticity and damping characteristics are disturbance
force system, which results in an additional loading in
regard to static loading. In this particular significance are
torsional oscillations of the main spindle which is usually
checked during the design. Although in the work is
observed easily elastic spindle machine tools, the use of
derivative dependency is possible in determining certain
relative relationships for possible variations in design,
since the main goal may not be getting the absolute values
certain characteristics. Introduced approximation affects
only the kinetic energy of the system.
The presented model with appropriate adaptation can be
applied with transmitters of other machine tools, such as
drilling and milling.
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CHOOSING THE OPTIMAL ROBOT
CONSTRUCTION
Ljubinko JANJUŠEVIĆ
Miroslav RADOSAVLJEVIĆ
Zlatan MILUTINOVIĆ
Abstract: the smaller size of robot’s mechanical part is a
precondition for greater operating velocities, but then the
elasticity effects make themselves all the more felt.
Slender (thin) constructions tend to vibrate more, thus
worsening the accuracy of positioning. Robot operation is
imapaired due to the resonance of eigen (natural) and
excited vibrations coming from actuators, control system,
fundament, workpiece in the gripper... On the one hand,
the construction needs to be as slender as possible in
order to increase the accessibility of the workplace. On
the other hand, high movement velocity and accuracy of
positioning are sought after.
The properties of robot’s construction are determined by
the requirements of its usage. Masses are put in places
where their dimensions are less disturbing and where
they move less. The movements are then accomplished
through various kinds of gearing. This poses an
additional problem for driving all arm and hand joints.
To avoid concentrating masses on locomotive robot parts,
lightweight servodrives are needed, or they have to be put
in such construction loci where they will be subject to
minimal amount of motion, very slowly performed.
Compared to hydraulic or pneumatic servomotors, the
electric ones have, depending on their construction and
the principle of work, similar ratio of effective power to
weight, but their controllability is much better. If the price
factor is also taken into account, than electric drives have
big advantages.
Key words: configuration, robot, optimization, drive

1. INTRODUCTION
In complex modes of operation and with a big range of
velocities, when dynamic effects are highly marked, the
performance of robot and its control system efficiency
depend on the accuracy of computation of mechanism
dynamics. In that case, the computation of dynamic stress
and parts’ deformation, as well as analyzing of mechanic
vibrations and ambient influence, become very important.

The vibrations of the mechanical construction have
contrary effect on functioning, elements’ service life and
robot reliability. The causes of robot’s vibrations can be
divided in internal: joints’ air gaps, imbalance of rotating
parts, drive systems, bad control …, and external: sudden
accelerations and decelerations, beat impacts, load
changes, pedestal vibrations ...
The development of control and power supply electronic
units for electric servomotors (position and speed
controlled AC motors) left all other kinds of drives
surpassed. This way, actuator weight and dimensions fell
1.5 to 2. times. Other neccessary robot performance
indices can also be achieved, while at the same time
lowering its price 30% on the average. Such actuators are
also better controllable than other kinds of drives.
Frequency converters enable AC motors to have
continuously adjustible speed with constant torque, a
significant requirement for all actuators.
Electric motors are regular market commodity. They are
designed to operate at constant torque and in past decades,
their speed control was optimized. Until the appearance of
frequency converters, it was not possible to fully control
the speed of three-phase AC motors. Nowadays, most
static frequency converters in industrial use are designed
for three-phase AC motor speed control that meets the
needs of robots, machine tools... So today’s robots mostly
have a three-phase AC motor with a frequency converter
for each axis’ drive. Dimensions, weight and price of
adjustible speed constant torque AC motors decreased
drastically, while their controllability increased.
According to market statistics, they supplanted all other
kinds of drives.

2. CIRCUMSCRIBING THE OPERATIONAL
TASK
Strictly speaking, robots can only be used in cases when
tolerances and stiffness (flexibility) of their executive
apparatus satisfy the requirements of the problem task.
Due to specific requirements of assembly work, they are
less often used for that purpose. However, in processes of
machine serving, spray painting, and spot or arc welding,
robots usually highly increase the efficiency
(productivity). They may be indispensible in „dirty“
technologies. Introducing and using robots augments the
degree of automation and the productivity. In application,
the engineering aspects of manufacturing allways
encounter constraints placed by economic reasoning. If an
engineering solution be ever so successful and even
revolutionary, its feasibility must also be judged from the
economy standpoint. Two low-cost operations may be a
better solution than an excessively expensive one,
however productive it may be. Naturally, in practice there
also arise situations when the economic aspect is
advisedly neglected and a process solution is pursued
notwithstanding its price.
Tasks of all the operation units („manufacturing cells“,
„automated workplaces“) are formed on the basis of
engineering requirements. Each workplace is then
analyzed on its own. For instance, if it is ascertained that
a part of the task would be more efficiently accomplished
by machines served by the robot, then the designer keeps
transferring parts of the task from the robot to the served
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machines until an optimal solution regarding their
capabilities is found, while allways considering the
economic effect (justifiability of the investment per se and
the total investment capabilities). Mostly it happens that
tasks assigned to the designated robot cannot be
performed by the served machines on their own or the
customization of existing machines to the given task is
impossible or too costly. During the design process all the
operations take place sequentially, but the designer
contemplates them as a highly interdependent whole. If
need be, technology itself is adapted to the new
conditions, Fig. 1. Finally, if the necessity of some
changes in the technological process is established, one
has to redefine the tasks each manufacturing unit is to
bring off.

Fig.1. The course of operational task circumscription
Before deciding on the manufacturing, one has to solve
problems of relationships with requisite cooperation and
the common participation on the market. In this paper, the
emphasis is put on areas of application of robots and their
way of executing operational tasks. This information is
gathered mostly by a detailed analysis of the
technological process optimal in the given conditions.

3. POSSIBILITIES OF APPLICATION
The application of industrial robots has been growing ever
since their advent, so no branch of industry is without
them today. Mechanical industry is considered the
mainstay of robotization. Programmable robots, and then
inteligent robots in their turn increased the flexibility of
manufacturing; quick development and application of
sensor technology also contributed its share. However,
difficulties often arise when selecting an industrial robot
to serve machines and the circumscribed type of
technology. Types of robots get applied that, while
underutilized, do not fulfill the tasks set. Therefore when
planning and introducing industrial robots in a
technological process, it is necessary to pay attention to
the planning of the technology as a whole. [1]
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Today’s robots and the circumscription of their
operational tasks imply a high degree of automation of the
whole technological process. Actuators are required to
have diverse control capabilities (position, speed,
acceleration). Contemporary robots have to adapt to most
disparate machines and be capable of fitting in in all kinds
of varied ambients. The optimal number of degrees of
freedom most often also implies the most efficient
execution of the operational task. The smaller the number
of d.o.f., the less “control”, the smaller the cost of the
robot and of the manufacturing as a whole. Selecting
optimal construction is most often tied to the efficient
execution of the operational task. That is a necessary but
not the sufficient prerequisite, because one also has to
consider other integral parts of contemporary
manufacturing. Industrial robots almost allways make a
key part of a flexible manufacturing system.
Flexible control is a special machine control concept,
used in order the better to utilize the performances of a
system of machines. These systems, although costly,
bring smaller per unit production costs in conditions of
full employment, while enabling alteration of the
manufacturing programme and swift responses to market
demands. The main exigence to be peremptorily fulfilled:
satisfy the customer’s demands, which also circumscribe
the quantity of production. Manufacturers are expected to
price limited-quantity as if it were big-series production.
Contemporary robots have the ability to combine work
and “inteligence” functions, i.e. to make decisions, adapt
and learn [2]. Universal robot is a reprogrammable
machine with several degrees of freedom of movement,
enabling it to handle materials, tools and special devices.
Its executive part is based on active mechanisms i.e.
flexibly connected segments, where each joint and often
each d.o.f. has its own drive.

4. MATHEMATICAL MODELING OF
ROBOTS
There are two alternatives when studying complex
systems. One is to analyze the behaviour of the real
system, which most often requires adequate preconditions
and big expenses or is altogether impossible; the other is
to study the behaviour of a model of the given system.
The aim of the analysis is to foresee the operation and
behaviour of the system at given conditions, to show
technically good or bad sides of alternatives considered
and to create a basis for the economic analysis of the
system.
The problems will be circumscribed, analyzed and solved
with the help of a mathematical model. The model will
show the reaction of the system to changes. Robot model
is one of the elements used to make experiments
(simulations) on the model of the system.
The mathematical model of a robot is a system of
differential equations describing its behaviour. Let us
analyze the robot as an open kinematic chain without
branching [3]. The joints will be denoted O1 , O2 ........Om
and segments 1,2,... ...m (Fig.2). Then values r1 ,....rn
represent internal mechanism coordinates (generalized
coordinates) and show robot’s internal position, the
interrelationship of mechanism members.

internal coordinates described by time functions r(t) .
The drive is represented by the time functions

Y (t ) .

Analyzing the function Y(t) with r (t ) known is
referred to as the "direct problem". In this case, equation
(1) can be written as:
..
.
Y (t ) = G ⎛⎜ r (t ), r (t )⎞⎟ + g ⎛⎜ r (t ), r (t )⎞⎟
⎠
⎝
⎠
⎝

The function r (t ) is mostly not given analytically but
discretely i.e. numerically at some points.
The "inverse dynamic problem" is finding out the motion
r (t ) with drive forces Y(t) known. Actually, equation (1)
is to be integrated. One of the possible ways to do it is to
write the equation in the form:
⋅
⎡
⎤
r
d ⎡ r⋅ ⎤ ⎢
⎥
=
⎛
⎛ ⋅ ⎞⎞
dt ⎢⎣ r ⎥⎦ ⎢G −1 (r )⎜ Y (t ) − g ⎜ r, r ⎟ ⎟⎥
⎢⎣
⎝ ⎠ ⎠⎥⎦
⎝

Fig.2. The schematic representation of robot
It is assumed that joints allow one relative rotation or one
relative linear motion. Since each joint has one d.o.f., the
mechanism will have a total of m d.o.f.. Such a system
can be described by [3]:
..
..
..
⎛ .⎞
G 11 (r ) r1 + G 12 (r ) r 2 + ... ...... .. + G 1 m (r ) rm + g 1 ⎜ r , r ⎟ = Y 1
⎠
⎝
..
..
..
⎛ .⎞
G 21 (r ) r1 + G 22 (r ) r 2 + ... ...... + G 2 m (r ) rm + g 2 ⎜ r , r ⎟ = Y 2
⎝
⎠
.......... .......... .......... .......... .......... .......... .......... .......... .........
.......... .......... .......... .......... .......... .......... .......... .......... .........
..
..
..
⎛ .⎞
G m 1 (r ) r 1 + G m 2 (r ) r 2 + ..... + G mm (r ) rm + g m ⎜ r , r ⎟ = Y m
⎠
⎝

where G ij is the coefficient of coordinates r = [r1 ........rm ]T
.

and

g j the coefficient of coordinates r and velocity r .

This system can be described by:
..
⎛ .⎞
G (r ) r + g ⎜ r , r ⎟ = Y
⎝
⎠

(1)

The system matrices here are equal to
⎡G11 .............G1m ⎤
⎢
⎥
G = ⎢......................... ⎥
⎢⎣G m 1 .............Gmm ⎥⎦

and

and the drive matrix is:

⎡Y1 ⎤
⎢ ⎥
Y = ⎢. ⎥
⎢⎣Ym ⎥⎦

⎡ g1 ⎤
⎢ ⎥
g = ⎢. ⎥
⎢⎣ g m ⎥⎦

Here Ym represents the drive torque if the joint O m is
rotational or the drive force if it is a linear joint. Always it
is the output torque or force of the motor; if there is a gear
reducer, the equations refer to its output.
The system to be analyzed represents robot mechanism
moving under the influence of gravity and the drive
forces. Robot’s movement equals the change of its

One of the main characteristics of a robotized workplace
is the serving (availability) zone, itself characterized by
the robot properties and its number of d.o.f., among other
things. The choice of number and type of d.o.f. is
circumscribed by the needs of the operating task and the
abilities of actuators chosen. It will be assumed that joints
(d.o.f.) can be linear or rotational.

5. THE KINDS OF ROBOT ACTUATORS
(DRIVES)
To circumscribe a robot’s configuration, one has to know
its actuators’ properties and “ambient’s“ capabilities.
Pneumatic drive is the oldest way to propel a robot. It is
based on compressed air moving a piston in its cylinder. It
works similar to hydraulic drive, but the air is, unlike the
hydraulic fluid, compressible. One should bear in mind
that pneumatic drives operate under much lower pressures
than the hydraulic ones. Robot pneumatic drives are a rare
sight nowadays. Their main problem is the control of
piston movement, namely achieving desired velocities
and accelerations, so this kind of drive is encountered as
yet with simple industrial robots. The piston moves from
one end of its cylinder to the other, following some
unknown law which is hard to control. This is sufficient
only for the simple transfer of workpieces. Pneumatic
drives could not satisfy ever grater requirements, so they
are mostly being taken out of service in robotics.
One of nowadays still actual drive systems is the
hydraulic one. Compared to other kinds of drives, its main
advantage is achieving big forces in robot joints. Robots
with hydraulic drives do not need reduction gears to bring
about big workforces, thus substantially simplifying the
construction. With robots driven by electric motors and
dedicated to operating bigger weights, big problems come
up. Such robots need reducers with big gear ratios,
inevitably leading to inaccuracies, and the elastic
deformations of the whole geared mechanism are no
longer negligible. Note that the hydraulic drive is
appropriate both for the translatory and the rotational
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motion. Hydraulic systems show the biggest advantages
when applied to heavy robots. Such robots have to
provide big drive forces and torques in all their joints,
with hydraulic system, unlike the others mentioned,
relatively easily fulfilling the task.
Electric AC servomotors, nowadays the most often used
ones in robotics, have less effective power per unit weight
compared to hydraulic actuators. When also taking into
account the weight of necessary mechanical reducers, this
ratio becomes even worse. Reducers are necessary
because electric motors develop torques far from enough
for heavy robotic tasks. Effective power per unit weight
becomes particularly small with drives for linear motions,
where besides revolutions&torque reducers, one also
needs mechanical rotation to translation converters. That
is a distinct problem for driving “ distant” segments. So
the trade off most often made is to move some of the
segments more slowly. Transmission of motion is then
carried out with multiple holow shafts put one inside the
other, and the cogged and the cardanic gearings. These
mechanical gearings must be very stiff, have no backlash
and the least amount of friction. Fabrication of such
gearings is costly and complicated.
According to statistical data, driving segments of robot
mechanism is today most often accomplished by electric
AC servomotors, with step motors being the costliest and
rarest used (only in some special cases). Electric DC
servomotors can hardly find their place of application in
robotics at present. The biggest problem with AC motors
is the complexity of their control. It was overcome by the
developments in power electronics and AC motor control
methods, as well as tremendous lowering of the cost of
computers. The AC motors price to control capabilities
ratio is today the most favourable. Step motors are very
suitable for interfacing to control computers (but remain
very costly).
Notwithstanding all that, electric drives have totally
supplanted hydraulic drives in small and medium robots,
where workpiece or tool weight is less than 50kg. That
trend has emerged in practice and in statistics of robots
sold in the last 10 years. One can state with certainty that
electric drives have come to stay in robotics. Before, they
were used only in light and medium robots, whereas today
even in heavy robots they are utilized evermore, because
their control electronics has become relatively
inexpensive while effectual. This kind of drive solved
some of the shortcomings of hydraulic systems. The
hydraulic system’s maximal piston velocity remains
small, thus limiting velocity and acceleration of robot
segments. These are additional problems when dislocating
drives and designing the entire robot.

6. GRIPPER MOTION
In order for a robot to execute whatever task, the
extremity of its manipulator has to pass through a series
of points in space that have to be computed ahead. The
aim of the trajectory planning procedure is to provide
reference inputs for the motion control system, whose job
it is to put the manipulator extremity through the specified
trajectory. The user selects a set of parameters sufficient
to circumscribe the desired trajectory. The operator
specifies variables’ values which are used to interpolate
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the desired trajectory [2]. Ways to circumscribe the
trajectory are:
 Only trajectory start- and end-points are specified
(point – to – point)
 A finite number of trajectory points is specified (path
motion)
When analyzing trajectory, the computation has to
comprise the constraints imposed by robot geometry,
workspace constraints due to the properties of real robot
construction (strength) and its drives (maximal
permissible accelerations, motion speed of each joint) and
the circumscription of the ambient (obstacles) in which
the robot is to operate.
Generally, inputs to the trajectory planning algorithm are:
circumscription of the workspace, path constraints, and
dynamic capabilities of the manipulator, while the outputs
are joint’s (manipulator extremity) trajectories in terms of
time functions of position, velocity and acceleration. The
path is defined in either the joint (travelling) coordinate
system or the operational (fixed) coordinate system,
whereat the operational space circumscription comes
more natural (to the operater).
Manipulator motion is usually circumscribed in the fixed
coordinate system by the trajectory variables such as startand end-points of the manipulator extremity, possible
intermediate points, and the time to finish motion along
the particular geometric path. If trajectory planning is to
be done in the joint’s space, then values of the joint
variables need to be computed. It can be done in two
ways:
 by applying the inverse kinematic algorithm,
 by direct measurement done by joint variables’
sensors, if the planning is performed by training.
In the case of point-to-point motion, the manipulator
moves from the start to the end configuration in the
specified time t. Actual path of the manipulator extremity
is not essential, but rather that the manipulator traverses
from the starting point to the end point in the time
specified. A large number of operations can be performed
by manipulator while point-to-point travelling (spot
welding, spray painting, drilling, elevating and lowering
etc.). The basic principle of point-to-point travelling
comprises:
 arrival at the set point (position),
 stopping at the set point (position),
 performing the task,
 movement to the next point (position).
In a great number of cases, the path and velocity of pointto-point movement are, really, immaterial. The control
law of robot movement can be achieved in two basic ways
at that:
 each axis moves singly with maximal velocity,
 all axes move simulataneously, meaning that the axis
which has the longest path to traverse moves with the
maximal velocity, while other axes move more
slowly.
If the manipulator extremity is required to move
continuously along some specified trajectory (path), for
example in arc welding, control functions acquire much
more complex form. The position and orientation of the

manipulator extremity must be fulfilled at all workspace
points. In this case, the manipulator extremity path is
specified as a curve in the fixed coordinate system (most
often, the one tied to the manipulator bed plate).
Numerous operational tasks have the manipulator
extremity, at all workspace points, keep the position but
not necessarily the orientation as well, and vice versa.
Therefore when choosing the control algorithm, one has
to know to what use the robot will be put.

7. THE OPTIMIZATION PROBLEM
Every activity has to have its aim or criterium
circumscribed, on the basis of which the quality of the
solution is to be judged. If a verbal description of the
criterium is expressed by the mathematical relations,
function F(X) is derived, where X=(x1,x2, xn) is a n –
dimensional vector. Functions can take place of the
variables.
This can also be expressed in the following way by
mathematical symbols:
ai 1 x1 + ai 2 x2 + ...... + ain xn (≥=≤ )ai 0

( i = 1,2,...., m )

The variables have to satisfy the non-negativity condition:
x j ≥ 0,

The

( j = 1,2,.........., n)

problem

is reduced to finding the values
x1,.....xj,......xn, for which the function has its globally
extreme value:
F ( X ) = c1 x1 + c2 x2 + ............ + cn xn

The components aij , aio i c j are known.
To solve an optimization problem means to find input
values which result in an extreme (maximal or minimal)
point of the solution space. Thence, a maximum or
sometime a minimum of the criterium function F(X) is
sought. In this case, the most important criterion is the
gripper extremity deflection (the minimum of the
deflection function). The manipulator is treated as an
open kinematic chain, i.e. its last segment has no contact
with the ambient, the robot operation does not depend on
adjacent machines (or on some other robot), all relations
between variables in criterion function F(X) and
constraints L are linear (the operational task is
circumscribed by means of constraints L).
The set of conditions or constraints conducent to the best
use of the configuration is represented as a number (m) of
equations or inequations, having the same unknown
components of the n-dimensional vector X=(x1,x2,
......,xn) as the criterion function. In fact, this is a set of
hyper areas or hyper planes in the n-dimensional space
determining the domain (interval) D from which to
choose the X which makes the function F(X) attain its
extreme value. All admissible values X in the interval D
are referred to as admissible solutions, while the X
enabling the F(X) to attain its extreme value is referred to
as the optimal polynom.
When solving the problem of finding the optimal solution
(construction), the natural conditions xj≥0, (j=1, 2, …n)
also apply, i.e. the vector components must be non-

negative. The non-negativity conditions mathematically
differ from other conditions, and so are treated differently
when solving the problem. Therefore these are referred to
as non-negativity conditions, while all the other are
referred to as constraints [4] and (being limiting factors)
denoted by L. Whence the problem has m constraints i.e.
it is assumed that there are m equations or inequations in
the set L.
In the general case, the set of constraints can have the
following properties:
a) set L may be inconsistent, meaning there is no
admissible solution X=(x1, x2,……xn) satisfying all the
constraints.
b) set L is not inconsistent, but the domain D is
boundless. The optimal solution can be found if the
function F(X) is bounded within the boundless area
D.
c) set L is consistent (congruent) and the domain D is
bounded. The optimal solution can be found in all
cases, except when the function F(X) is boundless
within the bounded area D.
A more concise form of the criterion function to be
extremized goes:
n

F (X ) = ∑ c j ⋅ x j
j =1

with constraints of the form
n

(i = 1,2,.....m ) ,

∑ aij ⋅ x j (≥=≤ ) aio ,
j =1

x j ≥ 0, ( j = 1,2,.......n )

While the matrix form can be written in terms of
x1
x2

F ( X ) = c1 c2 ........cn ⋅ ...
...

xn

where the constraints are:
a11 a12 ..........a1n

x1

a21 a22 ...........a2 n

x2 ≥ a20

a10

.......................... ⋅ .... = ....
.......................... .... ≤ ....
am 1 am 2 ........amn

xn

and

an 0

x1 x2 ..... xn ≥ 0

Accordingly, the matrix form reads

F(X)=CX
and the constraints have the form

AX(≥=≤)A0
X≥0
where C is a n-dimensional row vector, X is a ndimensional column vector, A is a matrix with m rows
and n columns, and A0 a m–dimensional column vector.
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8. CONCLUSION
While designing a robot, circumscribing its optimal
configuration, which arises out of the definition of its
operational tasks and the intended use, should facilitate its
application and selection.
The job of a model is not only to describe a real system,
but also to explain its external manifestations. A model
should help explain numerous links and relationships in
the system and their leverage in the system as a whole.
Whereas neither formal guidelines nor exact methods to
build a mathematical model of robot exist, the only way
that remains is to search for corresponding links between
various real systems and known mathematical structures.
The accuracy of correspodence between the mathematical
model and the real system is obtained by increasing
complexity of the mathematical relations the model
comprises, while problem solving (selection of control
law) methods require that the relations be simple. How to
make a good trade off between the complexity of
mathematical relations, arising when building a
mathematical model, and the necessary simplicity of the
methods needed to solve it, cannot be exactly stated.
Mathematical relations constituting the model should
neither attempt to describe the system comprehensively
nor to attain ideal accuracy, but rather to circumscribe its
approximate models. However, by adroit selection of the
mathematical relations, the designer always describes the
real system with accuracy just sufficient to ensure the
satisfactory robot operation.
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MULTI-OBJECTIVE OPTIMIZATION OF
ROBOT GRIPPERS
Cornel ŞTEFANACHE
Cristina STĂNESCU
Lucian TUDOSE

decision variables, objective function(s) and constraints.
The decision variables depend upon the type of problem
considered. For example the decision variables can be
quantities of the resource to be allocated, the number of
units produced or both. The objective function represents
the goal/objective of the problem in terms of decision
variables [1]. The constraints are known as restrictions or
limitations of the problem. A constraint has two
components, usually a function and a constant, related by
either an equality or inequality sign. For a resource
constraint, the function represents the total resource
required in terms of the decision variables and the
constant specifies the total resource availability [2].
Sometimes, problem definition represents the most
difficult process in the optimization because it is difficult
to distinguish between symptoms and problems as realworld problems are complicated by many interrelated
factors. By defining the problem, it means recognizing
that a problem exists, determining its magnitude, defining
it precisely.

2. MULTI-OBJECTIVE OPTIMIZATION
Abstract: In this paper, we propose a population-based
evolutionary multi-objective optimization approach based
on the concept of Pareto optimality, in order to design
robot grippers. The goals of the optimization were to
minimize both the difference between maximum and
minimum gripping force and the overall dimension of the
mechanism. The Pareto optimal set was obtained by
running a new genetic algorithm inspired by NonDominated Sorting Genetic Algorithm II (NSGA-II)
implemented in Cambrian application software.
Key words: optimization, multi-objective, robot grippers,
evolutionary algorithms, Pareto front

1. INTRODUCTION
Grippers can be the most design-intensive components of
an assembly system. Although grippers are widely used
for automated manufacturing, assembly, and packing, the
design of the gripper jaws is usually ad-hoc and can be a
major limiting factor in automated assembly.
Problems that seek to maximize or minimize a
mathematical function of a number of variables, subject to
certain constraints, form a unique class of problems,
which may be called optimization problems [1]. Many
real-world and theoretical problems can be modeled in
this general framework. The common term optimize is
usually used to replace the terms maximize or minimize.
The mathematical function that has to be optimized is
known as the objective function and it usually contains
several variables. An objective function can be a function
of a single variable for some practical problems; however,
a single variable function may not challenge from an
optimization point of view. Optimization problems may
involve more than one objective function and they are
known as multi-objective optimization problems.
Depending on the nature of the problem, the most
important element in the optimization process is the
mathematical model. The mathematical model consists of:

Multi-objective optimization (also called multi-criteria
optimization, multi-performance or vector optimization)
can be defined as the problem of finding [3]: “a vector
decision variables which satisfies constraints and
optimizes a vector function whose elements represent the
objective functions. These functions form a mathematical
description of performance criteria which are usually in
conflict with each other. Hence, the terms optimize means
finding such a solution which would give the values of all
the objective functions acceptable to the designer”.
In these terms, we want to solve multi-objective
optimization problems of the form:
Minimize:

[ f1 ( x ), f 2 ( x ),..., f k ( x )]

(1)

subject to the m constraints:

g1 ( x ) p 0, i = 1, m

(p means ≤ , < or =)

where: the k objective functions are

(2)

fi : R n → R ,

i = 1, k . The vector x = [ x1 , x2 ,..., xn ] is called vector of
decision variables. We want to determine from among the
set ℑ of all sets of numbers which satisfy (2), the
*

*

*

particular set x * = [ x1 , x2 ,..., xn ] which yields the
optimum values of all the objective functions. It is rarely
the case that there is a single point that simultaneously
optimizes all the objective functions. Therefore, we
normally look for trade offs, rather than single solutions
when dealing with multi-objective optimization problems.
The notion of optimality is therefore, different in this
case. The most commonly adopted notion of optimality is
called Pareto optimality. We say that a vector of decision
variables x * ∈ ℑ is Pareto optimal if there does not exist
another x ∈ ℑ such that f i ( x ) ≤ f i ( x * ) for all i = 1, k
and f j ( x ) < f j ( x * ) for at least one j. Unfortunately, the
concept of Pareto optimality almost always gives not a
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single solution, but rather a set of solutions called the
*

Pareto optimal set. The vectors x corresponding to the
solutions included in the Pareto optimal set are called
nondominated. The plot of the objective values whose
nondominated vectors are in the Pareto optimal set is
called the Pareto front. In the following paragraphs we
will identify and propose the variables (genes), the
objective functions, and the constraints which will be
aggregated in the multi-objective optimization program.

3. DESIGN PROBLEM
The aim of this paper is to obtain an efficient gripping
mechanism by performing a multi-objective optimization
on three types of grippers.

3.1. Geometrical and operational required
parameters
The main required geometrical and operational
parameters of the gripping mechanism are (fig. 1):

 Minimum and maximum dimension of griping object:
Ymin = 50 mm and Ymax = 100 mm;
 Maximum range of gripper ends displacement:
YG=150 mm
 Maximum displacement of gripper actuator:
Zmax=50 mm
 Assumed minimum gripping force: FG = 20 N
 Operating load: P = 100 N

3.2. Gripper types
In this approach three different gripper types were taken
into consideration. For the sake of clarity, in the following
sections these three types are presented together with their
geometrical and operational models as well as with their
appropriate set of constrains.
3.2.1. Gripper 1
The kinematic scheme of gripper 1 is presented in figure
2. For this gripper we proposed the following vector of
decision variables is x = [a, b, c, d, e, f, l, δ], where a, b,
c, e, f, l are the dimensions of the gripper and δ is the
angle between lines BC and CE [4].

Ymin

Ymax

Fig.2. Gripping mechanism 1
The ranges of decision variables of gripper 1 are:
a ∈ [10, 250] ,
b ∈ [10, 250] ,
c ∈ [100, 300] ,
e ∈ [0, 50] ,
f ∈ [10, 250] ,
l ∈ [100, 300] ,
δ ∈ [1.0, 3.14] .

YG

Geometrical and operational model
The geometrical model for gripper 1 is described as
following:

Zmax

FG

FG
P

g = (l − z ) 2 + e 2

(3)

⎛ e ⎞
φ = arctan⎜
⎟
⎝l − z⎠

(4)

⎛ a2 + g 2 − b2 ⎞
⎟+φ
α = arccos⎜⎜
⎟
⎝ 2⋅a⋅ g ⎠

(5)

⎛ b2 + g 2 − a2 ⎞
⎟−φ
β = arccos⎜⎜
⎟
⎝ 2⋅b ⋅ g ⎠

(6)

Fk =
Fig.1. Required parameters
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P ⋅ b ⋅ sin(α + β)
2 ⋅ c ⋅ cos α

y ( x , z ) = 2 ⋅ [e + f + c ⋅ sin(β + δ)]

(7)
(8)

The magnitude of force Fk was obtained from the static
equilibrium equation of the elements BCE and AB,
respectively. Equation (8) represents the displacement of
the gripper ends. Taking into consideration the
geometrical and operational conditions of the gripper the
following constraints can be derived:
Constraints
C1. The position of the jaw at maximum displacement of
the actuator must be smaller than or equal to the minimum
dimension of the gripping object

y ( x , Z max ) − Ymin ≤ 0

(9)

C2. The jaws of the gripper must not intersect at the
maximum displacement of the actuator

− y ( x , Z max ) ≤ 0

C3. The position of the jaw at minimum displacement of
the actuator must be greater than or equal to the maximum
dimension of the gripping object

Ymax − y ( x ,0) ≤ 0

(11)

C4. The distance between gripper jaws at minimum
displacement of the actuator must be smaller than or equal
to the maximum range of the gripper end displacement

y ( x ,0) − Yg ≤ 0

(12)

C5, C6. The triangle ABC must exist

e 2 + l 2 − ( a + b) 2 ≤ 0
(a − b) 2 − (l − Z max ) 2 ≤ 0

(13)

(14)

C8. Minimum dripping force must be greater than or
equal to the assumed minimum gripping force

FG − min Fk ( x , z ) ≤ 0

⎛ b2 + g 2 − a2 ⎞
⎟−φ
β = arccos ⎜⎜
⎟
2
⋅
b
⋅
g
⎝
⎠

Fk =

P ⋅ b ⋅ sin(α + β)
2 ⋅ c ⋅ cos(α)

y ( x , z ) = 2 ⋅ [ d + (b + c) ⋅ sin β]

(19)

(20)
(21)

The magnitude of force Fk was obtained from the static
equilibrium equation of the elements ACD and CB,
respectively. Equation (21) represents the displacement of
the gripper ends. The following constraints were
identified from geometrical and operational condition of
the gripper:
Constraints

C7. Point A of the gripper must not pass point B

b 2 − (a − e) 2 − (l − Z max ) 2 ≤ 0

Fig.3. Gripping mechanism 2

(10)

(15)

3.2.2. Gripper 2
The kinematic scheme of gripper 2 is presented in figure
3. The vector decision variables is x = [a, b, c, d, e, l],
where a, b, c, d, e, l are dimensions.
The decision variables for gripper 1 are: a ∈ [10, 250] ,
b ∈ [10,250] ,
c ∈ [100, 300] ,
d ∈ [10, 250] ,
l ∈ [100, 300] ,
e ∈ [0, 50] .
Geometrical and operational model
The model for gripper 1 is described as following:

g = d 2 + (l + z ) 2

(16)

⎛ d ⎞
φ = arctan⎜
⎟
⎝l + z⎠

(17)

⎛ a2 + g 2 − b2 ⎞
⎟+φ
α = arccos⎜⎜
⎟
⎝ 2⋅a⋅ g ⎠

(18)

C1. The position of the jaw at maximum displacement of
the actuator must be smaller than or equal to the minimum
dimension of the gripping object

y ( x , Z max ) − Ymin ≤ 0

(22)

C2. The jaws of the gripper must not intersect at the
maximum displacement of the actuator

− y ( x , Z max ) ≤ 0

(23)

C3. The position of the jaw at minimum displacement of
the actuator must be greater than or equal to the maximum
dimension of the gripping object

Ymax − y ( x ,0) ≤ 0

(24)

C4. The distance between gripper jaws at minimum
displacement of the actuator must be smaller than or equal
to the maximum range of the gripper end displacement

y ( x ,0) − YG ≤ 0

(25)

C5. The maximum displacement of point B must allow
the gripper to grasp the object

a + Ymax − c ≤ 0

(26)

C6. The triangle ABC must exist

(l + Z max ) 2 + d 2 − (a + b) 2 ≤ 0

(27)
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C7. The angle α at maximum displacement of the gripper
actuator must be less than 90°

α Z max −

π
≤0
2

(28)

C8. The angle α at minimum displacement of the gripper
actuator must be less than 90°

α Z min

π
− ≤0
2

(29)

C9. Minimum gripping force must be greater than or
equal to the assumed minimum gripping force

FG − min Fk ( x , z ) ≤ 0

(30)

The magnitude of force Fk was obtained from the static
equilibrium equations of the elements ACD and CB,
respectively. Equation (36) represents the displacement of
the gripper ends. From geometry and operating conditions
of the gripper the following constraints can be derived:
Constraints
C1. The position of the jaw at maximum displacement of
the actuator must be smaller than or equal to the minimum
dimension of the gripping object.

y ( x , Z max ) − Ymin ≤ 0

(37)

C2. The jaws of the gripper must not intersect at the
maximum displacement of the actuator

3.2.3. Gripper 3

− y ( x , Z max ) ≤ 0

The kinematic scheme of gripper 3 is presented in figure
4. The vector decision variables is x = [a, b, c, d, l],
where a, b, c, d, l are dimensions.

C3. The position of the jaw at minimum displacement of
the actuator must be greater than or equal to the maximum
dimension of the gripping object

Ymax − y ( x ,0) ≤ 0

(38)

(39)

C4. The distance between gripper jaws at minimum
displacement of the actuator must be smaller than or equal
to the maximum range of the gripper end displacement

y ( x ,0) − YG ≤ 0

(40)

C5. The angle α at maximum displacement of the gripper
actuator must be less than 90°

α Z max −

α Z min −

The decision variables for gripper 3 are:
a ∈ [10, 250] , b ∈ [10, 250] , c ∈ [100, 300] ,
d ∈ [10, 250] , l ∈ [100, 300] .

The geometrical model for gripper 3 is described as
following:

g (z ) = (e + d ) 2 + (l + z ) 2

(31)

⎛e+d ⎞
φ = arctan⎜
⎟
⎝l+z ⎠

(32)

⎛ a2 + g 2 − b2 ⎞
⎟+φ
α = arccos⎜⎜
⎟
2
⋅
a
⋅
g
⎝
⎠

(33)

⎛b + g −a
β = arccos⎜⎜
⎝ 2⋅b⋅ g

(34)

Fk =

2

⎞
⎟−φ
⎟
⎠

P ⋅ b ⋅ sin(α + β)
2 ⋅ (b + c) ⋅ cos(α)

y ( x , z ) = 2 ⋅ [ d + (b + c) ⋅ sin β]
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π
2

≤0

(42)

C7. The angle φ must be less than α at minimum
displacement of the gripper actuator

Geometrical and operational model

2

(41)

C6. The angle α at minimum displacement of the gripper
actuator must be less than 90°

Fig.4. Gripping mechanism 3

2

π
≤0
2

φ Z min − α Z min ≤ 0

(43)

C8. The actuator at maximum displacement must not be
greater than l

Z max − l ≤ 0

(44)

C9. Minimum gripping force must be greater than or
equal to the assumed minimum gripping force

FG − min Fk ( x , z ) ≤ 0

(45)

4. OBJECTIVE FUNCTIONS

(35)
(36)

The optimized mechanism must have a reduced overall
dimension and offer a maximized gripping force [3].
Since these objectives are in conflict it is impossible to
obtain a single solution for each type of mechanism.
Therefore the Pareto fronts (for each gripper) will be used
in order to choose the appropriate mechanism. It worth
noting here that the constraints were already presented
and the proposed objective functions are:

Objective 1: The first objective function is the difference
between the maximum and the minimum gripping forces
for the assumed range of gripper ends displacement:
Objective 2: The second objective function is the overall
dimension of the gripper

5. OPTIMIZATION
The problems were solved using algorithms implemented
in Cambrian v. 3.2, software application designed and
implemented within the Optimal Design Centre of
Technical University of Cluj-Napoca, Romania. In order
to increase the speed and quality of results, the
optimization algorithm was implemented using a classic
genetic algorithm combined with elements of local search.
Merging genetic algorithm with local search operators,
results a new type of optimization algorithms called
memetic algorithms. There are several design goals
important for effective evolutionary search, which are
fulfilled by memetic algorithms:
 Optimization algorithms should be efficient, that is,
they should be capable of producing acceptable
solutions in short time.
 Optimization algorithms are by definition goal
oriented. Viewing the individuals representing
candidate solutions as agents, the individuals can be
regarded as conscious
Table 1. Gripper 1 results

max z Fk ( x , z )

1
44.16

Solution
2
45.18

3
36.69

min z Fk ( x , z )

43.56

43.51

30.02

∆Fk ( x , z )

0.59

1.67

6.67

lengthmax ( x , z )

473.50

288.49

199.18

lengthmin ( x , z )

607.02

218.06

137.43

Overall
dimension

769.86

361.63

341.99

candidate solutions as agents, the individuals can be
regarded as conscious entities in the search process
subject to cooperation and competition.

6. RESULTS
The application was executed for each type of mechanism
using the same optimization algorithm implemented
within the optimization platform. For a better
visualization and data analysis the Pareto front together
with its graphical representation was extracted. The tables
1, 2, and 3 contain three types of results:
1. Individual with best solution in terms of objective 1;
2. Centermost individual located into the tradeoff area;
3. Individual with best solution in terms of objective 2.
Selected individuals were also marked on the chart
representation of the Pareto front (fig. 5, 6, and 7).
Table 2. Gripper 2 results

max z Fk ( x , z )

1
96.32

Solution
2
158.55

3
212.13

min z Fk ( x , z )

20.07

20.09

20.06

∆Fk ( x , z )

76.24

138.45

192.06

lengthmax ( x , z )

507.84

379.79

351.96

lengthmin ( x , z )

146.02

144.16

134.33

Overall
dimension

528.42

406.23

376.72

Fig.6. Gripper 2 Pareto front
Table 3. Gripper 3 results

Fig.5. Gripper 1 Pareto front
 Optimization algorithms are by definition goal
oriented. Viewing the individuals representing

max z Fk ( x , z )
min z Fk ( x , z )
∆Fk ( x , z )
lengthmax ( x , z )
lengthmin ( x , z )
Overall
dimension

1
44.40

Solution
2
38.52

3
36.34

42.19

34.68

28.94

2.20

3.83

7.39

251.31

128.91

123.96

113.72

100.66

100.11

275.84

163.55

159.33
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Fig.8. Final gripper solution
In conclusion, after the above detailed analysis, we find
that gripper 1 offers the best solutions to satisfy all
necessary conditions. The proposed design solution is
presented in figure 8.
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2. BASIC POINTS FOR DESIGN OF THE
HOLDING DEVICES

Key words: intelligent clamping system, manufacturing,
holding device

Great amount of different products regarding to their
shape and size presents permanently question for
technically and economically proper and convenient
solution for construction of the holding device.
On the basis of qualified consideration input information,
the optimal solution alternative will be chosen. Input
information is:
 geometry of the workpiece,
 rated dimension of the workpiece,
 tolerance dimension of the workpiece,
 technological plan,
 tool path,
 technological and cutting forces.
The operating parts of the holding devices have to
produce such fastening forces which could ensure
determinateness of setting of the workpiece within its
technological machining process. The requirement is to
ensure permanent contact between seating surface of the
workpiece and supporting and setting elements of a jig.
The clamping forces can be produced by means of:
 utilization of elastic properties of components material
creating the fastening system,
 utilization of frictional forces acting between fastened
workpiece and the holding device,
 utilization of dead load of the workpiece,
 magnetic and electromagnetic forces,
 hydraulic pressure forces,
 pneumatic pressure forces,
 combined techniques.

1. INTRODUCTION

During decision-making it is to evaluate how the
competent fixing system differs from the others.

JAWS OF CLAMPING FIXTURES
Jarmila ORAVCOVÁ
Peter KOŠŤÁL
Erika HRUŠKOVÁ
Abstract: Paper is focused to working parts of clamping
fixtures – jaws. Describe the possibility of usage
advisement for flexible clamping fixtures from several
viewpoints. The forces acting to clamped parts –
clamping forces must guarantee that the clamped part
stay at needed position on time of technological
operation. The volume of clamping forces for give
clamping methods is depend from volume and orientation
of cutting forces

The intelligent clamping fixture is a good way to
production effectivity increasing. They have its own
automated measuring, monitoring and control units. The
intelligent clamping fixtures are able to prevent the some
type of automated manufacturing and assembly failures
(failures caused by improper clamping, positioning).
These possibilities are resulted by continuous monitoring
of clamping forces, cutting forces and torques acting to
workpiece. To monitoring and evaluate of clamping
processes are used several types of sensors. Using of
several sensors give a high level of clamping process.

3. CRITERIONS FOR DESIGN OF
CLAMPING DEVICE
When designing an appropriate solution for clamping, the
clamped object has to be appreciated in accordance with
various criterions:
 characterization of the clamped object according to
shape,
 clamped object characterization regarding its
properties,
 characterization of the manufacturing equipment in
terms of realized operation
 characterization of the manufacturing equipment in
terms of technological forces

4. CHARACTERIZATION OF THE
CLAMPED OBJECT

Fig.1. Intelligent clamping fixture

Before making decision about clamping principle, it is to
carry out detailed analysis of the clamped object features.
It is to find out the basic and prevailing shape of the
object within the first step of the said analysis because
the object shape influences construction design of the
clamping by principal way. Regarding the object basic
shape, the objects are divided into objects with an:
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angular surface,
cylindrical surface,
ball-shaped surface,
conical surface,
various profile surface,
general shape surface.

When looking for clamping principle, the basic shape of
the workpiece surfaces can be created by outer surfaces or
it can be featured by openings and cavities being on the
workpiece.
When taking into consideration the shape, it is to evaluate
also secondary shape elements and consider as important
those, which could be significant when setting the
workpiece into clamping jig. Further it is to take into
consideration dimensions of the workppiece, their size
and direction with regard to coordinate system. In
connection with workpiece material they influence
application point and value of the gravity force.
The properties of the fixed object, as stiffness and shape
stability under action of technological and fixing forces
are evaluated. Through this analysis, it is necessary to
eliminate possibility of deformation formation, which
could result in production inaccuracy. It is necessary to
take into consideration temperature of the workpiece
when putting it into chucking fixture, and possible
temperature increase and thermal dilatation of the
workpiece and fixture parts as well during the pertinent
working operation.

5. TECHNOLOGICAL EGUIPMENT
CHARACTERIZATION
Regarding consideration process, when taking decision
about clamping of an object of technological machining,
it is necessary to consider access of the working tool on
the workpiece. It means to familiarize with the concrete
working equipment mentioned for technological
operations with one workpiece clamping and also to
evaluate handling space for the working tools utilized.
The way of putting and taking away of the working object
is related to size, shape and location of the minimum
handling space needed and also to its interlocking
regarding working equipment.
System of the workpiece clamping and system choice is
connected with securing of certain value of the fixing
force. When determining the value of the pressure
clamping force needed, it is necessary to take into
consideration the point of work, direction and orientation
of the said force. When doing proposal for intensity of the
fixing force producing by operating parts of the clamping
device, it is to know technological forces with regard to
their point of action, magnitude, direction and orientation.
When determining cutting forces, it comes out from
parameters, which are given by technological process
sequence. It is important to know specific cutting
resistance of the machined material and cross section of
the cuttings withdrawn by cutting tool. Cuttings
withdrawing modify geometry of the cutting tool what
results in modification of the cutting force depending on
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time. Action sequence of the technological forces can be
considered from the point of dynamics within cutting
operations featured by interrupted action of the cutting
forces or with specific simplification from the point of
static within cutting operations featured by continuous
action of the cutting forces.

Fig.2. Modular clamping fixture (IMAO)

6. POSITIONING PRINCIPLES AND
POSSIBILITIES
The clamping fixtures has very important role in
production process (achieving of needed dimensions and
shapes of machined parts). The clamped workpiece must
stay in defined position in time of machining. The cutting
tool acting to machined part by cutting forces and torques.
To elimination of these forces and torques we can use the
properly chosen clamping forces. The needed position of
workpiece in machining time we can achieve by clamp
design. Elements for workpiece positioning we can
devide by using to:
 Fixed,
 Changeable,
 Auto set uping
 Auto centering
Positioning elements with planar base are:
 Support with planar supporting base,
 Support with spherical supporting base,
 Support for long or heavy workpieces,
Positoning elements assigned to workpieces with outer
cylinder shape positioning are:
 Chuck – self centering,
 Holdfast – self centering,
 Prism – positioning in two perpendicular planes.
Positoning elements assigned to workpieces with conical
shape positioning are
 Fixed spikes,
 Rotation spikes – for higher speed,
 Rotation rifled spikes – they can be use as driver too
Workpiece has 6 degree of freedom (DOF) in space. We
must take off all of these DOF in time of positioning and
clamping. In Cartesian coordinate system are 3 DOF as a
movement along of X, Y, Z axes and 3 rotations about of
these axes.

The perpendicular projection of gravity centre must be in
this area.

7. CYLINDRICAL SHAPED WORKPIECE
CLAMPING
Positioning of cylindrical shape between two prisms is
statically over determined because in this clampig case is
totally 4 touching lines this means 8 DOF and not take of
the longitudional rotation and longitudinal movement. So
this case of positioning is not good, better (statically
determined) case is clamping between a one prism and
one planar face.
Fig.3. Joined clamping fixture for 4 workpieces
In case of box shaped workpiece we can take off all of
DOF by using of proper supporting elements. By proper
using of these supporting elements we realize the
positioning.
In some cases we have workpiece with non rigid shape
(long and thin workpiece). This type of workpiece can be
deformed at machining time (in the clamping time too) by
acting of cutting or clamping forces. This deformation
cause bad accuracy of dimensions or final shapes. In these
cases of workpieces we can use additional support
elements.
Box shaped workpiece clamping – principle 3-2-1
clamping
Fig.5. Cylindrical workpiece clamping by two prisms
By prism we can achieve position of rotational shape
workpiece (outer cylinder shape) at 2 perpendicular
planes. Usually used angle of prism is 90°. The touching
between prism and workpiece is a line. The prism has 2
touching line, it means that we take of only 4 DOF of
workpiece. The 5th workpiece DOF we can take of by
supporting element in longitudinal direction. The 6th DOF
(rotation along a longitudinal axis) we can take of only by
friction forces.

Fig.4. Fixture bases – angle grid plates (IMAO)
For box shaped workpiece positioning and clamping are
usually used principle 3-2-1 of positioning in clamping
fixture. The first step is definition of base positioning
plane. This plane is defined by 3 points and these points
are not at one line. The fixture supporting elements will
by touch to base plane of workpiece at these 3 points.
The base plane is usually the biggest planar surface of
workpiece what is parallel by base plane of clamping
fixture.
The second planar surface with 2 supporting elements is
the surface with a longest edge projection to base plane.
The third planar surface supported by 1 supporting
element is the other perpendicular surface to previous 2
planar surfaces.
Area between a 3 supporting elements of a base plane
must be maximal to achieving of a better stability of
workpiece.

Fig.6. Clamping holdfasts and expanding arbors
In case of thin walled workpieces we can use modified
shape of clamping jigs because in this case is possible that
clamping forces occurs the workpiece deformation. The
touching between a jigs and workpiece is area. (Fig. 7).
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Fig.7. Thin walled workpiece clamping

8. CONCLUSION
Use of proper clamping fixtures helps increase reliability
of manufacturing operations. Production with intelligent
clamping fixtures is more flexible. These fixtures are
more expensive and more complex as classical fixtures,
because has own automated clamping, positioning,
control and monitoring units.
The intelligent devices helps prevent the production
disorders in automated production systems.
Application of intelligent fixtures eliminates the hard
manual works. Also can save manpowers and increase the
productivity.
The aim advantage of intelligent fixture using is their
capability reacts to production program exchange.
Adaptability of these systems is base of higher generation
of automation.
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STRESS CONCENTRATION IN PLATES
WITH ONE HOLE
Nada BOJIĆ
Zvonimir JUGOVIĆ
Abstract: This paper reviews the presence of the
discontinuity of mechanical parts (plates) that form a
functional unit. It was emphasized that such problems can
be successfully reduced to two-dimensional and the laws
of elasticity theory for plane (flat) problems can be
applied. The presence of geometrical discontinuity of the
elements of mechanical construction can lead to a rapid
increase in stress and the appearance of critical zone. As
an example of the decaying parts of the state with one
hole of different shapes (circular, square, rectangular) set
differently in relation to the axis of machine elements (in
the axis perpendicular to the axis, angle). The subject of
this paper is therefore directed to the analysis of stress
and deformation, using finite element method and
determination of the geometric stress concentration
factors, the plates isotropy made of materials that are
exposed to static loads.
Key words: concentration of stress, finite element metod,
stress deformation state

1. INTRODUCTION
Scientific research has shown that for variable crosssection areas of machine parts stresses increases, if the
variable cross-section variation is more intensive. The
appearance of variation in a local stress increase in the
points where cross sections of machine elements varies is
called the stress concentration. Sources of stress
concentration are critical elements of the machine. These
elements might be met on the machine parts such as
shafts, axles, pins, supports construction, connecting rod,
part of the stepped transitions, grooves and all. In these
so-called. dangerous places, increasing the stress at the
straining effect to dynamic endurance decreasing, there
are cracks due to fatigue and fracture of elements made of
fragile materials, due to static loads. Rating
concentrations of the stress concentration factor is overstress, which is the ratio between the maximum stress in
the zone of concentration and the nominal stress.

σ max
σn ,

(1)

where σ n and τ n are nominal stress.
Stress concentration degree depends on weakened of
critical cross-section, and occurrence of stress
concentration itself can be explained by the stress flow
curves in the zone pad if planes contain the hole, as in
the above examples, then the stress intensity increases in
the area of the opening. This is because the stress lines for
sailing around the opening deviates and intends and to go
the shortest route so they focus themselves near the hole.
Considerable research on this topic were carried out by
[5, 6,8,9] . Stress analysis was carried out in plates with
rectangular, circular and the aperture in the shape of a
rhombus in uniaxial stress [1, 2] . Preparation of this work
led to the definition of stress concentration factors for the
shapes that are not sufficiently explored in the literature.

2. BASIC EQUATIONS OF THE PLANE
PROBLEM OF LINEAR THEORIES OF
ELASTICITY
In plane problems, at any point of elastic body, the state
of stress is determined by the components of the stress

σ x , σ y , τ xy

that satisfy the equilibrium equations in the
absence of volume forces. [3, 4] .

∂τ xy ∂σ y
∂σ x ∂τ xy
+
= 0,
+
= 0,
∂x
∂y
∂x
∂y

(2)

and conditions for compatibility:

⎛ ∂2
∂2
⎜⎜ 2 + 2
∂y
⎝ ∂x

⎞
⎟⎟ (σ x + σ y ) = 0
⎠

(3)

The whole problem can be simplified if equations (2) and
(3) are set under integral formula, if only certain boundary
conditions are satisfied. Depending on what is given on
the contours of the observed field, two main groups of
tasks can be distinguished, as follows: When on contours
of the observed area are given external forces

X n and

Yn , boundary conditions can be written in the form:
σ x cos (n, x ) + τ xy cos (n, y ) = X n ,
τ xy cos (n, y ) + σ y cos (n, y ) = Yn .

(4)

where n - external normal to the contour L.
When on contour L given the observed area are given
displacements then boundary conditions will have the
following form:

u = g 1 (s ) ,

υ = g 2 (s ) ,

(5)

g1 (s ) and g 2 (s ) - are given displacements of the points
on the outline L.
There is a third group of tasks, in which at one part of the
contour L at observed area are given stress, while at the
other part of the same contour are given displace
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⎡ 0,25 + i 0,433

ψ (ζ ) = pR⎢−

ζ

⎣

+i

−

0,564 − 0,236ζ 3 + 0,066ζ 5 − 0,034ζ 7
+
1 − 0,643ζ 2 + 0,293ζ 4 + 0,189ζ 6 + 0,078ζ 8

0,280ζ + 0,567ζ 3 + 0,102ζ 5 + 0,032ζ 7 ⎤
⎥
1 − 0,643ζ 2 + 0,293ζ 4 + 0,189ζ 6 + 0,078ζ 8 ⎦

(6)

2.1. Uniaxial straining
When strainining the homogeneous plate surface forces,
which attacked the line forms an angle with the positive
direction of axis, primary stress balance sheets, such as
known, given the stress components:

σ x = p cos α ,
σ y = p sin 2 α ,
τ xy = p sin α cos α
2

(7)

p
(1 + 2ρ 2 − 3ρ 4 )sin 2θ .
2

(13)

If the (14) put to ρ = 1 , then it leads to expressions for
the voltage across the contours of circular holes
calculation.

σ θ = p(1 − 2 cos 2θ ) .
Maximum stress

σθ

(14)

obtained in cos 2θ = −1, or when

θ = ±π / 2 In stress components calculation at points
around the opening is suitable to use the line ρ = const.
obtained convenient mapping. Stress components σ ρ , σ θ
and

τ ρθ

calculated for ρ = 1,0; 0,9; 0,8; 0,7; 0,5; 0,3

and the variation of angle θ by 5° or 10° , and stress
σ max , σ min and τ max shall be determined by the

function of stress:

U 0 ( x, y ) =

τ ρθ =

p
(x sin α − y cos α )2
2

(8)

In order to determine the function ϕ 0 (z ) and ψ 0 ( z ) it is
necessary to determine P( x, y ) and Q( x, y ) first, which
are:

1
P ( x, y ) = p , Q(x, y ) = 0 , so it will be:
4
0
dϕ ( z ) 1
= p.
dz
4

following formula and shown in Figure 1, [ 4] .

σ max =
σ min =

σ ρ + σθ
2

σ ρ +σθ
2

(9)

⎞
2
⎟⎟ + τ ρθ
⎠

⎛σ ρ −σθ
− ⎜⎜
2
⎝

⎞
2
⎟⎟ + τ ρθ
⎠

⎛σ ρ −σθ
2
⎝

τ max = ± ⎜⎜

2

⎛σ ρ − σθ
+ ⎜⎜
2
⎝

2

2

⎞
2
⎟⎟ + τ ρθ
⎠

(15)

By integration of the equation (7), we get:

1
pz
4

ϕ 0 (z ) =

(10)

(z ) is obtained
1
from: R ( x, y ) = U 0 ( x, y ) − [zϕ 0 ( z ) + zϕ 0 ( z )]
while the function ψ

0

2

ψ 0 (z ) = −

p e −2iα
z.
2

(11)

2.2. Circular hole
Expressions for the stress function of the surface with a
circular opening loaded along the radius in the direction
of the axis powers in Ox :

ϕ (ζ ) =

⎤
pR ⎡ 1
+ 2ζ ⎥ ,
⎢
4 ⎣ζ
⎦

ψ (ζ ) = −

⎞
pR ⎛ 1
⎜⎜ + ζ − ζ 3 ⎟⎟ .
4 ⎝ζ
⎠

(12)

The expression for stress calculation is:

[(

) (

[(

) (

)

]

σρ =

p
1 − ρ 2 + 1 − 4 ρ 2 + 3ρ 4 cos 2θ ,
2

σθ =

p
1 + ρ 2 − 1 + 3ρ 4 cos 2θ
2
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)

]

Fig.1. Circular hole: a) Lines of equal σmax , σmin ,
b) Lines of equal τmax, c) The trajectory of the main stress

2.3. An example of a rectangular hole
Expressions for the stress function of the surface with a
rectangular opening loaded in the direction of the axis
powers in Ox :
⎡ 0,25

ϕ (ζ ) = pR ⎢

⎣ ζ

− (0,358 − i 0,500)ζ + (0,045 + i 0,023)ζ 3 +

]

+ (0,015 + i 0,006)ζ 5 + 0,003ζ 7 ,
⎡ 0, 25 + i 0, 433

ψ (ζ ) = pR ⎢
⎣

+i

ζ

+

(16)

0, 040ζ 7 + 0,127ζ 5 − 0, 096ζ 3 − 0,832ζ
+
1 − 0, 643ζ 2 + 0, 293ζ 4 + 0,189ζ 6 + 0, 078ζ 8

0,280ζ + 0,574ζ 3 + 0,102ζ 5 + 0,034ζ 7 ⎤ .
⎥
1 − 0,643ζ 2 + 0,293ζ 4 + 0,189ζ 6 + 0,078ζ 8 ⎦

Fig.3. Basic types of finite elements
All the finite element nodes are linked together, so they
make the original construction. In this method studied
domain is divided using fictitious line in a certain number
of finite elements. A set of finite elements for the entire
network domain make any final finite element elements.
In each finite element area of movements, the state of
stress and strain state, and they are described by
interpolation function and the final number of parameters
in the nodes. They are the basic unknown quantities in the
finite element method [ 6, 7,8] . After finite elements

Fig.2. Rectangular hole: a) Lines of equal σmax , σmin,
b) Lines of equal τmax, c) The trajectory of the main stress

3. FINITE ELEMENTS METHOD
State of stress and strain state of complex structures and
intricate contour conditions, often can not be resolved
through analysis, then look for particular approximate
solutions using numerical methods. In the numerical
solution of these problems, there are two different
methodological approaches, one of them is the finite
element method. It is based on a physical discretization
discussed the continuum of finite dimension and areas of
simple shapes called finite elements (KE).

network is formed, the connections between moving and
moving nodes in the elements, the connection between
load nodes and the corresponding displacement, and form
the basic equations of the final elements are placed.
Grouping the basic equations of finite element equation
construction in matrix form is obtained. So a system of
linear equations is formed, by resolving of these
equations, the basic unknown quantities will be obtained.
If the main unknowns in the nodal points of the network
of the finite element are kinematical values, using the
principle of minimum of potential energy. So the method
of finite elements method is actually a method about
about moving. Movement is assumed to be a continuous
functions of coordinates, so for two-dimensional problem
will be:

u = u ( x, y ) ,

u = v ( x, y ) .

(17)

Apropos,
⎪⎧u ⎫ ⎪⎧ f1 ( x, y ) ⎪⎫
s= ⎨ ⎬= ⎨
⎬
v
⎩⎪ ⎭ ⎪⎩ f 2 ( x, y ) ⎪⎭

(18)

Internal distribution displacement in the finite element is
defined with the application of interpolation functions
which is displayed on a rectangular plane element in
Figure 4.
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3. THE RESULTS OF NUMERICAL
ANALYSIS

y, v
3 (a, b)

4 (0, b)

b
x, u
2 (a, 0)

1 (0, 0)

a
Fig.4. Rectangular element
KE vector fields, can be written in the form of
(19)
functions:: s = A c ,
s- vector displacement in the elements,
A- field finite element matrix,
c- is a vector column whose elements are constants

Using the expression (19) will be:
Knot 1:

Knot 2:

Knot 3:

Knot 4:

x = 0 → u = U1

To obtain the results in this paper using the finite element
method, as well as over extravagant suite. Dimensions,
material and load are known values so it would be
possible to compare the results. In the following example
of panel dimensions are the same and they are: 4m x 6m x
0,1m . Uniaxial strained and weakened the (rectangular,
circular aperture and aperture form a rhombus). Plate is
made of steel with modulus of elasticity E = 2,1x105 MPa
and Poisson's ratio µ = 0,33 , strained intensity of surface
force is p = 1 Nm 2 . The highest values of stress are given
in table overview, these values were obtained at the
locations where the most disruptive element of of
continuous regularity occurs. Based on the maximum
stress values are calculated geometrical stress
concentration factors. In the case of strained plate with a
hole, as a source of stress concentration, geometric
concentration factor stresses is calculated as the ratio
between the maximum and nominal stress in a weakened
cross-section.
Example 1. A weakened uniaxial strained rectangular
aperture plate was considered - dimensions 1m x 0,2m
where the ratio a b = 0,5 filet radius corners r = 0,04 m
and the angle between the offensive line force and the xaxis α = 60° ,90° .

y = 0 → v = V1
x = a → u = U2
y = 0 → v = V1
x = a → u = U3
y = 0 → v = V3
x = 0 → u = U4
y = b → v = V4

Boundary conditions may generally write: s k = S = s k ;

Ak c = sk = S

Fig.5a. Stresses at uniaxial strained at weakened plate
with rectangular hole, angle α =60o.

(20)

where: Ak - matrix field thresholds The basic equations
can be written in the form of:
Fe = K e S + Ft

(21)

Neglecting the influence of temperature stress, the basic
equation, we obtain the form:
Fe = K e S

(22)

where: Ke - finite element stiffness matrix. If the force is
constant in size, movements of the nodes depends on the
elements of the matrix stiffness.
And design equation has the form: F = K S
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(23)

Fig.5b. Stresses at uniaxial strained at weakened plate
with rectangular hole, angle α =90o .

Table 1. The values of maximum stress at plate the
rectangular

α

One axial stress
σ max , N/m2

60

6,085

90

2,281

Example 2. An uniaxial strained at weakened plate with
circular hole r = 0,3 m was examined.
Fig.7b. Stresses at uniaxial strained at weakened plate
with a hole in a form of rhombuses α =90o
Table 3. The values of maximum stress for the plates with
the rhombuses shaped holes

Fig.6. Stresses at uniaxial strained at weakened plate
with circular hole.
Table 2. Maximum stress values at plate with a circular
hole

α

One axial stress
σ max , N/m2

0

3,08

Example 3. An uniaxial stretched weakened plate with the
hole in a form of rhombuses a = 0,54 m and the angle
between the offensive line and force the x-axis
α = 60° ,90° .

α

One axial stress
σ max , N/m2

60

4,274

90

5,657

As a rule, stress concentration leads to increase in the
actual stress compared to nominal. Mild changes in the
shape creates a mild stress in concentration, which is
often negligible, a significant change in the shape a
effects a considerable concentration of stress, which must
be addressed.

5. CONCLUSION
One of the main parameters in all above examples was the
ratio of width (plate) and the dimensions of the holes, by
setting the connection between that relationship and the
stress, it can be concluded that by increasing hole’s
dimensions a cross sections are getting weakened while
stress in these cross sections are increased and opposite.
Position of the holes in relation to the direction of the load
is very influential on the photo-stress and stress values
and the corresponding stress concentration factors. From
the above-mentioned examples it can be shown that the
most favorable form of all holes is a round shaped hole.
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to predict residual stresses and distortions of welded
structures. Coupled analyses enable to take into account
thermal stresses arising due to the thermal expansion and
also transformation stresses caused by metallurgical
transformations.
As an example, the thermal analysis of the arc welding
process is performed applying the ANSYS 10.0 software.
The Goldak model is used to model the moving heat
source during welding.

2. MODELLING OF HEAT SOURCES BY
ELECTRIC ARC WELDING

FEM ANALYSIS OF TEMPERATURE
FIELDS BY WELDING APPLYING
VOLUME HEAT SOURCES
Maria BEHULOVA
Eva BABALOVA
Daniel ŠVRČEK
Abstract: Numerical modelling and computer simulation
represent a powerful tool for design, analysis and
optimization of welding processes. Numerical simulation
of arc welding usually involves the interaction of
electromagnetic, fluid flow, thermal, metallurgical and
mechanical phenomena. The welding process is transient
and highly nonlinear with regard to the material
properties. Additional problem consists in data definition
for energy input to the weld. In this paper, the
possibilities of definition of energy input to the weld
applying volume heat sources are introduced and
discussed. As an example, the thermal analysis of an arc
welding process is performed using the Goldak model for
the simulation of the moving heat source. Results of
numerical simulation are compared with results of
temperature measurements during arc welding.
Key words: arc welding, numerical simulation, volume
heat source, temperature field, ANSYS

1. INTRODUCTION
During recent decades, advanced methods of computer
modelling and numerical simulation along with long-term
experience of specialists from practice have been
exploited in the design and optimization of fusion welding
processes.
The main aim of the paper is to discuss the possibilities of
the modelling of energy input to the weld by arc welding
processes using volume heat sources. The energy input
from the arc to the weld can be computed taking into
account the possible application of pressure, filler
material or shielding. The heat and mass transfer in the
weld pool and particularly the heating and cooling rates
significantly affect metallurgical processes, phase
transformations and final mechanical and utility
properties of weld joints [1, 2]. In most cases, numerical
analyses of welding processes are carried out with the aim

From the point of view of numerical simulation, electric
arc welding represents a complex process which usually
involves the interaction of electromagnetic, fluid flow,
thermal, metallurgical and mechanical phenomena
depending on a number of parameters (geometrical,
material, physical, time, processing, etc.).
In this reason, numerical simulation of electric arc
welding generally requires to solve coupled electromagnetic, thermal-fluid and stress-strain problem including
phase transformations [1-2].
Transient temperature fields in welding processes can be
described by the Fourier-Kirchhoff´s partial differential
equation of heat conduction [3] in the form

ρc

∂T
= div(λ grad T ) + q v
∂t

(1)

where ρ is the density, c is the specific heat, λ is the
tensor of the thermal conductivity and qv is the volumetric
density of internal heat sources (the heat generated in the
unit volume of material per unit time). For obtaining
solution of the Fourier-Kirchhoff´s heat conduction
equation (1), it is necessary to specify
 geometric parameters defining
dimensions of welded structures,

the

shape

and

 physical properties, i. e. material properties of the base
and filler materials,
 initial conditions describing the temperature
distribution at the beginning of the welding process
and
 boundary conditions specifying the conditions and
thermal effects at the interface of welded structures
and environment.
Mostly, the advanced numerical simulation and analyses
of arc welding processes require development of threedimensional model. Generally, the fusion welding
processes are transient and highly nonlinear with regard to
the material properties. They cover very wide temperature
range - from the room temperature up to the temperatures
of evaporation of metallic materials.
When the coupled thermal and fluid analysis is not
performed, i. e. only the equation (1) is solved, it is
possible to take into account the influence of convective
melt flow in the weld pool by so called effective thermal
conductivity. Above the liquidus temperature, the
coefficients of thermal conductivity of the base and filler
materials can be increased threefold in the direction of
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heat flux qw [MW.m−2]

gravitational field effect [4, 5]. The boundary conditions
(BC) can be entered by several ways, for example by the
surface temperature of welded structures (BC of the 1st
type) or by the conductive heat flux on the surface (BC of
the 2nd type). This condition is applied also in the
symmetry planes where the heat flux is zero.
In most cases, the BC of the 3rd type is applied to define
the cooling of welded structures. This condition is defined
by the surrounding temperature and the heat transfer
coefficient. The heat transfer coefficient is not constant. It
depends mainly on the temperature. Usually, it is
calculated from criterial equations [3] as a function of the
weldment surface temperature. At higher temperatures
(common in fusion welding processes), it is necessary to
take into account the heat removal from welded structures
by mechanism of radiation as well. In some cases, the
influence of radiation can be appropriately included to the
BC of the 3rd type through the reduced (radiation) heat
transfer coefficient [3].
The specification of the heat input to the weld is possible
in principle by three basic ways [3, 6] (Fig. 1)
corresponding to the boundary conditions for the solution
of Fourier- Kirchhoff´s equation of the 1st and 2nd types
and to the definition of internal heat source qv,
respectively.

r0=3.02

r0.05=5.22

a)

b)

perimeter r [mm]

this method, it is necessary to calculate the effective
power of a heat source (arc) applied in welding [7] per
unit surface area of the weld.
3. Definition of the volume heat source qv [W.m−3]
(Fig. 1c) requires the assignment of internal heat sources
acting in a unit volume of the weld per unit time. Using
this method, the effective thermal power of a heat source
is calculated according the supposed volume of a weld.
The methods for calculation of effective power of an
electric arc in the form of distribution functions for
conductive heat flux qw or the volumetric density of
internal heat sources qv have been continuously
developed. The beginning of the research in the field of
modelling of heat sources during welding refers the 40's
of the last century [7, 8]. In 1941, Rosenthal suggested the
3D-model of a moving point heat source assuming the
quasi-stationary conditions of heat transfer [8]. In the 60's
Pavelic et al. [9] used a circular surface heat source with a
Gaussian distribution of heat flux density.
At present, the Goldak model in the form of double
ellipsoid [10] is commonly applied to model volumetric
heat sources by welding. Using this model or some its
modifications [11-15], it is possible to model sufficiently
accurate various types of welding processes with different
shape and depth of the weld pool.

3. DEFINITION OF THE HEAT INPUT USING
VOLUME HEAT SOURCES
The effective power of electric arc Φ can be obtained
from the welding parameters - the welding voltage U,
welding current I and efficiency of an electric arc η, using
the relationship [7]
Φ = U Iη

(2)

The volumetric density of internal heat sources qv
[W.m−3] in the volume of weld can be calculated from the
effective power of the electric arc and appropriate
distribution function f [13]
qv (x, y, z ) =
c)

Fig.1. Basic methods for definition of heat input to the
weld a) prescribed surface temperature, b) conductive
heat flux on the surface of the weld and c) internal
volume heat source
1. Prescription of the surface temperature Tw (BC of the
1st type, Fig. 1a) - the heat input to the weld is not entered
in the true sense. The input is given in the form of
estimated surface temperatures of the weld pool, constant
or dependent on the coordinates and the time. This
approach allows particularly to find out if the base and
filler materials are melted through the weld root by
applied welding speed and supposed surface temperature
of the weld pool from the range between the liquidus
temperature and the boiling temperature of materials.
2. Application of the conductive heat flux on the surface
of the weld qw [W.m−2] (BC of the 2nd type, Fig. 1b) - in
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Φ f ( x, y , z )
= qmax f (x, y, z )
V

(3)

where qmax represents the maximum volumetric density of
internal heat sources. In simple cases, the constant value
of volumetric density of internal heat sources
qv (x, y, z ) = qmax

(4)

is defined into the volume of a block with V = a.b.c
(Fig. 2) or a hemisphere with V = (2πR03)/3 (Fig. 3) while
the distribution function is constant, f(x, y, z) = 1. The
coordinate Z denotes the distance from the initial position
of the source centre in the time t = 0 s and w is the
welding speed.
The Gaussian ellipsoidal volume heat source (Fig. 4) is
defined by three parameters - the ellipsoid half-axes a, b
and c. The volumetric density of internal heat sources is
given by the function [13]
3x2

3 y2

3z2

−
−
−
6 3
2
2
2
qv ( x, y , z ) = Φ
e a e b e c
3/ 2
a bcπ

(5)

y

y

qmax

qmax
x

x

a

a

c
b

z = Z − wt

b

Fig.2. Model with constant volumetric density of internal
heat sources applied to the volume of a block

y

x
R0 z = Z − wt

Fig.3. Model with constant volumetric density of internal
heat sources applied to the volume of a hemisphere
where V = a.b.c.π /(6 3 ) is the volume of one half of
the ellipsoid and the distribution function takes the form
3/2

f ( x, y , z ) = e

3 x2
a2

e

−

3 y2
b2

e

−

3 z2
c2

Fig.5. Goldak model for modelling of volumetric internal
heat sources to the volume of double ellipsoid

y
qmax

x
b
c

z = Z − wt

3 y2

3 x2

6 3 f1Φ − a2 − b2
qv1 (x,y,z,t ) =
e
e
e
abc1π 3 / 2
qv 2 (x,y,z,t ) =

(6)

Application of the constant volumetric density of heat
sources or Gaussian heat source to the volume with the
shape of a truncated cone or pyramid represents the
modifications of presented model more suitable for
modeling of laser or electron beam welding processes [2].

a

c1

This model describes the distribution of volumetric
density of heat sources to the volume with the form of
double ellipsoid which is characterized by six parameters
- the half axes of ellipsoid a and b representing the width
and depth of the heat source, half axes c1 and c2 in frontal
and rear quadrants of the the source defining its length
and parameters f1 and f2 designating the portion of the
heat generated in frontal and rear parts of double
ellipsoid.
Volumetric density of heat sources in front and rear
quadrants can be expressed as [10]

qmax

−

c2

z =Z − wt

f1 =

6 3 f 2Φ
e
abc2 π 3 / 2

−

3 x2
a2

e

−

3 y2
b2

−3( z + w t )2
c12

e

−3( z + w t ) 2
c22

2c1
2c2
, f2 =
, f1 + f 2 = 2
c1 + c2
c1 + c2

(7)

(8)
(9)

It should be noted that the dimensions of the heat source
are generally not known and there is no link between
welding process parameters and dimensions of heat
source [13]. In most cases, the dimensions of the heat
source are estimated for initial simulation of a specific
welding process and then modified and adjusted based on
experimental results [14, 15].

4. THERMAL ANALYSIS OF WELD JOINT
APPLYING GOLDAK MODEL
As an example, the application of Goldak model for
thermal analysis of an experimental arc welding process is
presented.

4.1. Experiment description
Fig.4. Gaussian ellipsoid for modelling of volumetric
internal heat sources to the volume of ellipsoid
The Goldak model (Fig. 5) for application of volume heat
sources by arc welding is currently considered to be the
most accurate but also the most demanding method of
definition of heat input to the weld [13-15].

Two sheets from the 17 242 steel with the dimensions of
100 × 200 × 4 mm were placed during the welding
process side by side at a distance of 2 mm (Fig. 6). In
welding, the filler material ESAB OK Autorod 16.32 with
the diameter of 1 mm was used. The chemical
compositions of the base and filler materials are given in
the Table 1 and Table 2, respectively.
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C

Cr

Mn

Si

Ni

P

S

0.25

17-20

2.0

1.0

8-11

0.045

0.03

8000
7500
7000
6500
160

Table 2. Chemical composition of the filler material [wt. %]

−1

−1

C

Cr

Mn

Si

Ni

120

λ [W.m .K ]
−3
ρ [kg.m ]

0.01

18

1.8

0,8

12

80

c [J.kg .K ]

−1

−1

40
0

0

400

800

1200

1600

Temperature [°C]

8000
7500
7000
6500
160

Temperatures during welding were measured by two
thermocouples of K-type welded to the bottom of the
experimental sample at a distance of 6 mm from the plane
of symmetry of the weld and 60 mm from the beginning
and end of the sample.

4.2. Simulation model
Numerical simulation of the arc welding process was
performed by the program code ANSYS 10.0 [16].
Geometrical model was prepared according to sample
dimensions with the symmetry plane yz (Fig. 7). The
finite element mesh was generated using the volume
elements SOLID70. In the area of weld and heat affected
zone, the mesh density is higher in order to take into
account non-uniform distribution of heat input to the weld

−1

−1

120

λ [W.m .K ]
−3
ρ [kg.m ]

80

c [J.kg .K ]

−1

−1

40

Fig.6. Experimental sample after welding
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b)
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a)

6500
6000
5500
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4500
4000
3500
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2500
2000
1500
1000
500
0
2000

c

λ, ρ

Table 1. Chemical composition of the steel 17 242 [wt. %]

0

400

800

1200

1600

Temperature [°C]

Fig.8. Thermal properties of a) the steel 17 242 and b) the
filler material ESAB OK Autorod 16.32
and resulting considerable temperature gradients. The
sufficient mesh density is required as well as for the
achievement of solution stability and convergence.
Thermal properties of materials were defined in the
dependence on temperature (Fig. 8). The latent heat was
taken into account applying the method of equivalent heat
capacity. The solidus and liquidus temperatures for the steel
17 242 are TS=1280 °C and TL=1460 °C.
In agreement with experiment, the initial temperature of
the sample was supposed to be 30 °C. The heat extraction
from the sample during welding was neglected.

a = 3 mm
b = 5.5 mm
c1 = 2 mm
c2 = 7 mm

qv [W.m−3]

welding
direction

Fig.7. FEM model of welded sample with the detail of
generated mesh in the area of weld and heat affected zone
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Fig.9. Definition of the volume heat source according
the Goldak model

4.3. Results of numerical simulation
For illustration of temperature distribution in the sample
during welding, the temperature field in the time of 17.5
seconds is depicted in Fig. 10. At this time, the maximum
temperature of 1796.8 °C at the distance of 60 mm from
the sample beginning in the center of welding pool is
reached.

900
Thermocouple 2

800

Temperature [°C]

The Goldak model was applied for definition of the
thermal input to the weld with parameters according to
Fig. 9. The half axes of double ellipsoid are a = 3 mm and
b = 5.5 mm, half axes in frontal and rear quadrants are
c1 = 2 mm and c2 = 7 mm, respectively. Then, the
parameter f1 = 0.444 and f2 = 1.556. The effective power
Φ = 1211 W was computed taking into account the
supposed efficiency of electric arc of 85 %.

Thermocouple l

700
600
500
400
300
200

experiment
ANSYS

100
0

5

10 15 20 25 30 35 40 45 50 55 60

Time [s]

T [°C]

Fig.12. Time dependence of the measured and calculated
temperatures

Fig.10. Temperature distribution in the sample in the time
of 17.5 seconds
In the cross-sectional area perpendicular to the welding
direction at the distance of z = 60 mm, the maximum
width of molten zone is attained in the time of 18.5
seconds. The temperature dependence on the distance
along the top and bottom surfaces of the sample crosssection is illustrated in Fig. 11. According to this figure,
the partial melting of the weld root will occur what is the
basic assumption for a good joint formation.
Fig. 12 compares the time dependences of experimentally
measured and calculated temperatures. The mean relative
deviation of calculated temperatures for the position of
1700

z = 60 mm, t = 18.5 s

1600

TL = 1460 °C

Temperature [°C]

1500
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1400

TS = 1280 °C

1300
1200
1100
Temperatures along
top surface
bottom surface

1000
900
800
700
600
500

x
0

1

2

3

the thermocouple 1 is 5.8 %, for the thermocouple 2
reaches the higher value of 15.2 %. The higher error
observed for the location of thermocouple 2 is mainly due
to the time shift of measured and calculated temperatures.
The later rise of temperatures resulting from numerical
analysis is also evident for thermocouple 1. These results
indicate a possible breach of the prescribed welding speed
by manual welding during the experiment.
From the Fig. 12, the faster decrease of computed
temperatures after reaching the global maximum can be
seen for both thermocouples as well. The faster heat
extraction from the weld is related to the methodology of
modelling of the weld joint. The performed numerical
simulation supposed that the weld was filled by weld
metal during the whole welding time. Actually, the air
gap exists between experimental plates in front of arc
impingement. Due to the thermo-physical properties of
the air, the heat is taken off from the weld more slowly
than to the weld metal.
For more accurate simulations, it is necessary to apply the
methodology of progressive modification of material
properties for elements of the weld joint and replace the
“air” elements by weld metal depending on the welding
speed [17, 18].

4

5

6

Distance from the symmetry plane [mm]
Fig.11. Dependence of temperatures on the distance from
the symmetry plane along top and bottom surfaces of the
sample cross-section in the time of 18.5 seconds

In paper, the principal possibilities of definition of heat
input to the weld by electric arc welding are presented and
discussed. The attention is focused on the specification of
the heat input applying volume heat sources. The basic
models for setting the volumetric density of internal heat
sources to the simulation models of arc welding processes
are described.
The Goldak model is used for illustrative thermal
simulation and analysis of an arc welding process. To
obtain more accurate results, it can be recommended to
carry out comparative calculations using the finite
element mesh with higher density. The mesh density
should be increased especially in welding direction. In
performed simulation, the length of elements in welding
direction was 2 mm. The decrease of element length in
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the region of weld can contribute to the finer, more
accurate and more continual definition of the heat
generation to the single elements according to Goldak
model. On the other hand, it should be noted that the
increase in mesh density significantly influences
computing time and the size of result files and generally
requires high-performance computers.
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A VORTEX LATTICE METHOD
APPLICATION IN AERODYNAMIC
ANALYSIS AND DESIGN OF
LIGHT AIRCRAFT
Zoran STEFANOVIĆ
Ivan KOSTIĆ
Abstract: In initial stages of aircraft aerodynamic design,
it is common practice to apply fairly simple but reliable
computer packages, that enable engineers to perform a
large number of test runs in a reasonably short time. This
paper is mainly focused on the tests done by such
software, based on 3D vortex-lattice method, with an aim
to verify its capabilities to give results that properly
coincide with the existing airplane's data. For software
reliability tests, the popular domestic Utva-75 light
aircraft has been selected, for which a wide scope of wind
tunnel test results exist. Since the applied computational
model is based on inviscid flow concept, effectiveness of
the flaps and control surfaces, deflected to angles larger
than 5 degrees, are inherently overestimated. In order to
compensate for the omitted boundary layer influence and
separation effects, a set of calibration options has been
properly applied, the non-linear calibration diagrams for
their effectiveness and circulation influence have been
derived and very good agreements with wind tunnel data
have been achieved. The actual aim of defining software
calibration functions is to enable efficient prediction and
optimization of the large number of aerodynamic
characteristics for a new airplane of the same category,
during the first stages of its conceptual analysis.

considering the required resources and time for their
performing. In initial development phases, a large number
of possible airplane configurations, that should satisfy
assigned technical requirements, must be tested. So, in
this design phase, fairly simple CFD models should be
applied. On the other hand, accuracy of the obtained
results must still be as high as possible, or otherwise such
calculations might be misleading and counterproductive.
One of the ways to achieve this goal is to apply correction
factors or parameters, which empirically compensate for
the intentional simplifications introduced in the basic
calculation model. Depending on the airplane
configuration analyzed, these factors must be properly
defined and calibrated according to the existing data for
similar existing airplane designs, obtained from flight, or
wind tunnel tests.

2. PROBLEM FORMULATION
A 3D vortex lattice method has been considered as an
option for the basic aerodynamic analyses within a new
light aircraft concept study (in further text - NLA, see Fig.
1), at the University of Belgrade, Faculty of Mechanical
Engineering. As an appropriate existing counterpart, the
Utva 75 has been selected (Fig. 2).

Fig.1. The new light aircraft (NLA) conceptual study:
side view and transparent 3D CAD model

Key words: aerodynamic design, wind tunnel tests, CFD
analysis, software calibration

1. INTRODUCTION
Computational fluid dynamics (CFD) has become a very
powerful tool in operational aerodynamic airplane design.
It has enabled remarkable reduction in the required
number of expensive wind tunnel test hours. The CFD
analysis is inherently based on space and/or airplane
contour discretization [1,2]. Depending on the actual
airplane design stage, complexity level of the applied
discretization and calculation model must be optimized,

Fig.2. Popular domestic Utva 75 light aircraft
Utva 75 primary design has been done at Belgrade
Faculty of Mechanical Engineering, while detailed design
development and manufacturing were done by Utva
85

factory in Pančevo. Wind tunnel tests of this airplane
were performed in the year 1976, at the Aero-Technical
Institute VTI in Žarkovo (Belgrade), in large T-35
subsonic wind tunnel. This airplane has been successfully
operated for more than 30 years, both as a primary
military trainer, and as airplane for sport flying.
The wind tunnel test model of Utva 75 was made in scale
1:4. Tests had been done for different combinations of
flaps, ailerons, elevator and rudder deflections, in a wide
range of angles of attack, and at an average Reynolds
number of Re ≈ 1.39 × 106, defined with respect to the
wing chord [3]. Having in mind the reputation and
experience of the VTI Institute, these experimental results
are considered highly reliable for the purpose of here
presented analysis.
Considering the issue of the design similarities - both
NLA and Utva 75 are low wing airplanes with rectangular
wings, classical tail surfaces; tricycle landing gear, etc.
The primary differences between Utva 75 and NLA are
that the new light aircraft has:
 longer, narrower and thinner fuselage;
 smaller horizontal and vertical tail surfaces, positioned
at larger distance from the airplane's center of gravity;
 larger wing span;
 leading edge strakes at wing-fuselage juncture;
 flaps only in wing domains out of the centerplane;
 larger aileron span, etc.
In spite of that, keeping in mind that both airplanes are of
the same category and of the same general concept,
results of the CFD calibrations of Utva 75, with respect to
the existing wind tunnel data for this airplane, can be
readily applied for the NLA's CFD calculations with only
minor adjustments. Necessity for such an approach comes
out from the fact that wind tunnel tests are very expensive
and time consuming. They are generally not performed in
the conceptual and preliminary design phases, when the
airplane geometry has to be changed and readjusted many
times, to satisfy different, often mutually opposed
requirements of aerodynamics, structure analysis,
construction, power plant operation, equipment and
systems disposition, etc.
In this paper only symmetrical airflow cases will be
considered. The overall task of these analyses can be
summarized in the following global steps:
1. design full 3D models for vortex lattice calculations of
Utva 75 and NLA, which are compatible in the sense
of panel dispositions, densities and sizes with respect
to the physical dimensions (Fig. 3.);
2. using the vortex lattice method (VLM), perform the
analyses for exactly the same cases for which wind
tunnel tests had been done;
3. compare the "raw" VLM results with results obtained
by wind tunnel tests, and evaluate the causes and
sources of differences;
4. try to select and determine values of proper calibration
factors (considering the physical consistency of the
problem which should be solved) that will bring the
CFD results as close to the experimental values as
possible;
5. perform VLM calculations for the new light aircraft,
applying Utva's calibration factors, recalculated for
different airplane's geometry where necessary;
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6. compare VLM results for the new light aircraft with
results obtained by some existing, well recognized and
reliable semiempirical method, such as DATCOM [4].

Fig.3. Paneling of full 3D models for vortex lattice
aerodynamic analyses of Utva 75 and NLA
The steps 4 and 6 are the most important for the
evaluation of the tested vortex lattice method. In step 4,
calibration factors should enable numerical obtaining of
proper results for Utva 75, while in step 6, so determined
calibrations should give good agreement with results for
NLA obtained by a reliable semiempirical method.

3. CALCULATION PROCEDURE
The vortex lattice method VLM represents the wing (or
horizontal tail, vertical tail, etc.) as a planar surface on
which a system of horseshoe vortices is superimposed
(Fig. 4).
The velocities induced by each horseshoe vortex at a
specific control point are calculated using the law of BiotSavart [1,2]. The velocity induced by a vortex filament of
strength Γ n and a length of dl (Fig. 5) is:
uur r
uuur Γ n (dl × r )
dV =
4π r 3

(1)

while its magnitude is given by:
uuur Γ sin θ dl
dV = n
4π r 3

(2)

If we now consider a vortex segment of finite length AB,
if C is a point in space at a normal distance rp from line
AB, than magnitude of total velocity V induced at C by
this segment will be:

V=

Γn
4π rp

θ2

∫θ

1

sin θ dθ =

Γn
(cos θ1 − cos θ 2 )
4π rp

(3)

(according to nomenclature from Fig. 5).

Fig. 7. The system of free vortices of the NLA
The summation is performed for all control points to
produce a set of linear algebraic equations for the
horseshoe vortex strengths that satisfy the boundary
condition of "no flow through the surface", which this
panel represents, or the velocity tangency condition.
General form for the velocity induced in a control point
is:
r ur
ur ur
ur Γ n r1 × r2 ⎡ r ⎛ r1 r2 ⎞ ⎤
V=
(4)
r ur ⎢ r 0 ⋅ ⎜ − ⎟ ⎥
4π r1 × r 2 ⎢⎣ ⎜⎝ r1 r2 ⎟⎠ ⎥⎦
2
Fig.4. System of horseshoe vortices on wing panels

Suppose that the airplane VLM configuration is in a free
stream of the velocity V0 , at an angle of attack α . At the
ur
m-th panel, the induced velocity is V m (um , vm , wm ) . If the
side slope of the panel is denoted as ϕ (measured parallel
with the y - z plane), and if its longitudinal slope is δ
(measured parallel with the x - z plane), the velocity
tangency condition (free stream velocity plus induced) is
given by:

−um sin δ cos ϕ − vm cos δ sin ϕ + wm cos ϕ cos δ
+V0 sin(α − δ ) cos ϕ = 0

Fig.5. Nomenclature for calculating the velocity induced
by finite length vortex segment
Each panel is represented by a horseshoe vortex, which
consists of the bound vortex BC, positioned at the quarter
panel chord position, the two semi-infinite free vortices
BA and CD, and by the control point at 3/4 of the panel
chord, at its mid section (Fig. 6).

Fig.6. A single horseshoe vortex represents each panel

(5)

It should be noted that the vortex lattice method is based
on the planar presentation of the airplane configuration,
where in the case analyzed in this paper, the fuselage is
represented as a cruciform shape, with horizontal and
vertical plane contours. On the other hand, the influence
of actual mean surface cambers, incidences, dihedral and
twist angles, deflections of control surfaces and flaps,
must be taken into account. In other words, the airplane is
represented by the system of apparently flat surfaces, but
r
all panel normal vectors n at control points (see Fig. 6),
needed to determine velocity tangency conditions, must
be calculated using their true spatial angles (Fig. 8).

Fig. 8. Normal vectors of the NLA panels
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Fig.9. Airfoils, fuselage side contours, flaps and control
surfaces of Utva 75, applied in VLM calculations
To determine curvatures of the model mean surfaces, it is
necessary to define the applied airfoils and fuselage side
shape. For example, for Utva 75 (Fig. 9), coordinates of
the NACA 652-415 airfoil [5], constant along the wing,
had to be assigned. Also, coordinates of the fuselage side
projection, scaled to 90% of its maximum thickness (for
best match with wind tunnel data, according to general
recommendations), were used. Incidences of +20 for the
wing, and −20 for the horizontal tail, as on production
airplanes, were defined, as well as the wing dihedral of 60
and zero twist. Flaps and control surface deflections were
assigned as required by the analyzed case.
The vortex strengths are related to the lifting surface
circulation and the pressure differential dCP between the
upper and lower surface sides (according to the US
convention):
dCP = CPU − CPL

(6)

Pressure coefficients for the upper side CPU and the
lower side CPL of the panel are calculated as:
CP =

p − p0
q0

(7)

Fig.11. NLA at fuselage angle of attack αf = 80, flap
deflection τ = 300, and elevator deflection δe = 00
where p0 and q0 are free stream static and dynamic
pressures, while p is static pressure on the given panel
side.
Fig.'s 10 and 11 show the examples of the calculated dCP
for two symmetrical flight cases (load distributions are
same with respect to the plane of symmetry).
The pressure differentials are integrated to yield the total
forces and moments. In this paper, for the comparisons
with the wind tunnel data, the lifting force L and the
pitching moment M about the center of gravity were
considered, expressed in terms of their coefficients (where
S is the wing area, and cMAC it mean aerodynamic chord):
CL =

L
M
; CM =
1/ 2 ⋅ ρ 0 ⋅ V02 ⋅ S
1/ 2 ⋅ ρ0 ⋅ V02 ⋅ S ⋅ cMAC

(8)

4. RESULTS AND DISCUSSIONS
4.1. Clean configuration

Fig.10. NLA at fuselage angle of attack αf = 80, flap
deflection τ = 00, and elevator deflection δe = −300
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Initial comparisons of the wind tunnel data and VLM
results has been done for the "clean configuration" (which
means that flaps and control surfaces are not deflected) of
the Utva 75 airplane (Fig. 12). In all VLM analyses, angle
of attack αf , defined with respect to the fuselage axis, has
been varied in the range αf = −120 ÷ +100. Since VLM is
based on the potential flow model, no friction drag can be
calculated, and boundary layer effects can not be
simulated. Thus both CL and CM curves can be calculated
only in their linear domain, and angles αf > +100 have not
been considered.
The uncorrected results, obtained by VLM, have shown
very good agreement for the gradients for CL and CM
curves (dashed lines - see Fig. 13), but both curves were
shifted with respect to the wind tunnel points.
Unfortunately, in reference [3] it is not stated whether the
incidence angles of the wing and horizontal tail on Utva
75 wind tunnel model, during tests in 1976, were the same
as on the production airplanes. Thus the first calibration

parameter that was considered for VLM was the
incidence. Using trial-and-error (or reverse engineering)
approach, the incidence corrections of +0.90 for the wing
and +2.00 for the tail have been determined. With these
values, good gradients have been preserved, and perfect
match between wind tunnel and VLM results has been
obtained (Fig. 13). These incidence calibrations have been
preserved and applied in all other VLM analyses.

Fig.14. Elevator influence on dCP: Utva 75 at αf = 80,
with calibrated elevator, deflected 200 down

Fig.12. VLM - clean configuration of Utva 75 at αf = 80

Fig.15. Utva 75, elevator deflection δe = −300

Fig.13. Comparison of wind tunnel data and VLM results

4.2. Elevator deflections with flaps retracted
The next set of cases analyzed was Utva 75 configuration
with elevator deflections in range δe = −300 ÷ +200 (same
as on production aircraft), without the deflection of flaps.
Neglecting the boundary layer effects, VLM inherently
overestimates control surface effectiveness. An attempt to
apply some generalized corrections, such as suggested in
reference [6], failed to give satisfactory matches with the
wind tunnel data for Utva 75.

Fig.16. Utva 75, elevator deflection δe = −200
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It is also obvious that the differences between
uncalibrated VLM results and experimental data are not
the same for the same positive and negative deflections.
Values of the elevator calibration factor ηe as a function
of elevator deflection angle δe that have been determined,
and gave very good match with the wind tunnel test data
(Fig.s 15 ÷ 19), are shown in Tab. 1.
Tab. 1. Utva 75 elevator calibration factor ηe
Elevator calibrations for zero flaps deflection case
−200
−100
00
+100
+200
−300
δe

ηe

Fig.17. Utva 75, elevator deflection δe = −100

0.60

0.75

0.90

0.0

0.82

0.70

From this table it can be seen that elevator effectiveness
decreases with the angle of deflection, in a manner which
is both nonlinear and asymmetrical, with respect to the
elevator's neutral position.

4.3. Flap deflections
Utva 75 wind tunnel test data exist only for flap
deflections of τ = 250 and τ = 450 (on production airplanes
available flap deflections, adopted after a series of flight
tests, are τ = 200 and τ = 300).

Fig.18. Utva 75, elevator deflection δe = +100

Fig.20. Examples of a plain flap and a slotted flap [5]

Fig.19. Utva 75, elevator deflection δe = +200
From Fig.s 15 ÷ 19 it is obvious that, without calibrations
applied, moment and lift gradients are practically the
same as from wind tunnel tests. On the other hand, VLM
moment curves are shifted from experimental values to
quite a large extent at higher elevator deflection angles,
while elevator deflections have reasonably small
influence on the lift coefficient.
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On Utva 75, the single slotted flaps type is applied (Fig.
20), and the same type of flaps is considered for the NLA.
The VLM treats flaps in the same way as the control
surfaces - as simple plain flaps (Fig. 20). Principal
difference between the two types is that the plain flap
simply rotates about the hinge axis in its nose, while
slotted flap rotates about the axis which is below it,
outside the wing structure. This way, a convergent gap
between the slotted flap and the wing structure appears.
The air that flows through it accelerates and energizes the
boundary layer, which stays longer attached to the upper
flap surface, thus generating higher lift than plain flap.
In this case calibration was more difficult, because it was
a "two degrees of freedom" problem. On one side, drop of
efficiency with increase of flap deflection had to be taken
into account; on the other, higher lift generated by slotted
flaps had to be taken into account by additional
circulation calibration.
Fig.s 21 and 22 show that both types of calibrations
applied have almost no influence on moment coefficient
VLM results, which are good for τ = 250, and tolerable

(for the preliminary analyses) for τ = 450, compared with
wind tunnel data.

4.4. Calibration diagrams
The key purpose of previous analyses was to generate
diagrams that can be used for determination of calibration
factors for VLM calculations, for any other case within
the analyzed scope of elevator or flap deflections (Fig.s
23 & 24).

Fig.23. Calibration factor for elevator
Fig.21. Utva 75 - slotted flaps deflected at τ = 25

0

Fig.24. Calibration factors for flaps

Fig.22. Utva 75 - slotted flaps deflected at τ = 450
Unlike that, the uncorrected VLM results for the lift
coefficient show very large discrepancies with
experimental data. The first type of calibrations, applied
for efficiency, have shifted the CL curves toward smaller
values, closer to wind tunnel results domain, but gradients
have remained incorrect. The circulation calibrations have
shown the tendency to influence the lift curve slopes.
After a while, simultaneous combinations of effectiveness
ηf and circulation calibration Cirf factors have been
defined, which have given very good agreements of VLM
lift coefficients, compared with those from the wind
tunnel tests (see Fig.s 21 and 22, and also Tab. 2).
Tab. 2. Utva 75 flaps calibration factors

τ=0

τ = 25

ηf

0.0

0.64

0.52

Cirf

0.0

1.25

1.32

0

that of Utva 75. Thus, the circulation calibration factor for
NLA has been obtained by scaling Utva's Cirf by 0.723.
This approach has given very good agreement between
results for NLA obtained by VLM calculations and
DATCOM method, within the linear domain of CL - α
diagrams (details of these calculations exceed the scope of
this paper). Fig. 25 shows the comparison of VLM and
DATCOM results obtained for the NLA, with flaps
retracted, and flaps deflected to τ = 200 and τ = 300.

5. CONCLUSION

Factors

0

Of special interest is the possibility of their application for
new similar airplane designs. Considering elevator
influence calculations on aerodynamic characteristics of
the NLA, at the preliminary design level, calibrations for
Utva 75 could readily be applied for the new light
airplane. The same stands for the flap effectiveness,
keeping in mind that the same general flaps type has been
under consideration. Unlike that, the relative wing area in
the flaps domain ( S f / S ) of NLA is 27.7% smaller than

τ = 45

0

This paper presents results of an analyses of the capability
of a 3D vortex lattice code (on a trial version level) to
give results that are satisfactory for the operational
conceptual and preliminary aerodynamic analyses of
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complete airplane configurations, with different flaps and
control surface deflections. Such methods are fairly
simple and very suitable for quick analyses of many
possible design arrangements that should satisfy the
posted aerodynamic requirements. On the other hand, due
to intentional simplifications introduced in the calculation
model, primarily by neglecting the effects of viscosity, the
uncorrected results may show certain discrepancies, when
compared with the wind tunnel or flight test data. They
can particularly be noted in case when flaps and control
surfaces are deflected.

simultaneous calibrations, for effectiveness and
circulation, had to be applied and they also gave very
satisfactory results.
Only with minor required adjustments, these calibrations
have been applied on the new light aircraft VLM model.
Results obtained for the lift and aerodynamic moment
coefficients of this airplane have been compared with
very reliable DATCOM method calculations, and also
good agreements have been achieved for different
elevator and flap deflections.
By this it has been verified that the analyzed vortex lattice
method, when adequately calibrated using existing
experimental data for a given airplane category, can
successfully be applied in initial analyses of similar
airplanes, and can give very reliable and operationally
applicable predictions of aerodynamic characteristics,
much before expensive and time consuming wind tunnel
tests of a new airplane are undertaken.
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human anthropometric characteristics and dynamic
interaction between man and machine is called the
human-centered design.

APPLICATION OF DIGITAL HUMAN
MODEL IN THE DESIGN OF
TECHNICAL SYSTEMS
Slavko MUŽDEKA
Aleksandar KARI
Dragan BOROVČANIN
Abstract: An important part of the development of
technical systems which are in interaction with a man
must meet appropriate ergonomic requirements. These
requirements are related to site operators, access control
elements, look, microclimatic conditions, noise, vibration
and so on. Bearing in mind that today the development of
technical systems is almost exclusively carried out in a
virtual environment, there is a need for modeling of the
human figure and its embedding in the CAD model of the
system.
This paper presents an overview of the development of
computer models of human figures and solutions in this
area within the programming environment Pro/Engineer.
The Manikin module developed within the programming
environment provides anthropometric support for
engineers so that they can develop technical systems
which interact with a man. The possibility of applying a
human figure digital mode is shown through concrete
examples related to the motor vehicles development.
Key words: CAD, digital human model, Pro/Engineer
Manikin

1. INTRODUCTION
The process of globalization and increased competition in
the global market impose the need for modern products in
order to meet more requests than ever before. In addition
to functionality and aesthetics, the products have to meet
stringent ergonomic requirements. Ergonomic requirements should provide products that operate in accordance
with the requirements of the human body, so that a man is
as less tired and has as much comfort as possible when
uses the product. In addition to requirements in relation to
products, ergonomic requirements have a great influence
on the design factory. In this way, the possibility of
dangerous situations is reduced and the effectiveness of
human labor is increased. Design approach based on the

The human-centered design approach to design depends
on the degree of development of CAD human figure
models and possibilities of these models. The first modern
CAD human figure models enabled the simple geometric
analysis and simulation based only on the human figure
model, without interaction between products and human
models. As a result, there were difficulties in the
application of ergonomic design methods in the
traditional approach to design and relatively large
presence of access based on physical prototypes and
methods of trial and error.
Modern CAD/CAM/CAE systems provide support for
human-centered design in extent and in a manner that it
meets the primary purpose of certain software. Integrated
software packages (Pro/Engineer [1], CATIA [2]) that
provide complete solutions for PLM (Product Lifecycle
Management) have developed human figure models
which meet the requirements in relation to the geometrical
analysis and models of human interaction with the
environment - product, tool and so on. The second group
of software packages (e.g. SIMM [3], LifeMOD [4]) is
specialized for the simulation of human movement and
muscle activity. In order to ensure as much as possible
design based on the human-centered design approach, it is
clear that for the integrated product development, both
models must be used. Research activities related to the
human-centered design are realized in the following areas
[5]:
 Human body modeling.
 Human motion and muscle force simulation.
 Design environment for modeling both human body
and product
The paper will give a brief overview of the current
situation regarding the first two issues, and solutions in
this domain, offered by the software environment
Pro/Engineer.

2. HUMAN BODY MODELING
The human models used for human-centered design can
be classified into four categories:
 simple geometric models,
 multi-body models,
 finite element models and
 hybrid models that combine multi-body and finite
element models.

2.1. Simple geometric models
Simple geometric models of the human body are often
used for design of the custom-tailored products,
performance of the simple ergonomic analysis for
applications like reach evaluation, and creation of
animations. Geometric models of the whole human body
or its parts are obtained by scanners or section data from
computer tomography or laser bean scanners. The
scanned data are usually triangulated and the anatomical
features are represented as a facet model.
93

2.2. Multi-body models
The musculoskeletal systems of a human body are usually
modeled as a set of rigid bones connected by joints. These
joints include muscle-tendon actuators that span the joints
and develop force, thus generating moments about the
joints. These models allow passive simulation as well as
active simulation (inverse and forward dynamics). Multibody models can be used in impact simulation and
analysis, ergonomics, comfort study, biomechanical
analysis, movement simulation and analysis, and surgical
planning.

up of 38,000 elements and 29,000 nodes. They also
developed finite element models of other parts of a human
body, such as head and neck, thorax, abdomen, spine,
pelvis and hip, and knee.
HUMOS-1 & HUMOS-2 models
HUMOS [10] is a full human body model that was funded
by the EU and developed by a consortium of European
car companies, research institutes, universities and
software vendors. HUMOS-1 shown in Fig. 1 is a male
human model in driving position close to the 50th
percentile.

MADYMO [6] provides a series of multi-body models
whose geometries are represented as ellipsoids or facet
surfaces. LifeModeler [4], developed by the Biomechanics Research Group, is another commercially
available human motion simulation program that uses
ADAMS (Automatic Dynamic Analysis of Mechanical
Systems) as a dynamics solver. It provides a default
multi-body model of the human body that can be
modified by changing anthropometric sizes. Another
commercially available software known as AnyBody [7]
is similar to LifeModeler, in that that it provides the
simulation of the human body motion with the human
body stored in the program.
The Neuromuscular Biomechanics Lab (http://www.stanford.edu/group/nmbl/) at Stanford University created a
software package called SIMM (Software for Interactive
Musculoskeletal Modeling). This software enables users
to develop, modify, and evaluate models of
musculoskeletal structures. In SIMM, a musculoskeletal
model consists of a set of body segments that are
connected by joints. The joints are modeled using
detailed, accurate kinematics functions, or simple pin or
ball-and-socket joints. The model includes muscle-tendon
actuators that span the joints and develop force, thus
generating moments about the joints. This software can be
used for biomechanical analysis, movement analysis,
surgical planning, and ergonomics.

2.3. Finite element models
Finite element models of a whole human body, or its
parts, can be used for evaluation of a product’s effects on
the human body during use. The following summary
displays characteristic solutions of mentioned models.
WSU model
The Wayne State University (WSU) Bioengineering
Center (http://ttb.eng.wayne.edu) is one of the pioneers in
human modeling. The WSU Human Injury Investigation
Model was developed for use with simulation programs
such as MADYMO, LS-DYNA [8] and PAM-CRASH
[9].

HUMOS-2 models [11] are successors of HUMOS-1
models. They also provide the positioning tool in order to
put the human models in a proper pose for each specific
application.

The WSU Bioengineering Center also determined a
unique data set to simulate head impact. The data set
contained a geometric mesh which described all the
components of the head, including the scalp, skull, inner
brain membranes, and hemispheres of the brain,
cerebellum, brain stem, ventricles, cerebrospinal fluid,
and bridging veins. All of these components were made

THUMS models
THUMS (Total Human Model for Safety) is a family of
human models developed by Toyota Central R&D Labs
(http://www.tytlabs.co.jp/eindex.html).
Each
model
contains more than 80,000 finite elements and 60,000
nodes [12]. THUMS also provides a brain model to
simulate a brain injury.
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Fig.1. HUMOS-1 model

H-Models
The H-Model family was developed at the Hong-ik
University in Korea with the IPSI/ESI partner companies
for impact biomechanics, pedestrian impact and riding
comfort.

2.4. Hybrid Models
Sometimes, finite element models require too many
calculations and the associated simulation may not serve
as a good design tool. In this case, hybrid models which
combine rigid bodies and finite elements are used. Fig. 2.

4. HUMAN-CENTERED DESIGN USING
Pro/ENGINEER
Pro/ENGINEER is one of the world's leading CAD
systems that provides full support for PLM approach to
development of technical systems. For the purpose of
supporting human-centered design development of
products within this package there is a developed Manikin
module. The basis of this module makes the multi-body
model of a human figure developed in accordance with
ISO/IEC 19744 H-ANIM (Human animation) standard.
A Pro/ENGINEER manikin is an actual Pro/ENGINEER
assembly. The manikin assembly contains multiple subassemblies that comprise the various limbs of the human
body, including the head, trunk, arms, and legs. These
limb sub-assemblies consist of further sub-assemblies that
comprise the individual segments of the limb. For
example, an arm sub-assembly consists of the hand,
forearm, upper arm, and clavicle.

Fig.2. Hybrid models that are mixtures of rigid bodies
and finite elements.

3. HUMAN MOTIOIN AND MUSCLE FORCE
SIMULATION
As mentioned in the previous section, there are many
commercially available simulation software products,
such as LifeModeler, MADYMO, AnyBody, and SIMM.
These all basically provide generic models for the human
body and allow the user to scale the human model,
position it to the same position as that in operation, and
solve the dynamic equation by using rigid dynamics
solver or finite element analysis code. The results of the
simulation are human motion, force exerted by the
muscles, and stresses or strains at the desired location of
the human body. From these results, the comfort or ease
of operation can be estimated for a given task. Figure 3
illustrates the example output of some simulations.

a)

b)

c)
Fig.3. Injury simulations: (a) Falling, (b) Bungee
jumping, (c) Car crash

Each limb and limb segment is assembled using
connection constraints containing degrees of freedom,
enabling it to mimic the human body’s actual movements.
It is these connections and degrees of freedom that enable
you to design products including the movements and
limitations of the human body. Manikin assemblies
cannot be modified. This is to prohibit you from
assembling the arm of a woman on a male manikin, for
example.
Pro/ENGINEER’s manikins can be retrieved from the
Pro/ENGINEER Manikin population data. You can select
from the Manikin population data, which contains
percentile manikins including the 5th, 50th, and 95th
percentile human manikins, for multiple countries and
both genders. It also contains both a 5 and 10-year old
50th percentile USA male child. The 5th, 50th, and 95th
percentile manikins are typically the three body types a
designer is asked to validate his design against.
A percentile manikin’s height and weight are greater than
the population percentage specified. For example, a 95th
percentile male manikin has greater height and weight
than 95 percent of the male population. The
Pro/ENGINEER percentile manikin has defined mass
properties that make it equivalent to a real human being in
that percentile [13]. Figure 4 illustrates the example of
man, woman and child manikin.
Manikin module offers the following activities:
 Interaction with the environment and Manikin
 Analysis of the influence of anthropometric
characteristics
 Analysis of a reach envelope and vision cone
 Vision window analysis
 Analysis of movement
Interaction with the environment and Manikin
Manikin model interaction with the environment in which
the model is inserted, is achieved through the restrictions
that provide connection of the limbs with the parts of the
environment. Special limit is defined by the point view.
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Frontal view (Fig. 6) shows the position of the driver in
the vehicle and the position of managing the change gear.

Fig.6. Manikin model in truck cab - frontal view

Fig.4. Man, woman and child manikin in Pro/Engineer
Linking of extremities is done on the parts of hands and
feet, and for determining the point of view an additional
technical element, such as straight line, that simulates the
direction of view, is used. In order to provide analysis of
human interaction with the environment there is a
possibility to capture characteristic postures that are used
for validation of the quality of interaction between
manikin and the environment. Manikin module contains
library of characteristic position of all figures (macro
positions), and limb position characteristic for different
working operations (micro-sites) - capture, push buttons
and the like.
Figure 5 and 6 shows the Manikin model placed in the
truck cab. The side view (Figure 5) shows the position of
the driver's commands with his feet and hands on the
steering wheel.

Fig.5. Manikin model in truck cab - side view
96

Analysis of the influence
of anthropometric characteristics
When designing products that interact with a man or plant
design it is very important to enable the analysis of the
possibility of using the system by the operator of different
anthropometric characteristics. Using the Manikin model
with anthropometric characteristics of different
populations, as well as a variety of sizes within a
population percentile, provides the possibility of adjusting
the product ordering.
The possibility of analyzing the influence of
anthropometric characteristics is especially important for
products where space is limited to operators, such as
combat vehicles. Figure 7 shows the layout of the crew in
infantry combat vehicle, and Figure 8 shows the position
operators of different characteristics in the turret of
combat vehicle.

Fig.7. Schedule crew in infantry combat vehicle

95th percentile manikin
50th percentile manikin
5th percentile manikin

four types of Vision Cones - peripheral, binocular,
optimal and accurate. Figure 10 shows the optimal and
accurate vision cone on the example of truck drivers.

Fig.10. Vision Cones of truck drivers

Fig.8. The position of 5th, 50th and 95th percentile
manikins in a combat vehicle turret
Analysis of reach envelope and vision cone
Manikin model is able to display a reach envelope and
vision cone. The reach envelope which identifies items in
the environment fall within the manikin's reaches. This is
particularly important in designing the workplace, as in
this way the possibility of placing control elements in the
reach envelope of a man particular position is provided.
Reach envelope, for example, provides support for the
deployment of the command in the cabin of the vehicle.
Figure 9 shows the reach envelope of driver and
command that is outside the specified envelope in the
normal position of the driver while driving. This position
command is only acceptable in the situation when the
command is intended for the implementation of
management actions at idle vehicles.

Vision window analysis
Vision window analysis provides insight into that part of
the environment seen by the Manikin model. Vision
window displays a picture of the environment from the
perspective of manikin model. It helps you validate the
environment's design intent by ensuring that a person can
see what is required to perform the task. Figure 11 shows
the view of the vehicle dashboard from the perspective of
the 5th percentile and 95th percentile manikin.

Fig.11. View of the vehicle dashboard from the 5th and
95th percentile manikin
Fig.9. Reach envelope of driver
Analysis of the vision cones has great significance in
designing technical systems in which one operator (such
as automobiles, machinery, etc.). Manikin model contains

Motion analysis
Motion analysis is a very important part of using digital
human models. Manikin model allows the designer to
perform validation of intent regarding the manikin model
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of interaction with the environment. Manikin model can
form with the environment the appropriate connections
across the limbs or other body parts, as well as across the
direction of view. In this case, the movement of the model
causes the movement of environment. In that way, the
validation of actions performance by the operator is
enabled.

5. CONCLUSION
Application of digital human models in the design of
technical systems provides significant improvement of the
design process and contributes to better use-quality
technical system that is evolving. Different types of
digital human models that provide a variety of analysis
concerning environmental impact on a human, and human
impacts on the environment, enable that the process of
designing the system in all phases is in accordance with
the principles of human centered design.

Computer Methods in Biomechanics and Biomedical
Engineering, Vol. 6, No. 4, 2003, pp 263-273.
[11] VEZIN, P., VERRIEST, J. P., Development of a set
of numerical human models for safety,
http://wwwnrd.nhtsa.dot.gov/pdf/nrd-01/esv/esv19/
05-0163-O.pdf
[12] OSHITA, F., OMORI, K., NAKAHIRA, Y. and
MIKI, K., Development of a finite element model of
the human body, 7th International LS-DYNA Users
Conference, 2002.
[13] Manikin using Pro/ENGINEER Wildfire 4.0 – elearning course, https://precisionlms.ptc.com

Digital human model in the Pro/Engineer programming
environment is one of a group of multi-body models that
allow different anthropometric analysis, and analysis of
the interaction between human model and an environment
that is evolving. Base of different models with various
anthropometric characteristics as well as macro and micro
position of the body is solid support for the development
of technical systems, which operate in the interaction with
a human.
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DAMAGE TOLERANCE OF AIRCRAFT
SANDWICH STRUCTURE – PRINCIPLE
«FAIL-SAFE»
Darko TUMANOV
Biljana MARKOVIĆ

Abstract: Fatigue represents progressive fracture
mechanism and degradation of material characteristics
starting from the first phase. Ensuring of airplane
construction from catastrophically fracture influence due
to fatigue requires specific theoretical approach and
developing of additional security actions. “Fail-safe”
design principle, which represents adequate security after
defined level of defect, reduced problem concerning
fatigue from security to economic level. The aim of this
work is to help design engineers to better understand
problem concerning fatigue, crack widening and “failsafe” design principle of airplanes. For that purpose, two
methods were analyzed to identify and estimate damage
tolerance of sandwich structure, which paralel results
were discussed in this work.

besides necessary practical results obtained during
designing of critical breakable strength.
Principle of designing of reliable (“fail-safe) construction,
i.e. of construction that has sufficient security/stability
after specific level of damage, represents the way to
reduce the fatigue material problem from the level of
reliability to economic level. Although, by using concepts
of reliability, this problem is reduced from very
dangerous to moderate economic level, material fatigue is
of crucial importance. Practical experience, analysis and
inspection of airplane structure must prove that
construction has satisfying fatigue strength, regardless of
the fact that it is designed to maintain working ability
even when other elements go wrong. Aircraft design
process includes a number of mutually linked work
phases that are illustrated in flow information diagram
shown on the Figure 1. During the preliminary evolution
phase the customer in cooperation with manufacturer
prepares flight-technical demands and agreed conditions.
During the design evolution phase the conditions are
being set, the main face-loads are being counted as well
as the loads of internal elements or parts, and allowed
security reserves of elements and parts are being
determined. Material and elements laboratory tests enable
designed security borders to be fortified in order to ensure
that airplane will pass program of approval and
verification.

Key words: fatigue, aircraft, design of construction,
sendwich structures
Fig.1. Aircraft Design, Development and Certification

1. INTRODUCTION
Ensuring of aircraft constructions from catastrophic
impact fracture due to material fatigue requires specific
theoretical approach and developing of additional security
actions. Although the obtaining of numerical solution of
durability issues due to material fatigue is impossible for
now, there are sufficient numbers of steps that can be
undertaken in order to reduce the intensity of failures.
Fatigue of material represents function of more variable
characteristics. Established conditions for strength must
indicate on control of many characteristics during design
and production that effect characteristics during material
fatigue. Planning and design, quality control during
production, analysis, testing, checking and technical
inspection of airplane enable achieving characteristics of
high level during the fatigue. The nature itself of those
characteristics requires comprehensive devotion to this
subject as well as development of detailed analysis

2. “FAIL-SAFE” AND “SAFE-LIFE” DESIGN
PRINCIPLES
Approval and testing phase is consisted of static test,
fatigue test, testing of reliability (“fail-safe”) and testing
during the flight, while the customer’s technical
requirements, e.g. federal administration regulations for
USA aviation (FAA) must be not only satisfied but also
exceeded.
When all required tests are done, airplane is ready for use.
During the phase of exploitation airplane must be
maintained by using specified/prescribed examination,
maintenance system and audit process. In order to ensure
satisfying performances of airplanes during exploitation,
construction is designed for four main defect forms/shape:
 Max static endurance,
 Construction endurance due to material fatigue,
(crack creation),
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 Damaged construction endurance during material
fatigue (examination interval),
 Internal static endurance of damaged construction.
Use the term safe (“safe-life”) and reliable (“fail-safe”)
structure can lead to the conclusion that there are two
ways to create set design, although they are not extremely
different.
Both the concepts of designing structures are equally
necessary for the production of aircraft that will be
structurally safe and satisfactory exploitation. As critical
rupture volume calculation takes into account the total
normal and tangential stress in determining the strength,
so the adequate assessment of material properties due to
fatigue, includes resistance of construction on spread
crack structure due fatigue to fracture. The constructor
has one main goal in relation to the study of fatigue
properties of materials: the creation of structure which has
a high degree of reliability and safety in the period of
exploitation.
Therefore, the principle of construction in relation to
fatigue includes the concept of a trusted (“fail-safe”) and
safe (“safe-life”) structure as is shown in Figure 2

Fig.2. Fatigue Design Philosophy
Material fatigue is a mechanism of progressive
destruction and the gradual deterioration of the quality of
material coming in the first cycle. Degradation/damage
progressing to the final crack creation, to then crack
spread until this process does not come to a complete
destruction (Figure 3). The total lifetime from the first
cycle to a complete destruction, can be divided into three
phases:
(a) The initial interval of lifetime, in which the complete
destruction can occur only if the workload greater than
the critical failure strength, i.e. time of crack creation
which tends to reduce the projected durability. This
time interval is typically defined as the period when
fatigue endurance or interval of secure (“safe-life”)
use.
(b) A time interval, the interval after a secure (“safe-life”)
use, in which to complete the destruction may occur
even when the workload is below of the critical failure
strength, with reduced strength due to the creation of
small crack is a function of material toughness.
(c) The final interval of life in which to complete the
destruction may occur even when the workload is
below the critical failure strength; a reduction in
endurance is a function of material toughness and
reduction in area due to crack growth.
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Fig.3. Progressive failure of a Structural Element
Interval of reliability (“fail-safe”) consists of elements (b)
and (c) together. The length of this interval is a function
of speed reduction in the internal static endurance, speed
of crack spread and conditions of strength, placed on the
concept of reliability, which limits internal strain to
prescribe the border strain.
Interval of reliability (“fail-safe”) refers to the time
between examinations. This means that the crack, to
whose creation may occur after the review, will not
spread to the critical length, i.e. that the value of internal
stress will not decrease below the spreadsheet value set on
the concept of reliability, before the next review, in case
to crack discover.
Parts of structures that have a short interval of reliability
(“fail-safe”) and where local reinforcement structures are
not practically feasible, for example landing gear system,
are called safe (“safe-life”) construction. On the other
hand, parts of structures that have ultimate reliability
interval (“fail-safe”) and usually contain a local structure
reinforcing elements, as for example, spar and sheeting
wings or frames and buttock with plating troops, are
marked as reliable (“fail-safe”).
The goal of good construction of the aircraft in relation to
fatigue is to achieve a safe use interval (“safe-life”),
which would be equal to the projected operating aircraft
lifetime. From the view of statistical point, interval of safe
use (“safe-life”) can be defined as the initial interval of
lifetime, at which the probability of crack creation has
acceptable small size. During the destruction caused by
fatigue, during this interval, occurs only to the crack
creation, and don’t a complete fracture. Optimal design
with respect to fatigue, provides a high probability of no
failure work (“safe-life”) in order to achieve operational
readiness and economic viability, and a reasonably long
interval of reliability (“fail-safe”), and somewhat
economical maintenance of the system, by reducing the
frequency of review . On the other hand, the problem of
fatigue has to be observed from the perspective of the
composite materials usage, which has been used for many
years in the Air Force. The application of composite
materials allows significant savings and a smaller initial
investment for the end user.
Saving by the application of composite structure is
achieved at the expense of increased energy efficiency
due to the minimization of mass and at the expense of

prolonged lifetime of structure, because of high resistance
to fatigue. However, problems may arise because of
properties of composites that less receiving concentrated
load (number of holes in the structure, sudden impacts,
etc.), which can has influence to the occurrence of initial
damage. Therefore, solving the problem of fatigue, as
well as lifetime of composite structures, requires a
complex approach.

3. EVALUATION OF SANDWICH
COMPOSITE STRUCTURE DAMAGE
TOLERANCE
Review of damage tolerance of composite sandwich
structures is particularly interesting for us because the
application of these structures in the construction of the
aircraft is rapidly increasing. These structures provide an
efficient method to increase stiffness without significant
weight gain.
Composite sandwich structures have found a wide
application of the most constructive because of its relative
advantages over other structural materials, in terms of
improved stability and weight savings. Sandwich plates
and shells are multi-layered structure consisting of one or
more rigid layers of high strength, which bordering one or
more flexible layers (core), as shown in Figure 4. While
beginning in the design of composite sandwich structure
was in pretty good level, less progress has been made in
understanding the adverse events during the exploitation
of the structural integrity of these structures. This
understanding becomes more important if these structures
are applied to structures where the structural durability
and damage tolerance of the primary characteristics
(aircraft or automotive industries).

Fig.4. Typical Sandwich Composite
Construction Form
Damage tolerance of such structures is in fact more
complex than in traditional structures. In addition to the
typical damage related to the penetration and
delamination, added to the models of spray core, severing
the connection between the external plating, twisting
fiber, etc. Impact can cause damage to only one mold,
while others remain intact, thanks to the distribution of
stress on the surface of damaged formwork. Nuclei absorb
and retain moisture, which causes the reduction of
mechanical properties and weight gain structure. The
current research can be divided into two main areas:
 Resistance to damage
 Damage tolerance.
Resistance to damage is engaged in the creation of
damage under specific conditions. This involved various
plating materials and positions of face sheets, the type and

thickness of the core and the boundary conditions
sandwich structure. Damage tolerance refers to the
reaction (response) structure with respect to a given type
of damage. The nature of the sandwich structure increases
the complexity of the problem. For the design of aircraft,
the technical challenge is to adequately predict the
remaining strength of damaged composite sandwich
structure.
The small energy impacts induce local damage to the
sandwiches (shooting fibbers, resin spraying, plating and
external delamination of face sheets and core, core spray,
etc..), and can be attributed to many common discrete
sources (falling tools, impacts during the transportation,
bird impacts or other unexpected impacts). In this study
the subject of consideration are damages from impacts of
small power and low speed. Effects of process which
induce damages, such as porosity, cavities and small
stratification, as well as catastrophic damage caused by
high energy impacts, or similar events, this study did not
take into consideration.
For the purpose of illustration, this paper provides an
example of determination and assessment of damage
tolerance of composite sandwich structures. That is so
called - response surface method, which can be use to
cases of damage due to impacts of low-speed and low
energy.

3.1. Damage tolerance characterization using
experimentally determined response surfaces
Characterizing the thermo-mechanical response of
sandwich composites with varying levels of impact
damage is a crucial issue in the development of a damage
tolerance plan for composite structures. Foreign object
impact damage in sandwich composites may result in
drastic reductions in strength, elastic modules, and
durability and damage tolerance characteristics.
The motivation for this study is the development of
empirically based models (i.e., “response surfaces”) that
isolate the influence of key sandwich configuration
parameters (e.g., number of face sheet plies or face sheet
thickness, core thickness, and core density) and impact
parameters (e.g., impact energy, spherical impactor
diameter, and impact velocity) on the damage tolerance
characteristics of sandwich composites. The focus of this
examination is on sandwich composites comprised of
plain weave carbon-epoxy face sheets and Nomex
honeycomb cores subjected to ‘’compression after
impact’’ (CAI) loading.
The influence of material configuration and impact
parameters on the damage tolerance characteristics of
sandwich composites comprised of carbon-epoxy woven
fabric face sheets and Nomex honeycomb cores was
investigated using empirically based response surfaces. A
series of carefully selected tests were used to isolate the
coupled influence of various combinations of the number
of face sheet plies, core density, core thickness, impact
energy, impactor diameter, and impact velocity on the
residual strength degradation due to normal impact. The
development response surfaces for the compressive
residual strength may have limited use, particularly as the
measured data at low-energy impact levels, small
impactor diameter, and thin face sheets exhibit significant
scatter.
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Table 1. Sandwich configuration and impact parameters
Natural Values
Material
Variables

3

densities (X2 = 3.0, 4.5, 6.0 lb/ft ), and core thicknesses
(X3 = 3/8, 3/4, and 9/8 in) were considered in this
examination. The ranges of material system variables are
typical of those found in common sandwich panel
applications. In addition, three different impact energies
(X4 = 90.0, 120.0, 150.0 in-lbs), impactor diameters (X5 =
1.0, 2.0, 3.0 in), and impact velocities (X6 = 65.21, 96.3,
127.39 in/s) were considered in this study.
The impact parameters correspond to typical low-velocity
impacts associated with relatively blunt objects. Note that
each sandwich configuration and impact variable, Xi (i =
1, 2,.., 6), assumes low, midrange or centre point, and
high values which are collectively referred to as the
natural values of the independent variables used in this
study. Table 1 summarizes the range of material and
impact parameters considered in this effort. In addition,
the face sheet thickness may be characterized in terms of
the number of plies (2, 4, 6) associated with each face
sheet configuration.
(TTU) A C-scan measurement was used in order to
determining the degree of impact damage that is induced
in sandwich panels. TTU C-scan measurements provide a
two-dimensional (2D) image of the projected area of the
impact-damaged region, as shown in figure 5. The
damage region may be characterized either in terms of the
area of the C-scan image or in terms of the diameter of the
damaged region, D, measured normal to the direction of
the applied CAI loads.
The CAI residual strength of such sandwich composites
correlated well with the projected damage area based
upon TTU C-scan measurements for normal impacts
involving a range of impactor diameters and impact
energies.

Three distinct sets of experiments were conducted to
isolate the effects of:
1) Sandwich configuration/lay-up parameters (X1 through
X3);
(2) The number of face sheet plies (X1), impact energy
(X4), and impactor diameter (X5); and
(3) The number of face sheet plies (X1), impact energy
(X4), and impact velocity (X6)
on the damage tolerance characteristics of sandwich
composite panels. In each set of experiments, three of the
independent variables were tested at the low, centre point,
and high natural levels defined in Table 1, while the
remaining independent variables were held fixed.
Based on a number of carefully selected experiments,
statistically
reliable
polynomial
expressions
characterizing the impact damage response of sandwich
composites may be determined as a continuous function
of relevant test parameters.

Impact variables

In this study, symmetric flat composite sandwich panels
comprised of plain-weave carbon fabric preimpregnated
in epoxy resin (NEWPORT NB321/3K70P) face sheets
and Plascore Nomex honeycomb (PN2-3/16-3.0/4.5/6.0)
cores (test section dimensions, 8.0 in x 8.0 in) with
clamped edges were subjected to drop-weight vertical
impact with a spherical steel impactor followed by CAI
testing. Three different face sheet configurations, (X1 = 2
plies [90/45]1, 4 plies [90/45]2, 6 plies [90/45]3), core

Number of Face
sheet Plies, X1
Core Density,
X2 (lb/ft3)
Core Thickness,
X3 (in)
Impact Energy,
X4 (in-lbs)
Impactor
Diameter, X(in)
Impact
Velocity, X6
(in/s)

3.1.1. Influence of sandwich configuration parameters
on the impact damage tolerance of sandwich
composites
The damage-induced residual strength degradation in
sandwich composites due to foreign object impact is
highly configuration and impact parameter dependent.
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4 [90/45]2

6
[90/45]3

3.0

4.5

6.0

0.375

0.750

1.125

90.0

120.0

150.0

1.0

2.0

3.0

65.21

96.30

127.39

A quadratic response surface generally will be of the form
k

k

k

Ŷ = b 0 + ∑ b i ⋅ xi + ∑∑ b ij ⋅ xi ⋅ x j
i =1

(1)

i =1 j=1

where Ŷ is the predicted response quantity of interest
(e.g., residual strength); xi are continuous normalized
independent variables; b0, bi, and bij are least squares
regression coefficients; and k denotes the number of
independent variables considered in the test. The three
natural values of the independent variables, Xi,
(corresponding to low, centre point, and high values) are
mapped into three nondimensionalized or coded levels, xi,
corresponding to (-1, 0, 1), respectively. In general, the
relationship between the natural value and coded level of
a given independent variable may be expressed as
xi =

Fig.5. TTU C-Scan Image

2 [90/45]1

2 ⋅ X i − (X iMAX + X iMIN )
(X iMAX − X iMIN )

(2)

where XiMIN and XiMAX correspond to the low and high
th

natural values of the i independent variable, respectively.
Equation (1) represents a quadratic surface in the kdimensional space of input parameters; (x1, x2, … xi, …,
xk) = (0, 0, …, 0, …, 0) defines the centre point of the test
matrix design where the independent variables are tested
at their midrange values. The constant b0 represents the
average response at the centre point of the design, while bi

and bij contribute to the deviation from this average value
at points removed from the centre point (i, j = 1, 2, …, k).
Table 2 summarizes the natural values and coded levels of
the (k = 3) independent variables considered in this study.
Defining the CAI residual strength as the desired response
quantity, N̂ yy , equation (1) may be expressed in expanded
form,
N̂ yy = b 0 + b1 ⋅ x1 + b 2 ⋅ x2 + b 3 ⋅ x3 + b11 ⋅ x12 + b 22 ⋅ x22 + b 33 ⋅ x32 +

(3)

... + b12 ⋅ x1 x2 + b13 ⋅ x1 x3 + b 23 ⋅ x2 x3

where xi is the coded level of the i independent variable
(i = 1, 2, 3). Note that the estimate of residual strength in
equation (3) is a continuous function of independent
variables. Such a representation may be inappropriate
where the range of independent variables spans a
bifurcation between failure modes (e.g., a transition from
face sheet fracture to face sheet dimple propagation). This
may be a serious concern where changes in face sheet
penetration resistance associated with variations in the
number of face sheet plies, impactor diameter, or impact
energy may lead to multiple CAI failure mechanisms.
Table 2. Natural values and corresponding coded levels
of material system variables
Material
Variable
Number of
Face sheet
Plies

1

2

Core Density

3

Core
Thickness

Natural Value,
Xi
2 [90/45]1
4 [90/45]2
6 [90/45]3
3.0 lb/ft3
4.5 lb/ft3
6.0 lb/ft3
0.375 in
0.750 in
1.125 in

Coded Level, xi
-1
0
+1
-1
0
+1
-1
0
+1

The vector of desired regression coefficients,

{b} = (b 0 , b1 , b 2 , b 3 , b11 , b 22 , b 33 , b12 , b 23 , b13 )T

(4)

may be determined from

(

b = x ⋅x
T

) ⋅ (x
−1

T

⋅ N yy

)

(5)

where {N yy } = (N yy1 , N yy2, ..., N yy15 )T is a vector containing the
experimentally observed responses (i.e., the measured
residual strengths from the fifth column in table 3), and
the matrix, x, has components
⎡1
⎢
[[x]] =⎢⎢1
M
⎢
1
⎣⎢

x1(1) x2(1) x3(1)
x1(2) x2(2) x3(2)
M M M

(x ) (x ) (x )
(x ) (x ) (x )
(1) 2
1
(2) 2
1

M

(k)

M

(1) 2
3
(2) 2
3

M

( ) (x ) (x )

x1(15) x2(15) x3(15) x1(15)

where xi

(1) 2
2
(2) 2
2

2

(15) 2
2

(15) 2
3

N yy = 2149 + 937.0 ⋅ x1 + 103.0 ⋅ x 2 + 424.9 ⋅ x 3 +

(7)

... + 5.770 ⋅ x12 − 190.3 ⋅ x 22 − 265.3 ⋅ x 33 −
... − 55.09 ⋅ x1x 2 + 442.1 ⋅ x1x 3 + 6.380 ⋅ x 2 x 3

th

i

types of unbiased estimators. Using equations (5) and (6)
in combination with the vector, Nyy, of observed
responses from Table 3, the quadratic response surface in
equation (3) characterizing the CAI residual strength as a
continuous function of coded levels of the composite
sandwich panel face sheet thickness (x1), core density
(x2), and core thickness (x3) may be expressed as

x1(1) ⋅x2(1)

x1(1) ⋅x3(1)

x1(2) ⋅x2(2) x1(2) ⋅x3(2)
M
M
x1(15) ⋅x2(15) x1(15) ⋅x3(15)

x2(1) ⋅x3(1) ⎤
⎥
x2(2) ⋅x3(2) ⎥
M ⎥
⎥
(15) (15)
x2 ⋅x3 ⎦⎥

(6)

represents the specified coded level of the i

th

th

independent variable (i = 1, 2, 3) during the k
experimental run (k = 1, 2, …, 15) from Table 3.
The vector, b, is commonly referred to as the least squares
estimate of the model parameters vector. This estimate is
unbiased and has the minimum variance among all other

The constant term (b0 = 2149 lbs/in) represents the mean
CAI residual strength for those panels corresponding to
the centre point of the design. While the interpretation of
the regression coefficients is most easily performed if a
response surface is characterized in terms of the coded
levels of the independent variables, equation (2) may be
used to rewrite the response surface in equation (7) in
terms of the natural values of the independent variables,
Nˆ yy = −2159 + 97.56 ⋅ X 1 + 894.7 ⋅ X 2 + 1554 ⋅ X 3 +

(8)

... + 1.441 ⋅ X 12 − 84.56 ⋅ X 22 − 1887 ⋅ X 33 −
... − 18.36 ⋅ X 1 X 2 + 589.4 ⋅ X 1 X 3 + 11.35 ⋅ X 2 X 3

The response surface (equation 7 or 8) may be used to
identify those panel configurations that retain a higher
fraction of their virgin panel strength for a given impact
event. Table 3 summarizes the measured and predicted
CAI residual strength for the sandwich composite panels
considered in this study. The difference between the
experimentally measured CAI strengths and the estimated
values using equation 7 varied between 0.4% and 9.1%
for the 15 panels tested, with a mean difference of 3.4%.
This suggests that the response surface (equation 7) may
provide a reasonable characterization of the influence of
the number face sheet plies, core density, and core
thickness on CAI residual strength. It is useful to
recognize that those specimens with two-ply face sheet
configurations (x1 = -1) showed the biggest disparity
between the measured and estimated CAI residual
strengths.
Table 3. Coded sandwich configuration variables test
matrix and measured and predicted residual strength
Test,
k

x1

x2

x3

Measured
Residual
Strength,
Nyy
(lbs/in)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

+1
+1
-1
-1
+1
+1
-1
-1
0
0
0
0
0
0
0

+1
-1
+1
-1
0
0
0
0
+1
+1
-1
-1
0
0
0

0
0
0
0
+1
-1
+1
-1
+1
-1
+1
-1
0
0
0

2996
2952
1087
822.2
3637
1870
1024
1025
2236
1407
1966
1162
2107
2182
2157

Predicted
Residual
Strength,
N̂ yy

N yy − N̂ yy

(lbs/in)
2949
2853
1185
868.9
3693
1959
934.7
969.2
2227
1365
2008
1172
2149
2149
2149

%
1.6
3.3
9.1
5.7
1.5
4.8
8.7
5.5
0.4
3.0
2.2
0.8
2.0
1.5
0.4

N yy
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3.1.2. Influence of face sheet thickness, impact energy,
and impactor diameter on the impact damage
tolerance of sandwich composites

3.1.3. Influence of face sheet thickness, impact energy,
and impact velocity on the impact damage tolerance of
sandwich composites.

In this section, the isolated effects of the number of face
sheet plies (X1), impact energy (X4), and impactor
diameter (X5) on the damage tolerance characteristics of
sandwich composite panels were investigated. Table 4
summarizes the low, midrange, and high levels of the
natural (X1, X4, X5) and coded (x1, x4, x5) independent
variables considered in this examination. Here, the core
density (X2 = 3.0 lb/ft ), core thickness (X3 = 3/4 in), and
impact velocity (X6 = 96.3 in/s) were held fixed.

In this section, the isolated effects of the number of face
sheet plies (X1), impact energy (X4), and impact velocity
(X6) on the damage tolerance characteristics of sandwich
composite panels were represented. Table 6 summarizes
the low, midrange, and high levels of the natural (X1, X4,
X6) and coded (x1, x4, x6) independent variables
considered in this effort. The core density (X2 = 3.0 lb/ft3),
core thickness (X3 = 3/4 in), and impactor diameter (X5=
3.0 in) were held fixed.

Table 4. Natural values and corresponding coded levels
of the face sheet plies and impact variables

Table 6. Natural values and corresponding coded levels
of the face sheet thickness and impact variables

3

Independent
Variable
Number of
Face sheet
Plies

i
1

4

Impact Energy

5

Impactor
Diameter

Natural Value,
Xi
2 [90/45]1
4 [90/45]2
6 [90/45]3
90.0 in-lbs
120.0 in-lbs
150.0 in-lbs
1.0 in
2.0 in
3.0 in

Coded
Level, xi
-1
0
+1
-1
0
+1
-1
0
+1

i

1

An estimate of the CAI residual strength from the
regression analysis may be expressed either in terms of
coded or natural values of the independent variables,
N̂ yy = 1722 + 733.0 ⋅ x1 − 225.2 ⋅ x4 − 35.57 ⋅ x5 −
... − 134.0 ⋅ x12 + 29.57 ⋅ x42 − 177.1⋅ x52 −

(9a)

4

Impact Energy

6

Impact
Velocity

N̂ yy = 1820 + 776 .9 ⋅ x1 − 135 .65 ⋅ x 4 − 4.930 ⋅ x 6 −
... − 97 .76 ⋅ x12 + 153 .9 ⋅ x 42 − 398 .9 ⋅ x 62 −

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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x1

+1
+1
-1
-1
+1
+1
-1
-1
0
0
0
0
0
0
0

x2

+1
-1
+1
-1
0
0
0
0
+1
+1
-1
-1
0
0
0

x3

0
0
0
0
+1
-1
+1
-1
+1
-1
+1
-1
0
0
0

Predicted
Residual
Strength
N̂ (lbs/in)

1913
2942
735.5
880.5
1811
2323
822.1
688.0
1369
1467
1827
1636
1666
1712
1789

1905
2797
880.7
889
1947
2341
804.2
552.2
1242
1458
1837
1763
1722
1722
1722

yy

N̂ yy = −1740 + 853.0 ⋅ X 1 − 39.86 ⋅ X 4 + 77.83 ⋅ X 6 −
... − 24.42 ⋅ X 12 + 0.1710 ⋅ X 24 − 0.4127 ⋅ X 62 −

Table 5. Comparisons between predicted and measured
residual strength
Test,
k

(10a)

and
(9b)

... − 3.684 ⋅ X1X 4 − 80.78 ⋅ X1X 5 − 2.416 ⋅ X 4 X 5

Measured
Residual
Strength
Nyy
(lbs/in)

Coded
Level, xi
-1
0
+1
-1
0
+1
-1
0
+1

... − 119 .0 ⋅ x1 x 4 − 20 .09 ⋅ x1 x 6 + 21 .65 ⋅ x 4 x 6

and
... − 33.50 ⋅ X12 + 0.033 ⋅ X 24 − 177.1 ⋅ X 52 −

Natural Value,
Xi
2 [90/45]1
4 [90/45]2
6 [90/45]3
90.0 in-lbs
120.0 in-lbs
150.0 in-lbs
65.21 in/s
96.30 in/s
127.39 in/s

An estimate of the CAI residual strength from the
regression analysis may be expressed either in terms of
coded or natural values of the independent variables,

... − 221.0 ⋅ x1 x4 − 161.6 ⋅ x1 x5 − 72.47 ⋅ x4 x5

N̂ yy = −2537 + 1238 ⋅ X1 + 4.176 ⋅ X 4 + 1286 ⋅ X 5 −

Independent
Variable
Number of
Face sheet
Plies

N yy − N̂ yy
N yy
%
0.4
4.9
19.7
1.0
7.5
0.8
2.2
19.7
9.3
0.6
0.5
7.8
3.4
0.6
3.7

(10b)

... − 1.984 ⋅ X 1 X 4 − 0.3231 ⋅ X 1 X 6 + 0.0232 ⋅ X 4 X 6

The constant term (b0 = 1820 lbs/in) in equation (10a)
represents the mean CAI residual strength for those panels
corresponding to the centre point of the design. Consistent
with earlier observations, increasing the number of face
sheet plies, x1, from their midrange value in equation 10a
will result in a linear increase in the predicted response,
whereas increasing the impact energy, x4, and impact
velocity, x6, will result in a somewhat smaller linear
decrease in the estimated residual strength from b0.
Table 7 summarizes the combinations of coded
independent variables as well as the experimentally
measured CAI strengths for the 15 experiments used in
the regression analysis [8]. Following the procedure
outlined earlier, statistically reliable, second-order
response surfaces were generated that characterize the
CAI residual strength as a continuous function of the
number of face sheet plies, impact energy, and impact
velocity.

3.2. Correlation with Independent Experimental
Results
Table 8 contains a limited set of additional independent
experimental results, where the combination of
configuration and impact variables lie within the spherical
domain of the test matrix design used in this study.
Response surface predictions of the planar diameter D̂ , of
the internal damage and the CAI residual strength
(equation 10) are compared to measured damage
diameters, D, in Table 8.
The measured and predicted CAI residual strengths are
also compared in Table 8. The difference between the
experimentally measured strengths and the interpolated
values varied between 1.4% and 23.4%, with a mean
difference of 13.4%. Again, the difference between the
experimentally measured CAI residual strengths and the
estimated values using equation (10) was especially
pronounced for x1 = -1 (X1 = 2 plies) where the residual
strengths are greatly over predicted.

Table 7 Comparisons between predicted and measured
residual strength
Test
k

x1

x4

x6

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

+1
+1
-1
-1
+1
+1
-1
-1
0
0
0
0
0
0
0

+1
-1
+1
-1
0
0
0
0
+1
+1
-1
-1
0
0
0

0
0
0
0
+1
-1
+1
-1
+1
-1
+1
-1
0
0
0

Predicted
Meas.
Residual
Residual
Strength
Strength Nyy
N̂ yy (lbs/in)
(lbs/in)
2690
3143
847.8
824.9
1774
1901
786.7
833.8
1467
1356
1751
1727
1935
1736
1790

2399
2908
1083
1116
2076
2126
562.1
531.7
1456
1423
1684
1738
1820
1820
1820

N yy − Nˆ yy
N yy
%

10.8
7.5
27.8
35.3
17.0
11.8
28.6
36.2
0.7
4.9
3.8
0.6
5.9
4.8
1.7

Table 8. Interpolation of regression results in the space of coded material and impact variables

Similar to the results obtained using equations (7) and (9),
response surface estimates of the CAI residual strength
using equation (10) suggest that increasing the number of
face sheet plies results in a significant improvement in the
damage tolerance properties. Regression results suggest
that damage development and the CAI strength are
somewhat sensitive to the velocity of the impactor.
Midrange values of impact velocity resulted in strength
estimates that were a relative maximum.

4. RESUME
For a fixed set of impact parameters, response surface
estimates of the CAI residual strength are highly
sandwich configuration dependent. Regression results
suggest that increasing the number of face sheet plies
results in the greatest improvement in the damage
tolerance properties. In addition, increasing the thickness
of the core material can produce a significant increase in
the predicted CAI strength. For sandwich panels where
face sheet penetration was not a concern, residual strength
estimates generally were inversely proportional to the size
of the planar damage region obtained from a previous
study. The developed response surface for the residual
strength for the above set of impact parameters was
sufficiently accurate considering the scatter of the test
data used to develop the response surface.

The experimental results and regression analysis suggest
that impact damage development and loss of strength in
sandwich composites is highly sensitive to the diameter of
the impactor, impact energy, and impact velocity. An
increase in the impact energy and/or impactor diameter
generally resulted in a decrease in the CAI residual
strength for those cases where face sheet penetration was
not likely. Moreover, response surface results indicate
that the damage formation and loss of strength is
somewhat sensitive to the velocity of the impactor.
Sandwich panel stiffness properties, energy absorption
capability, and support boundary conditions all play a key
role in the dynamic impact response leading to damage
development.
For a given range of sandwich configuration and impact
parameters, response surfaces may be used to estimate the
size of the ensuing impact damage as well as the
degradation in residual strength. Special care should be
taken when estimating the CAI residual strength for cases
where the range of independent variables spans a potential
bifurcation between failure modes. This occurs primarily
for thin face sheets and sharp impactors. A response
surface for two diameters and two face sheet thicknesses
may be too narrow in scope to be of any practical use. In
general, the response surfaces for the compressive
residual strength developed here can be of qualitative use,
but are not as useful as those developed for damage
resistance.
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To fully develop the concepts outlined here, a detailed
risk assessment establishing impact scenarios that
represent a viable threat to principle structural elements is
required prior to establishing a damage tolerance plan.
Such an assessment would likely involve specifying the
upper bounds on the impact parameters (impact energy,
impact velocity, and impactor diameter) that represent a
realistic threat to a given structural component. It is
important that the structural integrity is not seriously
degraded by any impact damage falling below the
threshold of detectability using standard detection
techniques.

5. CONCLUSION
The aim of the analytical program is to establish a suitable
technique with which to make assessments of damage
tolerance of sandwich panels. Complex aspects of damage
tolerance require as much as possible simple modelling
methodology that was as functional.
However, the method should allow accurate prediction of
remaining strength of the time-life structure. Previous
analysis showed different effects including damage to the
properties of the model. Omission of some aspects of
these characteristics of damage that do not contribute to
solving problems and focusing on important aspects
provides accuracy and ease of application models.
The complexity of the mechanisms of damage is visible
from the experiments. Impact damage to the core and
plating are very local character. Due to local changes in
geometry and material properties of the panel, the
application of numerical methods is the best approach.
Numerical methods are also flexible and can be used in
the study of different parameters that influence the
behaviour of damaged panels. The research can be
directed to the following points:
 Proper modelling of honeycomb material,
 Effects of including damaged formwork (rear) in the
analysis,
 Simplified modelling material and geometric
properties in the area of damage,
 The effects of local mechanisms to the total behaviour.
Simple and accurate methods may be used in the study of
the effects of different parameters on the ultimate strength
and spread of damage to aircraft structures.
Understanding the damage tolerance will result in
structural efficiency of aircraft. In addition, accurate
assessment of damaged structures will reduce the
frequency and cost of repairs, and also demonstrate the
technical accuracy of the aircraft.
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Rate of accumulation of internal damage on rotor
components is much higher then on all other parts of
turbojet engine.
Due to nature of cyclic load on axial compressor rotor
blades of turbojet engine, material fatigue occurs in most
stressed areas resulting in initialization and propagation of
cracks due to fatigue.
In this work, specific case of redesign of compressor rotor
blade of 4th stage of VIPER 632-41, 632-46 and 633-41 is
analysed, with objective to avoid failure of named blade
due to combination of low and high cycling fatigue in
exploitation. Design changes which introduce forward
swept blades should increase part service life and also
increase efficiency and stage performance.

FORWARD SWEPT ROTOR BLADES OF
TURBOJET ENGINES AXIAL
COMPRESSORS
Emil BANJAC
Dubravka BANJAC

Abstract: Introduction of forward swept rotor blade for
an axial compressor of a turbojet engine offers potential
for improvement of characteristics of the axial
compressor. Experiments and investigations in the field of
CFD confirmed that efficiency and stage performance can
be improved by sweeping the blades forward in an
appropriate manner. Forward sweep results in increased
total pressure rise peak, shift of stall margin towards
lower flow rate and increase pressure rise together with
improved characteristics of boundary layer flow in the
part load range, and compressibility and the related
shock losses can be reduced. Noise generated by the
turbomachinery can also be reduced by forward blade
sweep. Systematic design optimisation of blade sweep is a
great challange due to the complexity of rotor interblade
flow and difficulties in judgment of sweep effects on blade
aerodynamics. In this work, we will show an example of
preliminary calculation of forward swept blade geometry
based on known geometric characteristics of genuine
blade without sweep, compressor components geometry
and thermodynmic cycle of VIPER 632-41/46 engine.
Key words: compressor blade, turbojet engine, sweep,
thermodynamic cycle.

2. GENERIC CALCULATION OF
THERMODYNAMIC PARAMETERS OF
VIPER 632-41/46 ENGINE WORKING
CYCLE
Generic calculation of thermodynamic parameters of a jet
engine working cycle is the first phase of complete
calculation of the engine (pre-calculation), because it
defines main variables (parameters) and performances
(operation qualities) of the engine as an unit. These main
variables are inputs for detail calculation of particular
engine elements.
Following variables must be usually known to conduct
thermodynamic pre-calculation:
1. engine thrust F (kN)
2. compressor rotor shaft rpm (o/min)
3. compression ratio in a compressor, static
total

(π ) ,

Parts and locations of the turbojet engine which are
critical in the light of failure are usually located on
components which rotate at high speed. Components of
axial compressors of turbojet engines, such as rotor and
stator blades, are exposed to cyclic mechanical load
during exploitation of turbojet engine, so that, besides
external damage like as corrosion, surface cracks and
disturbance of surface protection, internal damage in form
of cracks can be present on these components impairing
their structural integrity.

c

4. type of fuel or its heating value Ht (J/kg),
5. speed and height of flight, va (km/h or m/s) and Z
(km).
Known data for VIPER 632-41/46 engine, which is the
subject of this work are taken as input data:
1. thrust F
1726 kN;
2. maximum compressor rotor shaft rpm 13760 o/min
3. static compression ratio in a compressor

(π )5,9;
c

&v
4. mass flow of air m
5. number of compressor stages

1. INTRODUCTION

(π ) or

x
c

26 kg/s;
8

Initial conditions for thermodynamic cycle are defined
according to the specified flight regime (usually static, i.e.
instrumental speed va=0 and height Z=0). Conditions in
front of engine entrance, namely engine intake, are
identical with atmospheric condition at given height,
whereby basic properties of air as working fluid are
known: pressure (po), temperature (To) and specific
volume of air (vo). Further, it is assumed that inital air
speed is equal to instrumental flight speed (va).
It is also known that properties of air change as flight
height increases. On the basis of known atmosphere
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temperature To and for ISA conditions and static work
regime at Z = 0, following parameters are determinated:
air density (ρ0), enthalpy (io), internal energy (uo) and
relative specific volume (vro). With such known
parameters po=pa and io, we can determinate state (0) in
is – diagram (figure 1.) which represents energetic
processes in front and inside the engine.

π sr∗ = 2,349

(4)

Finally, it is possible to calculate total pressure and total
temperature at the entrance of compressor rotor 4th stage:
∗
pIVu
= 240 307,18 N/m2

∗
TIVu
= 384, 20 K

(5)
(6)

Currently calculated values (5) and (6) represent input
data for preliminary calculation of geometric
characteristics of forward swept blade of 4th stage on the
basis of known compressor geometry and genuine blade
without sweep.

3. PRELIMINARY CALCULATION OF
GEOMETRIC CHARACTERISTICS OF
FORWARD SWEPT COMPRESSOR
ROTOR BLADE OF 4th STAGE FOR
VIPER 632-41/46 ENGINES
Preliminary calculation included:
 Calculation of geometry at blade root,
 Calculation of geometry at mean radius,
 Calculation of geometry at blade tip.

Fig.1. Termodynamic cycle of turbojet engine
Depending on flight regime, pressure of air decreases (for
static regime va=co=0 or rise for va>0) when passing
through air intake, so state at air intake exit, in other
words at compressor entrance is bellow (1s) (static
regime) or above (1) line of atmospheric pressure.
Parameters of air at air intake exit are calculated using
approximative expressions for polytropic compression
process.
Also, at the same time, derived parameters represents
state of air at compressor entrance.

p1 , T1 , v1 , ρ1 , i1 , c1
Using these parameters and given compression ratio
(static), pressure and temperature of air at compressor exit
(state 2 at is – diagram) are determinated.
Assuming all stages have the same compression ratio,
stage compression ratio

π cs∗

can be approximately

determined using total compression ratio and number of
stages of concerned compressor – 8.

π cs∗ = z π c∗

(1)

π cs∗ = 1,238

(2)
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 solidity at the blade root and at the middle of the blade
for the swept blades is increased
 turning angle and stager angle at the blade root and at
the middle of the blade for the swept blades is
increased
On the basis of known empirical formulas, for the
selected geometry, following parameters are calculated
for the genuine and the swept blade at the root, at the
mean radius and at the blade tip:

Compression ratio from 0 to 4th compressor stage (at
entrance in 4th stage of compressor rotor) for VIPER 63241/46 engines will be:
∗
π sr∗ = p IVu

For all three sub-calculations pitch value, defined by
geometry of VIPER 632-41/46 compressor rotor
elements, is determinated. Real number of blades in a
wheel is z = 51, and using known values of diameter at
the root, at the mean radius and at the tip of the blade,
pitch value for genuine blade is determinated.
On the basis of known geometry of the genuine blade
(dimension of chords), values of relative pitch
(pitch/chord ratio) for genuine blade at the root, at the
middle and at the tip of a the blade are calculated.
Subsequently, foregoing geometric parameters of blade
sweep are calculated. In accordance with hitherto results
of investigations of forward swept blade, i.e. conclusions
that blade sweep results in reduced lift of the blade and
that turning angle and stager angle must be increased to
maintain rotor performance, the following is done:

T IVu - temperature of air entering 4th stage
- p IVu - pressure of air entering 4th stage
- D - wheel diameter

p 0∗u

(3)

- u - wheel speed

-∆wu - velocity turning
- w∞ - velocity at infinity
- (l/t) - solidity

4. RESULTS OF CALCULATION FOR THE
GENUINE AND THE FORWARD SWEPT
COMPRESSOR ROTOR BLADES OF 4th
STAGE

-(t/l) - relative pitch (pitch/chord ratio)
-β0 - relative inlet velocity angle
- β3 - relative outlet velocity angle
-∆β=β3-β0 - flow turning angle
-∆β=(β0+β3)/2- average flow turning angle
-∆βt - influence of profile thickness on turning angle
-βRm - stagger angle
-σ - turnning coefficient
-θ - camber angle
-(c/l)max - maximum relative camber

Analysing derived results for a profile at root and at mean
radius, following can be concluded:
 Recommendation that foregoing angle should be
smaller than 900 is satisfied for real relative inlet and
outlet velocities of the genuine blade
 Difference of relative inlet and outlet velocities (on
which lift and stage efficiency depends) is greater for
the swept blade
Stage efficiency requirement for the selected geometry is
not disturbed by increasing chord length with respect to
genuine blade.

- R - curvature radius of circular mean camber line
- λ - blade sweep angle

l kstr ≥

Re⋅ v
≥ 0,025 m; 0,027 ≥ 0,024 m.
w∞

(7)

-ξy(l/t) - lift coefficient
-ξx - drag coefficient

 Flow turning angle at the blade root is defined as
difference of inlet and outlet velocity angles.

Fig.2. Geometry of feather of the genuine blade

Fig.3. Total pressure distribution on the face of the
forward swept blade

Fig.3. Geometry of the swept blade after calculation is
finished

Fig.4. Total pressure distribution on the back of the
forward swept blade
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Table 1. Comparative review of flow parameters and geometric characteristics of genuine blade and forward swept
blade
Genuine blade
Parameters

Forward swept blade
Root

Mean
radius

384,20

384,20

384,20

384,20

240307

240307

240307

240307

240307

323,21

374,96

462,72

323,21

374,96

462,72

(m/s)

231,87

269,32

306,76

231,87

269,32

306,76

∆wu – velocity turning

(m/s)

104,91

90,32

86,24

114,10

98,23

86,24

w∞ -velocity at infinity

(m/s)

208,98

278,93

311,56

203,53

275,75

311,56

(l/t) solidity

1,34

1,05

1,21

1,38

1,12

1,21

(t/l) – relative pitch

0,76

0,95

0,82

0,72

0,89

0,82

(o)

53,32

31,79

28,42

53,10

31,79

28,42

(o)

83,56

42,84

36,96

86,37

44,19

36,96

(o)

30,24

11,04

8,54

33,27

12,39

8,54

∆β=(β0+β3)/2- average flow
turning angle

(o)

68,44

37,31

32,69

69,73

38

32,69

∆βt - influence of profile
thickness on flow turning
angle

(o)

3,4

2,5

1,5

3,4

2,7

1,5

βRm – stagger angle

(o)

71,84

39,81

34,19

73,13

40,70

34,19

0,7

0,52

0,38

0,7

0,55

0,38

43,20

21,23

22,47

47,52

22,52

22,47

0,095

0,045

0,05

0,105

0,05

0,05

(mm)

51,36

127,15

145,9

47,95

120,11

145,9

(o)

0

0

0

- 12,5

-12,5

-12,5

ξy(l/t) – lift coefficient

-

0,65

0,55

-

0,71

0,55

ξx – drag coefficient

-

≈0,016

≈0,016

-

≈0,016

≈0,016

Root

Mean
radius

(oK)

384,20

384,20

p IVu - pressure of air
entering 4th stage

(N/m2)

240307

D – wheel diameter

(mm)

u – wheel speed

T IVu - temperature of air
entering 4th stage

β0 – relative inlet velocity
angle

β3 – relative outlet velocity
angle
∆β=β3-β0 - flow turning
angle

σ - turning coefficient
θ - camber angle

(o)

(c/l)max - maximum relative
camber
R - curvature radius of
circular mean camber line

λ - blade sweep angle
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 It is accomplished that forward swept blade flow
turning angle at the blade root and at the blade mean
radius is bigger then for the genuine blade.
 Third condition of performed investigation is satisfied
– forward swept blade stagger angle at the root and at
the mean radius is bigger then for the genuine blade
 There was no need to correct flow turning for the
forward swept blade at the root and at the mean radius
of newly modeled interblade passage from the aspect
of critical and limiting Mach number.

Flow simulation by using “FLUENT”software package,
actually distribution of total pressures, indicates
favourable characteristics of new forward swept blade.
With selected geometry, oscillation excitation in third
flexible mode is also moved out rpm’s working range,
whereby change of the blade geometry did not have effect
on strength at blade tip, namely at location where failure
occurs.
Permanently following up new achievements in the field
of investigations and experimental works at world level
and continually completion of staff is a key to achieve
optimum in solving of actual engineering problems.

 Finaly, bigger lift coefficent for the forward swept
blade is gained than for the genuine blade, while drag
coefficient remaind almost the same.
In order to confirm the concept, CFD flow simulation is
carried out. Modeling and simulation of the genuine and
the forward swept blade is carried out in FLUENT
software. Previously, computational mesh is generated
using concept of unstructured mesh with tetrahedron
elements in GAMBIT. Basic flow equations (valid for
non-compressible and compressible flow) for the case of
turbulent, viscose flow are solved. Spectrum of
distribution of total pressure at lower and upper sufrace of
the profile, derived from computer simulation, pinpoints
that flow around the genuine and the forward swept blade
is similar, allowing for something higher pressure
difference in the case of the forward swept blade, which is
to be expected considering starting idea. In the following
works, there will be more about confirmation of the
concept using CFD simulation.

5. CONCLUSION
It is confirmed that one of possible ways to avoide
dangerous third flexible mode in working range (as per
engine rpm) is redesign of geometry of the compressor
rotor blade – 4th stage, change of moment of inertia and in
addition to change of shape oscilation frequency which
leads to failure of the stated blades in exploitation.
Introuduction of the forward swept rotor blade in a
turbojet engine axial compressor offers opportunity for
improving axial compressor characteristics.
On the basis of known geometric characteristics of the
genuine blade and the compressor components of VIPER
632-41/43 engine, preliminary calculation of geometric
characteristics of the forward swept blade is carried out.
Conclusions and results of “Department of fluid
mechanics, University of Technology and Economics,
Budapest” are used for preliminary definition of geometry
of the forward swept blade:
 higher solidity at the blade root and at the middle of
the blade for the swept blade with respect to the
genuine blade
 higher turning angle and stagger angle at the blade
root and at the middle of the blade for the swept
blade with respect to the genuine blade.
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DESIGN OF LINK-DRIVE MECHANISM
IN DEEP DRAWING PRESSES
Karl GOTLIH
Ivo PAHOLE
Abstract: In this paper we present an optimization of a
link-drive mechanism for a deep drawing mechanical
press. The existing design has proved unsatisfactory;
therefore optimization of the drive is necessary. Our
intention was to achieve the required velocity
characteristics in a defined area of movement. The
drive is analyzed; mathematical model is made and
prepared for the standard non-linear optimization
procedure. We use the method of sequential quadratic
programming. The final objective of the optimization
process is to find such dimensions of link-drive
members that the given requirements are satisfied in
the best possible manner.
Key words: deep drawing press, link-drive mechanism,
nonlinear optimization

1. INTRODUCTION

available for material to flow. The issue is not relevant
in case of hydraulic presses due to efficient regulation
and slide control, but their high price and maintenance
costs are the main disadvantages. That sort of slide
control is hard to implement with mechanical presses,
because the motion of the slide is constrained and
defined with dimensions and kinematics of the driving
mechanism. However, during last few years press
manufacturers have begun to incorporate special linkdrives into their presses [4, 5]. Because of their
characteristics these drives (also called quick-return
drives) are much more appropriate than conventional
crankshaft and eccentric gear drives, they are more
flexible and easier to adapt for each individual metalforming process. Their main advantage is much lower
slide velocity during working part of the cycle. This
kind of velocity characteristics is very similar to
hydraulic presses except that the whole process runs
much faster in mechanical presses. Since maximum
drawing velocity is also the limit of the press
operational speed, the presses with the link-drive can
operate at higher operating speeds than conventional
versions without exceeding the maximum drawing
velocity limit. Figure 1 demonstrates difference in
velocity characteristics between classic crankshaft
press and the one with the link-drive. While link-drive
press operates at 37 strokes/min, the crankshaft version
can run at 20 strokes/min at most before the maximum
drawing speed limit is exceeded. That means 85%
larger production with the link-drive press (17
pieces/min more than with conventional press).
Another important feature of link-drive presses that is
also evident in figure 1 is almost constant slide
velocity in the working part of the cycle. This
considerably improves conditions for the material flow,
the quality of the products and prolongs the lifetime of
the tool.
slide
velocity
[m/min]

draw start CCP

draw start LDP

43

CCP
20 strokes/min

24

Deep drawing is a complex metal-forming process. The
quality of products made with this process is mainly
influenced by their required shape and material. Many
technological parameters influence the quality and the
course of the whole process. Some of these are friction
contact and lubrication of the tool, for example.
However, the slide velocity is one of the most
important factors. This velocity depends on press
design parameters only. Each material has its optimal
drawing velocity; therefore maximum drawing velocity
is one of the deciding factors when selecting
appropriate press.
Demands for increased productivity pursue the search
for better solutions and improvements in the
production of metal-forming machines. The simplest
way to increase productivity of mechanical presses is
to increase their operating speed (the rotational
velocity of their driving engine). However, such an
increase is not arbitrary, since too high drawing
velocities cause tearing of the material and some other
problems that occur when there is not enough time

LTP
UTP

CCP
37 strokes/min
LDP
37 strokes/min

223°
0°

90°

180°
270°
driving gear rotation angle

360°

Fig.1. Velocity characteristics comparison of classic
crankshaft press (CCP) and the link-drive press (LDP)
Figure 2 presents the link-drive that is considered in
the paper. The drive of the press is accomplished
through an eccentric driving gear (R4) that is linked
with a coupler link (R3 - R5). On one side the coupler is
connected to the press frame via an additional link
(R2), and the other end is connected to an output sliderlink combination (R6 - S).
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uuv
R2

uv
uv
v
link R 3−5 ), R1 is the foundation (press frame) and s the
vector of slide position (variable length – time
dependent). In the brackets are adequate member
lengths.

+Y

uuv
R3

uuv
R4

+X

uuv
R6

v
R2 (r2 )
dy

v
s

Y

v
R3 ( r3 )

ϕ3

uuv
R5

v
R4 ( r4 )

ϕ2
dx

ϕ5
ϕ 35

v
R5 ( r5 )

ϕ1

v
R1 ( r1 )

X

ϕ4

ϕ6

v
s ( s)
v
R6 (r6 )
Fig.2. Deep drawing mechanical press link-drive
Mechanism is a 6-bar slider-crank mechanism and it is
a modification of a standard 4-bar slider-crank version.
A modified velocity characteristic (lower velocity in
working part of the cycle) is achieved through
extended coupler link and its connection to the press
frame.
The final objective of the optimization is to find such
dimensions of link-drive members that the following
requirements are satisfied in the best possible manner:
 Slide velocity in the working part of the cycle
should be as constant as possible, especially in the
area from 75 to 150 mm before lower toggle point
(lower dead point),
 The mechanism should reach the lower toggle point
in the area of eccentric gear rotation angle from
190° to 230°, to achieve a longer duration of the
working part of the cycle and therefore higher
quality of deformed material (classic crankshaft
mechanism at 180°),
 Slide velocity in the working part of the cycle
should be as low as possible within given
constraints,
 The changes of member lengths should not exceed
±20% of the original values; also the change of
stroke length should be as small as possible.

Fig.3. Kinematic scheme of the link-drive mechanism
The mechanism has one degree of freedom and its
motion can therefore be described with a function of a
single variable. In our case this variable is the
uv
rotational angle of the driving eccentric gear R 4 - ϕ4.
The slide motion is of concern here, so the desired
relation we are looking for is the dependency of the
v
v v
output variable s from input variable ϕ4: s = s (ϕ 4 ) .
The kinematic analysis is made with complex numbers
notation. The mechanism is analyzed in two steps:
a) Analysis of the 4-bar mechanism (R1 - R2 - R3 - R4);
b) Analysis of the 4-bar slider-crank mechanism (R4 R5 - R6 - S), where the output results of first
analysis are the input data for the second one
(rotational angles ϕ3 and ϕ5 are interconnected).
For a closed loop in the first step we can write the
following relation (figure 3):
v v
v
v
(1)
R1 + R2 + R3 − R4 = 0 ,
or in complex numbers notation:
r1eiϕ1 + r2 eiϕ 2 + r3eiϕ3 − r4 eiϕ 4 = 0 .

(2)

For the optimization procedure mathematical model of
the link-drive has to be made and appropriate cost
function chosen. To do that the kinematic analysis of
the drive has to be carried out first to derive functional
relations between all variables included in the
optimization process.

After separation of real and imaginary part we get the
system of two equations with two unknowns (rot.
angles ϕ2 and ϕ3). Member lengths r2, r3, r4 are known,
rotational angle of the driving eccentric gear ϕ4 is the
input variable, dependent of time t and rotational
velocity ω ( ϕ4 = ωt ). The solution of this system is:

2. KINEMATIC ANALYSIS OF THE LINKDRIVE MECHANISM

ϕ 21,2 = 2 arctan ⎜

Figure 3 shows the kinematic scheme of the drive.
uv
uv
uv
Vectors R 2 to R 6 represent the drive members ( R 3
uv
and R 5 together represent one member – coupler

ϕ 31,2 = 2 arctan ⎜

114

⎛ − B ± B 2 − 4 AC
⎜
2A
⎝

⎞
⎟,
⎟
⎠

⎛ − E ± E 2 − 4 DF
⎜
2D
⎝

⎞
⎟,
⎟
⎠

(3)

where the following constants are used:

hence:
s = r4 sin ϕ 4 + r5 sin ϕ5 +

(4)

r4 cos ϕ 4 + r5 cos ϕ5
.
⎛
⎛ x6 ⎞ ⎞
tan ⎜ arcsin ⎜ ⎟ ⎟
⎜
⎟
⎝ r6 ⎠ ⎠
⎝

(7)

v
The desired relation s = f (ϕ 4 ) is derived; all the
quantities on the right side of the equation are
dependent on angle ϕ4 only. Slide velocity and
acceleration can now be easily obtained with derivation
of (7). It is clear that relation (7) is highly nonlinear
and therefore nonlinear optimization procedure has to
be chosen. The results of the kinematic analysis are
shown on figure 4:
stroke s
[mm]

a) slide position

800
600
400

Lower toggle
point at
ϕ4 =208°

200

π

For every angle ϕ2 and ϕ3 two solutions are possible
(both real and equal, complex conjugated or real and
different). The appropriate solution is chosen according
to the kinematic scheme (figure 3). The first stage of
mechanism is completed, for an arbitrary time t all the
parameters can be computed. The second step of
kinematic analysis follows according to the kinematic
scheme ofuv the second
stage of the mechanism.
uv
Members R 3uv and R 5 together form one member – the
coupler link R 3−5 , therefore the angle ϕ5 is dependent
of the angle ϕ3 and can be written as:

ϕ5 = ϕ3 + ϕ35 - π ,

(5)

where ϕ35 is the angle of uthe
coupler (the
v triangular
uv
angle between members R 3 and R 5 ). The output
quantity whose functional relation we are looking
for is
v
the slide position – the length of the vector s .
Following relations can be written:

(6)

3π
2

π

2

driving gear
rotation angle
ϕ4 [rad]

2π

b) slide velocity

velocity s&
[mm/s] 400

200

π

π

2

3π
2

2π

driving gear
rotation angle
ϕ4 [rad]

-200

-400

working part of the cycle
with more constant slide
velocity

c) slide acceleration

acceleration &s&
[mm/s2]
400

200

π
2

π

3π
2

2π

driving gear
rotation angle
ϕ4 [rad]

-200

-400

-600

Fig.4. Results of the kinematic analysis ( a) slide
position, b) slide velocity, c) slide acceleration)
Typical characteristics of the link-drive are very well
noticeable from the graphs:
 the lower toggle point occurs much later than with
classic crankshaft drive,
 slide velocity in the working part of the cycle is
lower and more constant,
 rapid velocity increase in the returning part of the
cycle.
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A FORTRAN algorithm was made which for given
input data (the drive geometry) calculates required
kinematic quantities (slide position, velocity and
acceleration, stroke, position of lower toggle point,
maximum absolute acceleration and it's position) in
required resolution step (in our case 1°). The calculated
values are:
 Lower toggle point at ϕ4 = 208°
 Stroke = 903,48 mm
 Desired working part of the cycle (approx. 75 to
150 mm before lower toggle point): ϕ4 = 155° to
176°
 Maximum absolute slide acceleration in the desired
area = 198,8 mm/s2 (ϕ4 = 176°)
Kinematic analysis of the drive is finished; all
parameters required for the optimization procedure are
known.

3. OPTIMIZATION OF THE LINK-DRIVE
3.1. General optimization model
The basic objective of every optimization procedure
based on methods of mathematic programming is to
find an answer to the question “What is the best?”
concerning problems, where the quality of solution can
be expressed and evaluated as a numerical value. In
other words: to find such a combination of parameters
(design variables) that will minimize the chosen
quantity (cost function). The optimization problem has
to be transformed into mathematical formulation first.
General optimization model is assumed to be stated in
the following form:
find such a vector of design variables
x ∈ R n which

which optimal values are to be find to satisfy given
criteria and constraints). The cost function is the one
which is chosen accordingly as a measure for
efficiency of optimization procedure. If any of defined
functions (cost, constraint…) are nonlinear, the
nonlinear optimization algorithm has to be used. The
optimization problem is solved iteratively, for its start
the starting point x 0 is required (current project status
or estimation).
However, the optimization model in the form of (8)
cannot be used directly in cases of dynamical systems,
such as link-drive for example. With those systems a
new independent variable arises – time t, which makes
vector of system variables z time dependent. There are
various methods of transforming the time dependent
problems into the suitable form of general optimization
model. Some methods [1] translate the time dependent
problem into a sequence of time independent problems.
In our case the method of introducing a new artificial
variable [1] was chosen.
In the analyses of dynamical systems the maximum
values of a measure of system response in certain time
interval [0, τ] are usually the required quantities
(maximum velocity, accelerations…) and these are
mostly also the quantities to be optimized. Therefore
the cost function for such a dynamic system can be
formed as:

ψ 0 = max f 0 ( x, z(t ), t ) .
0≤t ≤τ

To use the above form of cost function in the general
optimization model (8), the max-value function from
the cost function and the time dependency of constraint
functions have to be removed. This can be achieved
with the introduction of a new artificial variable xk+1
which represents the upper limit f0, subjected to:
f 0 ( x, z(t ), t ) − xk +1 ≤ 0 0 ≤ t ≤ τ .

minimizes cost function
n

f ( x, z ) ∈ R ,

(8)

subjected to following constraints:
xi lo ≤ xi ≤ xi up

i = 1, 2,..., k

(constraints of design variables, lower - upper
bounds),

(9)

(10)

Hence a new form of vector of project variables is
now:
x = [ x1 , x2 , x3 ,... xk , xk +1 ]

T

(11)

and a new definition of the cost function:

ψ 0 = xk +1 .

(12)

(inequality constraints),

Constraint functions, system response equations and
constraint of the cost function (10) are replaced with
equivalent integral constraints as follows. For an
arbitrary continuous function f(t) the inequality in the
form of f ( t ) ≤ 0 , 0 ≤ t ≤ τ can be replaced with the

hl ( x, z ) = 0

equivalent integral constraint as shown in reference
[1].

g j ( x, z ) ≤ 0

j = 1, 2,...m

l = 1, 2,...m '

τ

⎧ f (t ) ; f (t ) ≥ 0
.
f (t ) = ⎨
; f (t ) < 0
⎩ 0

(equality constraints, system response equations),

∫

where z is the state variable vector of system response
variables (velocity, acceleration, reaction forces,… )
and x the vector of design variables (parameters for

Transformed problem is now stated in the following
form:
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0

f (t ) dt = 0 ,

(13)

find such a vector

x ∈ Rn ,

which minimizes

x k +1 ∈ R ,

4. RESULTS
The initial vector of design variables had the following
component values given in Tab. 1. Hence x8,init = 198,8
mm/s2 was the initial value that the optimization
algorithm was trying to minimize. The optimization
process was run in several attempts, with different
options (convergence tolerance, the usage of previous
solutions in the subsequent steps…). The optimization
history is shown in figure 5.

subjected to following constraints:

xi lo ≤ xi ≤ xi up
τ

ψ=

∫

i = 1, 2,..., k , k + 1

f 0 ( x, z, t ) − xk +1 dt = 0

0

(14)

τ

ψj =

∫

g j (x, z, t ) dt = 0

j = 1, 2,...m

0

hl (x, z(t ), t ) = 0

l = 1, 2,...m '

The optimization problem is now formulated
accordingly to the general optimization model (8) and
can be used with the standard optimization procedure.

3.2 Link-drive optimization model
Firstly the cost function has to be chosen. The primary
objective of this link-drive optimization is to determine
link-drive parameters in the way that the slide velocity
in the defined area of movement is as constant as
possible. This means that the slide acceleration in this
area has to be zero or close to zero. Therefore the
suitable cost function for given problem is defined as
the maximum absolute slide acceleration and the
purpose is to lower this acceleration as much as
possible [6-10].
Because of the form of the cost function and both
nonlinear constraints (constraints of stroke and cost
function) we decided to use an optimization procedure
based on the method of sequential quadratic
programming (SQP). This method is a modified
Newton method and belongs to the group of gradient
methods. The algorithm E04UCF was chosen from the
NAG library of numerical routines and programs (NAG
– The Numerical Algorithms Group). A major
advantage of this algorithm is that the user does not
need to supply all derivatives of the cost function
(Jacobian gradient vector and Hessian matrix). Instead
program
approximates
them
with
numerical
differentiation. Everything the user needs to supply is
the subroutines which define and calculate cost and
constraint functions (equality and inequality), variable
constraints and as much derivative functions as
possible. All the required subroutines were written in
FORTRAN, the same as NAG library.
Current design of the drive was starting point for the
optimization. Design parameters can vary within ±20%
of the original values and for the stroke the range of
±3% limit was chosen. The most important constraint
is the nonlinear constraint of cost function (a difference
between maximum absolute slide acceleration and
artificial variable). To minimize the cost function in
the best possible manner, this difference has to be as
close to zero as possible (zero in the ideal case),
therefore the constraint value was set to zero.

Fig.5. Optimization history chart
It is clear that the cost function was minimized on
approx. 61% of original value in the 5th attempt, thus
optimization was quite successful. Each of these 6
solutions represents one set of design variables that
define the geometry of the link-drive. The 5th solution
is the optimal (from the kinematical point of view):
Table 1. Project variables (initial and optimal values)
Project
variable

Initial
dimension
[mm]

Optimal
dimension
[mm]

r2
r3
r4
r5
r6
dx
dy

774.65
1067.00
320.00
987.00
1453.00
1233.00
51.00

730.00
985.00
280.00
1250.00
1198.00
1150.00
43.50

Dimension
change from
initial values
[mm]
-44.65
-82.00
- 40.00
+ 263.00
+ 255.00
- 83.00
- 7.50

True meaning of this minimization appears if we look
at Tab. 1 and the slide velocity curve (figure 6) and
compare it with original drive.
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Fig.6. Slide velocity curve (comparison between original
an optimized solution)
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Slide velocity in the working part of the cycle is
approx. 15% lower and more constant than with
original drive. The lower toggle point has shifted
towards larger rotation angles of the driving gear (from
215° to 220°; original drive 208°), which causes the
extended area of constant slide velocity and
subsequently more time is available for the
deformation and flow of the material. Hence the choice
of the cost function and optimization algorithm was
appropriate.

5. CONCLUSION
In this contribution mathematical modeling and
optimization of link-drive mechanism for deep drawing
press has been presented. Kinematic analysis has
shown that the need for non-linear optimization
technique is required. Because of time-dependency, the
problem had to be transformed into a form suitable for
solving with standard optimization procedure. The
optimization process was successful, objective function
was minimized for approx. 40%. The main goal of
optimization, lowering the slide velocity in the
working part of the cycle, was achieved and all the
constraints remained within the limits. New mechanism
design satisfies the needs of the deep drawing process.
However, this work considered only kinematical
aspects of the link-drive, no dynamical characteristics
were considered (operational forces in the process of
deep drawing, which link-drive has to transmit,
maximum forces required and their dependency of
slide position, joint forces…). It is possible that
kinematic optimal solution may not satisfy the dynamic
constraints. Hence, obtained solutions are good basis
for further analyses, optimization and development of
the link-drive where all above mentioned features are
to be explored.
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hammers and is in the focus of the presented research. [1,
5].
Performed research aims to study the influence of
different important parameters over the major power tool
performance characteristic – impact energy of the tool. A
modern engineering tool – virtual prototyping – allows
performing multiple tests without manufacturing physical
prototype, for relatively short period of time. Instead of
cost optimization, another major advantage is achieved –
the possibility to explore the nature of physics of analyzed
processes. This allows engineers to have better view,
evaluated during the virtual tests as well as to collect
know-how database for future design. [2, 5]

POWER TOOLS PNEUMATIC IMPACT
MECHANISM MODELLING AND
ROBUST ANALYSIS
Georgi TODOROV
Velichko PEIKOV
Konstantin KAMBEROV
Nikolay NIKOLOV
Abstract: This study aims to overview different
possibilities for optimization of pneumatic impact
mechanisms of handheld power tools (demolition
hammers and rotary hammers) at the stage of their design
on the base of virtual prototypes. The study is focused on
impact mechanisms basic parameters variations and
optimization based on Design of Experiments (DoE).
Three main groups of parameters are examined – masses,
geometry dimensions and input rotational speed. The
target is to evaluate parameters influence over major
output characteristic of the power tool – impact energy,
i.e. power tool overall performance. Key factor for
realization of multiple experiments is virtual engineering
technology used. Its application allows not only
evaluation of output parameters but also close look over
physics of the explored process.
Key words: Power tools, Analysis, Virtual Engineering,
CAD, CAE

1. INTRODUCTION
The development of hand-held percussion machines is an
important area of mechanical engineering. Drilling of
man-made or natural rocks in mining, tunnelling,
petroleum exploration, road and construction engineering
requires large input of power. This is supplied by proper
impact mechanisms, having design depending mainly on
their size. Wide varieties of designs have been used
during years, resulting in modern design usage of
pneumatic impact mechanisms mainly. Generally, they
include of impact mass (ram), connected to the drive by
pneumatic chamber (cylinder/piston group), which acts as
spring. Prior analyses and researches allows to group
impact mechanisms in two categories – with moving
piston and with moving cylinder. Moving cylinder
category is applied in low to middle range rotary

2. VIRTUAL PROTOTYPE DEVELOPMENT
As it was mentioned above – two categories of pneumatic
impact mechanisms are used in the contemporary handheld power tools – with moving piston and with moving
cylinder. This has major influence over pneumatic
chamber formation and divides in general the approach
for design of these mechanisms.
Virtual prototyping has one very important stage –
development of correct conception for the virtual
prototype. This could allow performing multiple variants
simulation with high level of detail as well as evaluation
of variants and choice of optimal one with high adequacy
to the real physical product.
The process of simulation of impact mechanism could be
divided in the next several main stages:
Conception of the mechanics and definition of kinematic
structural model of the examined impact mechanism;
 Definition of the major parameters to be explored;
 Building of a virtual prototype of the impact
mechanism;
 Evaluation of major parameters influence over power
tool performance, i.e. its impact energy;
 Selection of optimal variant for realization and
verification. [6]
The research is focused over the evaluation of major
parameters influence over the impact mechanism with
moving cylinder (refer to figure 1). This type of
mechanism is selected for research because of its wide
use (low to middle range power tools) as well as because
of the complexity of ongoing physical processes inside
the pneumatic chamber.
The mechanism design consists of moving cylinder, ram
and beatpiece, which are positioned inside the spindle of
the power tool. The pneumatic chamber is developed
inside the cylinder, between its frontal surface and the
surface of the ram. This chamber connects the ram to the
cylinder and transmits cylinder’s linear movement to the
ram. The pneumatic chamber is replaced in the virtua
prototype by a spring with dynamically update of
parameters, depending on relative positions of
ram/cylinder during examined work cycles. Major role of
the spring is to collect and accumulate the backwards
energy of the ram that is to be used for the next impact as
additional acceleration [3]. Normally, the ram linear
velocity does not exceed 10 m/s and is not less than 8 m/s.
Generated impulse of impact energy is transferred to the
tool by the beatpiece. This leads to stability and
independence of the power tool performance from the
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applied by the user hand axial load, from the type of work
material or from the weight of the used tool.
Typical design characteristic of this category of
pneumatic impact mechanism is the usage of a valve in
the cylinder that is opened or closed at certain conditions
(refer to figure 1). It is closing acts to seal the chamber
and thus – to define the “free length” of the air spring Lini
– current distance between side surfaces of the cylinder
and the ram.
Three groups of parameters are examined in the current
study:
 masses: tool weight mt, beatpiece weight mb and ram
weight mr;
 pneumatic chamber dimensions: d1, d2, d3;
 impact frequency: v (presented as rotational velocity
of the drive shaft).

3. ANALYSIS RESULTS
Each of the examined parameters includes three variants –
nominal value, lower value and higher value of the certain
parameter. The target is to evaluate the robustness of the
parameters and this is performed separately for each
parameter at nominal values of the other parameters. Used
values for the parameters are shown in table 1 bellow.
Table 1. Robust analysis – used parameters values
Parameter
Min. value
Nom. value Max. value
0.057 kg
0.062 kg
0.067 kg
mR
0.065 и 0.075 kg
0.085 kg
0.090 kg
mB
0.050 kg
0.100 kg
0.150 kg
mT
10.8*10-3 m 11.8*10-3 m 12.8*10-3 m
d1
1.6*10-3 m 2.6*10-3 m 3.6*10-3 m
d2
1.8*10-3 /
2.8*10-3 /
3.8*10-3 /
d3 /
-3
-3
d2 *
3.6*10 m 2.6*10 m 1.6*10-3 m
4350 min-1 4550 min-1 4750 min-1
v
* corresponds to changed position of the valve without
changing position of the rear edge of spindle cavity

valve hole
The influence of the masses of ram, beatpiece and tool
over the impact energy is shown for a sequence of 25
strikes of the tool on figures 3, 4 and 5.

beat peace

pneumatic chamber cylinder
Fig.1. Geometry dimensions explored and valve in the
cylinder wall
ram

The mechanical model and the developed virtual prototype
are shown together on figure 2. The virtual prototype is
generated using software for numerical simulations – MSC
visualNASTRAN. Detailed information for the built virtual
model and its specifics could be found in [4].

k M , cM g
T
Tool bit: mT

Cylinder: mC
Beat Ram:
peace: mB mR

kAIR,
cAIR

Fig.3. Influence of ram mass over the impact energy

v

kB, cB
a)

b)
Fig.2. A mechanical model and virtual prototype of the
pneumatic impact mechanism with moving cylinder
120

Fig.4. Influence of beatpiece mass over the impact energy

Fig.5. Influence of tool mass over the impact energy
The first several impacts should not be included in further
analysis as they are highly influenced by the transition
“idle” to “work” function of the power tool. The results
show that changing masses of the ram and of the
beatpiece – either increasing or decreasing it – the impact
energy decreases. Also, high decrease of beatpiece mass
leads to high deviation in output energy as it is changed
from about 0.4J difference between consecutive impacts
to 3.3J and the cyclic recurrence is about 10-12 strikes.
Such deviation in power tool performance could have
negative effect on the user comfort and will decrease the
product efficiency. The mass of the tool has no influence
over the impact energy at all. This fact guarantees that
using different tools will not influence output
characteristic of the power tool and it will work
uniformly, with constant energy.
Besides the impact energy, another important output
parameter is the maximal value of the backwards reaction
force in the air spring. It has major influence over the
hand vibrations of the demolition hammers and is of great
importance for work conditions and comfort of the user.
Some results for the change of this parameter are shown
on the graphics on figures 6, 7 and 8. Tendency of the
results is that even the impact energy is not changed
significantly (as by changing masses of ram and
beatpiece), the max value of reaction spring force is
changed. An example is the comparison between
examined variants with 0.057kg and 0.09kg mass of the
ram and of the beatpiece. Thus, lower force – and lower
vibrations – could be achieved by increasing ram mass or
slightly increasing the mass of the beatpiece. High rate of
beatpiece ram increase will also increase the vibrations.
These examinations could be used to develop product
variant with lower vibrations, nevertheless of lower level
of impact energy.
As the mass of the tool does not influence the impact
energy, the reaction force in the spring is not changed
also. This is clearly seen by the presented variants results
on figure 8.
Generally, the performed analysis over masses influence
shows that the examined nominal design has optimal
performance – as by its maximal impact energy values, as
by the stability of work parameters and independence of
used tool.

Fig.6. Influence of ram mass over reaction force in the air
spring

Fig.7. Influence of beatpiece mass over reaction force in
the air spring

Fig.8. Influence of tool mass over reaction force in the air
spring
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The changes in the pneumatic chamber dimensions are the
subject of separate set of analyses, where the results are
shown on figures 9, 10 and 11. They shows that there are
not great change of the major parameter – impact energy,
and again the change is more raised for the reaction force
in the air spring – figures 12, 13 and 14. The decrease of
d1 leads to increased reaction force by 1000N and to
significantly increased work vibrations.

Fig.12. Influence of dimension d1 over reaction force in
the air spring

Fig.9. Influence of dimension d1 over impact energy

Fig.13. Influence of dimension d2 over reaction force in
the air spring
Fig.10. Influence of dimension d2 over impact energy

Fig.11. Influence of dimension d3 over impact energy
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Fig.14. Influence of dimension d3 over reaction force in
the air spring

Another examined variable is the impact frequency,
defined through the rotational velocity of the drive shaft.
It is observed that changing impact frequency results in
deviations of the impact energy output – high differences
between two impacts energies (refer to figure 15).
Additionally, the mean value of the energy decreases
when rotational velocity of the drive shaft is changed. The
effect of high deviation is amplified when examining
reaction force in the air spring. Values are dispersed
almost twice more than similar effect for the energy (refer
to figure 16).
This is an indicative that certain design of pneumatic
impact mechanism has its optimal value for impact
frequency. Changing this value leads to deviations in
output and irregularity of loads, generally to increased
vibrations. It could be resumed that certain design has its
optimal impact frequency for highest efficiency.

shown on these figures are mean for the last 18 impacts
and are extracted from previously shown results on
figures 3, 4, 5, 9, 10 and 11. The energy mean value is
formed by impacts No8 to No25, as the first 8 impacts are
generated when the system is in transition to work
condition.

Fig.17. Sensitivity of impact energy to change of
pneumatic chamber dimensions

Fig.15. Influence of drive shaft rotational velocity
(impact frequency) over impact energy

Fig.18. Sensitivity of impact energy to change of ram,
beatpiece and tool masses
An analysis of the graphics data shows that each change
of the examined parameters will decrease the output
performance of the impact mechanism, i.e. the nominal
dimensions of the pneumatic chamber and masses of the
acting bodies are with optimal values.
As it was mentioned, the most indicative is the analysis of
the change in the impact frequency. It is observed that the
maximum of the energy corresponds to minimum reaction
force in the air spring – at nominal impact frequency. This
is an indicative for well optimized parameters set up of
the explored impact pneumatic mechanism as well as for
correct set up of the virtual simulation model.

4. CONCLUSION

Fig.16. Influence of drive shaft rotational velocity
(impact frequency) over reaction force in the air spring
A robust analysis of examined parameters is presented on
figures 17 and 18 – concerning the variations of the
pneumatic chamber dimensions and masses of acting
bodies (ram, beatpiece and tool). Values for each variant

The build simulation model on virtual prototype basis
uses the design of well-known and tested mechanism of
existing power tool – a product of leading world
manufacturer. The target of this research is to build
correct simulation model, which will allow to vary
different parameters of the examined pneumatic impact
mechanism with moving cylinder. Used virtual prototype
includes the movement and relations between
mechanism’s components as well as allows substitution of
the pneumatic chamber with nonlinear spring member,
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which has adequate characteristic. Complete mechanical
simulation model with included components relations is
built and tested – ready for further examinations.
Robust analysis results indicate most sensitive
parameters. Overview of these results shows certain
nonlinearity in the relation between impact energy and
reaction force in the air spring – vibrations in the handle.
The relation between explored parameters of the
pneumatic impact mechanism and output performance
(impact energy) is also nonlinear.
High influence over power tool performance has the
masses of the ram and of the beatpiece. The change of
pneumatic chamber geometry dimensions has greater
influence over reaction force in the air spring. Another
important parameter is the impact frequency. It could be
stated that for certain mechanism exists optimal impact
frequency when the output productivity is highest and
vibrations are lowest. All other impact frequencies will
cause higher deviations in the impact energy and higher
vibrations.
Major result of current study is the generated simulation
model, based on virtual prototype, which will be used in
future examinations. Information, obtained from the
model, is sufficient for better understanding of the
ongoing processes and a good basis for design
considerations.

[5] TODOROV, G., KAMBEROV, K., PEYKOV, V.,
Possibilities for controlled resonance application in
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[6] TODOROV, G., KAMBEROV, K., PEYKOV, V.,
Possibilities for controlled resonance application in
impact mechanisms of demolition and rotary
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October 2009, pp. II-21 – II-24, ISSN 1313-1850
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drawings creation. Therefore using of new 3D systems
offering various solutions is useful:

CONTRIBUTION TO DESIGNING BY
WORKPIECE SOLID MODELING
Eva RIEČIČIAROVÁ
Marcela CHARBULOVÁ
Abstract: Article analyses designer’s work from classic
way up to the implementation of modern CAD, CAM and
CAE systems. By using a solid modeling software in
designing, is possible to create the parts and assembling
them to the final product. For the demonstration is
possible to create an animation of product’s motion,
thereby check of design correctness.
By using of CAx systems applications, described in the
article, is possible to make an virtual analysis and
valuation of product during its life-cycle. It is about final
assembly, simulation of utility functions, properties,
service and disassembly after its life-cycle is over.
Key words: PLM, DMS, non-drawing manufacturing,
CAx systems

1. For the design and development aid:
• CATIA
• SpaceMouse, SpacePilot
2. For the documentation management and data about
product during its life-cycle:
 DMS - Documentation Management of systems
 PLM
• ENOVIA
• 3DVIA
 Technical viewers:
• Eroiica
• ENOVIA
 Archiving, back up and system infrastructure:
• Tivoli Storage Management
• ORACLE, MS SQL WINDOWS, UNIX
• Servers and storage
 Service:
• Outsourcing of information systems
• Optimal studies for documentation
management and workflow
• Optimal study for product’s life-cycle
management
• System integration in the system
implementation
3. For the support of electrical and furniture projection:
• ELCAD
• RUPLAN
• SPAC, Engineering Base
4. For the support of digital manufacturing:
• DELMIA

1. INTRODUCTION

Structure of application consists of:

On the present, the computer aid of manufacturing
processes is implemented in every area of human activity.
By a constant development of softwares following the
designers requests, new systems came into existence,
which started to change mind about technical
documentation creation.
Work on the drawing-board has been replaced by CAD,
CAM, CAE systems designing. Designer defines the
object by two dimensional representation in the three
basic rectangular planes, of which the 3D object is
generated.
By further development of these systems, new sofwares
began. Principle of these sofwares is modeling of solid
parts and its assembly into the layouts, with motion
analysis option. Technical documentation is created by
cuts led through the 3D model.
New tendencies in designing lead to non-drawing
manufacturing, what means designer’s new approach to
the creation of technical documentation.

a) Mechanical design solution
Group of application modules for development of CAD
models. They work on the principle of hybrid modeling
with creating of editable parametric model. Technical
documentation can be created either by model projection
or by direct drawing.
b) Analysis solution
Analysis and check of parts and assembly stress by finite
element method. Easy use, quick system response and
controlled accuracy of results are primary characteristics
of these applications. Applications are particularly
destined for preliminary check of design correctness.
They also provide information about construction stability
directly in creation process.
c) Equipment and system engineering solution
Modules for design, modification and analysis of
electrical and liquid systems, for purpose of solving
general arrangement of product’s spatial proportions.
d) Product synthesis
Virtual analysis and product function evaluation over its
life-cycle. It is about final assembly, simulation of utility
functions, properties, service and disassembly after its
life-cycle is over.

2. CONSTRUCTED OF 3D MODELS
If the designer uses 3D modeling, there is a doubling of
information defined in this model in a process of 2D
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e) Industrial plant design
Spatial disposition of manufacturing units. It goes from
the independent operational units to the entire industrial
plants.
f) Shape design and styling solution
Modules for the highest demands in the area of design,
based on surface modeling.
g) Infrastructure solution
Scientific and technological findings and know-how
generated and defined during the organization
development process can be implemented into the system
as a body of rules and standardized operating procedure.
It can be shared by all members of development.
h) Manufacturing technology support
Creation of numerical control data for the computer
controlled manufacturing technologies on the basis of
CAD model geometry and integral technological knowhow.

2.1. Constructed using a computer in
CAD/CAM/CAE
a) CATIA Computer - Graphics Aided Three
Dimensional Interactive Application (Fig. 1) is a
software dedicated to 3D computer designing in the
area of CAD/CAM/CAE.

Table 1. Benefits of DMS for the organization and its staff
Programs
Served

Digital
Content
Creation

Tools
increasing
efficiency

AutoCAD

3ds max

Adobe Acrobat

Autodesk
Inventor

BodyPaint 3D

Adobe
Photoshop

ANSYS

Cinema 4D

Internet Explorer

CATIA

form•Z

Word

EdgeCAM

Maya

Excel

I-deas

MOTIONBUILDER

Outlook

Pro/ENGINEER

Presenter 3D

PowerPoint

Unigraphics

Rhino

Outlook Express

Solid Edge

StudioTools

Microsoft
Project

SolidWorks

SOFTIMAGE

Windows
Explorer

SpaceMouse (Fig. 2) is powerful controller, which allows
to increase efficiency and comfort of the work. By mouse
is possible to zoom, move and rotate 3D models or data
records and with the aid of this device simultaneously
select, control and edit. It eliminates tiring and repeating
operations, which excessively loads the hand.

Fig.1. Working environment of CATIA
This software is one of the most widely used CAD
systems in automotive and aircraft industry. Virtual
design offers wide area of functions and allows effective
cooperation in the course of design, which exceed options
of traditional developers. Modeling allows collaborative
and free environment for designing, shaping and
transformation of 3D parts from various sources easily
and in good quality. Software allows intuitive access
through the PLM, what allows to gather, test in 3D and to
be synchronized with other users. Software allows general
coverage of industrial products developig process from
the basic solutions, through the entire life-cycle, to its
recycling.
b) For the support of design and development, use of 3D
motion controllers is advantageous.
126

Fig.2. SpaceMouse 3D motion controller
SpacePilot (Fig. 3) is technologically most advanced 3D
controller, which combines easy navigation, advanced
ergonomics and system of keys, which allows continual
and easy control of applications.

Fig.3. SpacePilot 3D motion controller

2.2. Document management system – DMS
DMS is a computer system used to track and store
electronic documents or images of paper documents.
One of the option is using of software, which allows
complex administration and management of document
during its life-cycle. It offers transparent system of work
with documents in any company. Description of functions
is listed in Table 2.

even within globally wide-spread organisation. The goal
is to decrease expenses, shorten the product marketing
time and to provide required quality.
Design of car axletree by ENOVIA software is in Fig. 4.

Table 2. Benefits of DMS for the organization and its
Function

Description

Categorization

Organising the documents into the
folders

Formular
management

Contains functions to create and
modify of electronic sheets and to
collect, process of data filled.

Attribute
record

Specification of attributes filed in
document

Workflow
modelling

In system is possible to define
optional number of workflows.

Access
privileges
management

Automatic
document
audit (register)

Archiving

Full text search

It allows to merge users of the
system to the users groups – roles
(e.g. economic department,
marketing department, all
employees...). Single employee can
be in various groups. Is possible to
grant access privileges to groups for
the work with documents.
Actions, which were done with
document during its life-cycle. It
keeps records of action, date, time
and user, who executed the action.
Actions, which were done with
document during its life-cycle. It
archives action, date, time and user,
who executed the action.
Powerful search tool, which allows
full text searching in administered
documents. (txt, doc, rtf, html, xml.)

ENOVIA is universal CPDM - Collaborative Product
Data Management, for cooperation and organizing of
engineering departments in larger companies, with the
option of connection to supply chain. It allows optimally
integrate, manage, control and repeatedly use its
manufacturing data, regarding to acquired knowledge. It
helps to shorten the time of new product marketing,
decrease of expenses, provide the demands to quality and
equivalence of standards. It offers highly adaptive CPDM
solution for repeatedly valuation of knowledge acquired
in former products designees. It supports and controls
team cooperation in design and realization of product

Fig.4. Stages of production and product development
ENOVIA allows repeatedly use of knowledge about
product created in CAx systems, Microsoft ® Office,
Microsoft Project and other sources including logical
bonds between them. It automates and controls business
processes, e.g. entry list management and changes of
quotations, after-sale service, monitoring of process
course and optimization of workflow between participants
of the process. It integrates work methods of every
concerned units and provides connection between
customers and suppliers, their systems and technologies.
It accelerates engineering processes due to innovative
adaptability of product’s structure.

2.3. Product Lifecycle Management - PLM
PLM is the process of managing the entire life-cycle of
a product from its conception, through design and
manufacture, to service and disposal (Fig. 5). Global
collaborative innovation, extends PLM by company’s
users and customers, allows participating of every users in
product’s life-cycle by universal 3D language. Practical
experience with 3D products, which looks and behave as
real, as well as intuitive searching interface, allow
communication, cooperation and testing of products in
3D. Central platform of PLM for controlling of
intellectual property with modeling applications, which
cover every area of development and company processes.
Product Layout Engineer – solves conceptual phase of
product development.
Product Style Engineer – creates the product design.
Product Mechanical Engineer – solves particular tasks of
entire unit.
Product Equipment Engineer – solves assistant equipment
of product, needed for fulfilling of function in the
configuration.
Product Optimize & Review Engineer – solves
optimization of construction, covers the control of product
through its entire life-cycle.
Product Manufacturing Engineer – programs and
simulates NC machines, prepares products for
manufacturing.
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3. CONCLUSION
In CATIA system are modern tools, which allows to
shave drawings from all phases of product design. One of
the example can be manufacturer of injections form,
where every order is a new prototype. If we talk about
areal use of CAD systems, long-time archiving of
drawings is necessary.
By using of applications described in the article we talk
about integrated control in 3D design.
3DVIA changes and effectively automates processes of
creation, updating and distribution of technical
documentation by repeatedly use of all information
defining the product.
ENOVIA together with CATIA helps users to direct their
engineering activities and product processes without
dropping of their quality. Following examples
demostrates the assets measured by independent
consulting companies:
 Increasing of construction design quality by 70%.
 Decreasing of error amount in docuentation by o
15%.
 Decreasing of expenses needed for design changes by
75%.
 Decreasing of expenses needed to manufacturing tools
and fixtures by 66%.
 Decreasing of expenses in new parts designing by
20%.
 Shortening the access time to existing data by 90%.
 Shortening the design time by 50%.
 Shortening the product’s marketing time by 55%.
From mentioned findings in the article results, that
described application effectively automates processes of
product creation at considerably lower costs and higher
queallity.
Is very essential to use these applications in the case of
connection of CAx and PLM systems, what is needed
mostly in automotive and aircraft industry.
(Boeing, Daimler Chrysler, Volkswagen, Škoda, BMW,
Audi, Porsche).
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Reverse engineering has its origins in the analysis of
hardware for commercial or military purposes [1],
although it is nowadays very often used in the field of
computer software. During the recent years, the
development of the 3D optical scanning software and
hardware caused a new era of reverse engineering. With
so-called 3D scanners we have an available tool which
enables acquisition of geometry directly in the CAD
format. That way, we can move data from virtual to
physical models and vice-versa.
In the field of manufacturing of industrial tools, the
process of reverse engineering is used in many different
ways. In this article we wish to present one of the
manners of using the reverse engineering.

EVALUATION AND EXPLOITATION OF
A TOOL SHAPE ACQUIRED BY THE 3D
SCANNING PROCESS
Ivo PAHOLE
Mirko FICKO
Jože BALIČ
Jernej ŠENVETER
Abstract: After final correction of a tool for sheet metal
forming, the new, corrected shape of the forming tool
deviates from the constructed shape. This represents a
problem for repairing or manufacturing the substitute
tool. By using the concurrent 3D scanners it is possible to
gather the actual geometry of the corrected shape of the
forming tool. These data can be used for repairing and
subsequent manufacturing of vital parts of the tool.
Key words: 3D scanning, metal forming, reverse
engineering

1. INTRODUCTION
Tool making industry is a specific one, since it serves the
industry of mass produced goods. Therefore, it always has
to be at the technical and technological summit. Industrial
tools are becoming bigger and more complex and quality
standards are getting more and more demanding. On the
other hand, the market demands less expensive tools
produced in shorter time as ever before. Toolmakers are
forced to invest in knowledge and technology in order to
reduce costs and time-to-market. One of the technologies
which proved to be useful in toolmaking is digital reverse
engineering.

2. REVERSE ENGINEERING
Subject of reverse engineering is a descriptive process of
defining a device, object or system by analysing its
structure, function and operation. Its primary goal is the
restoration of lost knowledge, interoperability and product
copying. It can be defined as a process which converts a
real physical model into a virtual mathematical one.
Reverse engineering is intended for general use in cases
where only a physical model is available, which needs to
be reproduced, reconstructed, measured, etc [1], [2].

3. PROCESS OF DEVELOPING AN
INDUSTRIAL TOOL
As a rule, every industrial tool is unique, and very seldom
they are similar. In another industry, a similar working
procedure is used for prototyping. From this viewpoint,
the toolmakers construct and produce practically only
prototypes; number of manufactured pieces is usually one,
what means that the orders are projects, planed,
coordinated and controlled by the rules of project
management. Thus, the development of an industrial tool
starts with an order that is followed by construction,
manufacture and delivery to customer.
Industrial tool manufacture consists of:
 construction
 machining and manual processing of parts
 assembly
 testing.
The above list describes the optimal working procedure.
In the real industry environment, almost certainly some
corrections are needed, like it is shown in Fig.1. The full
line designates the usual corrections which are hardly
avoidable and the dotted line shows the corrections which
should not occur in well organized and equipped company
with enough experiences. Usually corrections of the tool
are repeated a few times. Number of repetitions depends
on the quality of construction and manufacturing. This
number can be significantly reduced by utilising the
simulation software which applies the finite element
method [3]. However, we cannot avoid testing. Testing is
the last phase of the industrial tool’s production process.
It is done by making a test piece, observing its surface and
measuring it according to the prescribed measuring
protocol. In case of deep drawing tools, a graphometric
analysis can be used to analyze plastic deformations [4],
[5]. The test pieces are visually checked against cracks
and wrinkles and measured according to required
dimensions of the finished product. The industrial tool is
also checked against cracks and wear-out. Adaptation and
reparation are usual procedures in the development of an
industrial tool. Usually the tool goes through few
iterations of machining and testing. Possible reasons for
corrections are:
 Functional unsuitability (creasing, tearing, etc.):
o high tensile strains leading to cracks,
o insufficient plastic strain resulting in ‘loose’
material and poor surface finish [3].
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 Dimensional unsuitability of the test piece:
o presence of wrinkles,
o dimensional instability as a result of springback
effect.
Order

Assembly

Correction

Machining and
manual processing

Testing

Delivery

Fig.1. Process of tool manufacture
Special simulation software such as the autoFORM is
used to check the functionality of the tool and to eliminate
most of errors in the early phase of tool’s development
[3]. Thus, higher costs of later modifications and
corrections can be avoided. Although we use simulation
software, we cannot eliminate all errors and deviations
mainly because of uncertainty.
Suitable countermeasures shall be defined after the test
pieces are observed and measured. If the deviations are
small enough, the corrections are performed manually. In
cases of substantial deviations, the tool is machined
repeatedly. Usual procedures include welding and milling
on CNC machines or only additional milling and cleaning
of certain parts of the tool on CNC machines. In the worst
cases, some elements of the tool have to be constructed
and reproduced (dotted line in Fig.1) from the scratch. It
is obvious that such corrections cost a lot of time and
money.
Corrective measures usually relate to:
 geometrical shape of the tool,
 quality of the tool’s surface,
 sheet metal’s holders,
 cut of the raw part,
 relaxations for cutting,
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 lubrication,
 speed of the forming process.

4. EXITING THE CAx CHAIN
Corrective measures generally include manual work
without any documentation and traceability. From the
order to the testing, the process of tool manufacture is
supported by the CAx chain but with first correction the
physical parts loose associativity with the CAx
documentation. Corrective measures mainly influence the
active surfaces of the tool; these are the surfaces which
are directly involved in the forming surface.
In many cases where tools are made just once and just in
one piece, this does not represent a problem. But there are
many orders which include more identical tools or a
repeated order after some time or repair/maintenance of
the used tool. In these cases we necessarily need the CAD
model. In general, there are two possibilities; one
possibility is to include knowledge in descriptive form in
the remake of a tool and the other possibility is to
measure the final tool and include measurements in the
tool manufacture. Active parts of the tool consist in
general of 3D surfaces which are practically impossible to
measure with traditional means even with 3D computer
aided measurement machines. A modern answer to this
problem is the use of a noncontact optical measurement,
the so called 3D scanner. The result is a cloud of points
which can be transferred to the surfaces based on triangles
(STL surface) and with CAD reverse engineering
techniques to the surfaces of high order. Although this
process requires some means and time and the results are
nontrivial, this is the only way to get back to the CAx
chain after corrections made on the tool.

5. 3D SCANNING OF INDUSTRIAL TOOLS
3D scanning is the first step in the process of creating the
CAD model. Reverse engineering proves to be an
optional tool where a real object needs to be converted
into a numerical (virtual) model. The reverse engineering
procedure comprises of:
 3D digitalization (scanning) of an object,
 processing of the computer model of the scanned
object.
Scanning is usually done by using the special digitizer
that captures clouds of points from the object’s surface.
Processing of these clouds provides the user with a useful
CAD model that can be further processed using the usual
CAD procedures. The goal of the experiment was to
substantiate the use of optical 3D scanning of the
industrial tool in the testing phase. A photogrammetric
digitizer that captures an image through a CCD camera
was used for capturing the shape of the tool. Accuracy of
the captured model depends on the size of the object, the
quality of lenses, and the wavelength of the light [6], [7].
Advantages of optical digitalization are as follows:
 very fast process of digitalization,
 the system is practically unconstrained by the size of
the object,
 the system can be easily carried around,
 achieving of accuracy down to a few µm.

Process of digitalization consists of several phases:





preparation of surface (Fig.1),
preparation of digitizer,
digitalization,
processing of gathered data.

Fig.3. Comparison of scanned with the original model
(sensitivity 0,2mm)

6. CONCLUSION

Fig.2. Preparation of tool [4]
Surface of the tool was thoroughly cleaned and coated
with a non-reflecting coating. Special labels – reference
points were afterwards glued to the prepared surface. The
digitizer was equipped with suitable lenses according to
the size of the scanned object and calibrated. Several
scans of the object were made during the digitalization
process. The scans are combined into a three-dimensional
numerical model and written into a STL file. This file can
be transferred into a suitable CAD package where it can
be compared to the original model of the industrial tool or
further processed in order to gather the data for tool
making knowledge base. Several levels of sensitivity can
be used in the comparing procedure (0.2, 0.5, 3 and 4 mm
for example). The analysis of the compared data can
provide the user with positions and sizes of geometrical
changes of the shape of the industrial tool. Different
colours represent a scale of the geometrical deviation
from the referential (basic) shape of the tool. The
sensitivity of comparing is chosen according to the size of
the geometrical deviation (Fig.3).
Results of the comparison are used as information about
the location and the size of corrections carried out on the
industrial tool’s surface. They will be of great help in case
when a spare part will be needed due to wear out or
failure reasons. Then, the spare part can already at the
beginning be machined to these new, digitized dimensions
what diminishes the correction costs and time in the
testing phase.

Modern digitalization systems made the digitalization
process simple and user-friendly. Reverse engineering
software on the other hand, enables optional treatment
and modification of gathered data. They can serve as a
powerful tool for repairing and modifying the worn out
tool [8], [9].
The described research indicates the possibility of
capturing and evaluating physical properties in spatial
forming of sheet metal. With gathered and suitably treated
data, a knowledge base can be constructed which can be
used as a support tool for projecting new industrial tools.
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MODELLING THE CONECTION
BETWEEN END-PLATE AND STEEL
STRUCTURE USING FEM
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Abstract: In this paper is presented the numerical model
for analyzing three cases of the end-plate connection of
the steel structures fixed by high strength bolts with 10.9
class of strength. In the same dimension of the parts of the
steel structure, the differences exist on the end-plate
thickness. In the first case, the thickness of the end-plate
is dp=12 mm, in the second case dp=14 mm, and at the
third case dp=16 mm.
Numerical model of the construction based on FEM is
functional using the “SOFISTIK” software package for
real modeling of contact problems in the end-plate
connections of the steel structures.
Also, the cooperation between numerical obtained M-∆
diagram using FEM and the
M-∆ diagram obtained
from EUROCODE 3 rules are given as a part of the final
conclusions for improving analysis of the straightstrength condition and the limited loading of the
construction.

Z

X

Fig.1. Conection between end-plate and steel structure

2. MODELLING OF THE SYSTEMS
While modeling the accounting model, QUAD
rectangular shell finite element with five degrees of
freedom in each node were used. The elements are
divided into ten layers to be able to follow the appearance
of the flow inside the element. A total of 3937 elements
and 3707 nodes are used (fig.2).

Key words: M-Φ diagram, FEM, EUROCODE 3.

1. INTRODUCTION
The behavior of the end-plate connections (figure 1) is
represented by tree curves: Moment-rotation (M-Φ),
moment-axial force (M-N) and moment –transversal force
(M-Q). Because the axial and the shear deformation are
very small, both can be neglected. The best representation
of the behavior of the end-plate connections can be shown
by using the moment- rotation curve (M-Φ).
In the paper is presented numerical method for obtaining
M-F diagram using FEM. Also the cooperation between
numerical obtained M-Φ diagram, and the M-Φ diagram
obtained from EOROCODE 3 rules are given.

Fig.2. FEM model of whole construction and
detail of end-plate
While the quantization of the system with finite elements
grouping is made of the foresaid. Nine groups were used:
seven groups of QUAD rectangular finite elements and
two groups of axial SPRING elements. In the axial
SPRING elements, one group are the springs that model
the contact between the end-plate and the pillar, the other
group are the six springs that model the bolts whose
characteristics are entered via the previously
experimentally obtained F-∆ diagrams.
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F=k. 1 kN
K9

K8

K7

K 1,2
K 3,4
K 5,6

K 10

Fig.3. Loading the system
The construction is loaded incrementally with a base load
that is taken for increment size of 1 kN. The first load is
1x1=1 kN. For this load all sizes are calculated: the
complete stress and deformational state in all 3937
elements with which the system is quantized, forces in the
springs which modeling a contact and forces in the bolts.
If the condition is linear in each point of the construction
the increment from 1 increase to 2. Once again the whole
procedure is repeated by increasing the increment for the
whole number until the point when in any element a
plastic condition appears. Then the system begins to take
the previously allowed condition as initial and the
increment begins to increase by half from the increment.
Once again the whole procedure is repeated and in every
next step, the coefficient before the increment is with a
lower step of growth (half the previous growth) until for
the previous the subsequent step of stress and
deformations in the entire construction is not the same,
which is the border state of the system. The force for
which this condition is reached is the border force i.e. is
the border load-bearing of the construction.
The analysis obtained the following border forces, for the
plate with dp = 12 mm, border force is 83.07 kN. For the
plate with dp = 14 mm the border force is 91.76 kN, and
for the plate with dp = 16 mm the border force is 98.93
kN.

M [kNm]

The construction is loaded with one concentrated force
that is directed towards the global z axis of the system
(fig.3).

The influences entering the F-∆ curve are: the
deformation of the head of bolt and nut, the influence of
the deformation to the two different parts of the body of
the bolt (to the part without and to the part with thread),
deformations that occur in the shim, deformations from
the pressure to the thread that appear under the influence
of force and the deformations of the plates that form the
package which is pressed. However, in many papers the
fact that the influence of deformation of the bolt’s head
and the body of the bolt over the F-∆ diagram is marked
as meaningless, so the problem of obtaining F- ∆ diagram
is reduced to measuring elongation of the body of the bolt
in which all the previously mentioned influences,
exception is the influence of the head and the nut that are
taken into consideration.
These factors are taken into consideration by obtaining
the experimental curve and parenthesizing it into the
program of the model.
In the figure 4, figure 5 and figure 6 are shown compared
F-∆ diagrams of the end-plate obtained by the numerical
model with the program package SOPHISTIC of the
diagrams shown in blue color and according to the
calculations of EUROCODE 3 of the diagrams marked
with yellow.
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Fig.4. M-∆ diagram for end plate with dp=12 mm
(blue line) and the M- ∆ diagram obtained from
EUROCODE 3 rules (yelow line)
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4. ADDITIONAL PARAMETERS TO
IMPROVE THE MODEL
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The only way to really model the bolts and all influences
to be taken into consideration is experimentally obtaining
the curves force-displacement F-∆ of the suitable bolts.
The F-∆ diagram of the bolt is experimentally obtained.
While the experimental determination of the F-∆ diagram
of the bolt, all the influences that in reality are difficult to
be modeled numerically, are here taken into consideration
and replaced with one single curve.
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3. LOADING OF CONSTRUCTION
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Fig.5. M-∆ diagram for end plate with dp=14 mm
(blue line) and the M- ∆ diagram obtained from
EUROCODE 3 rules (yellow line)
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the console on the contact with the end-plate is more
twisted.
The software package SOPHISTIC despite deformational,
provides a complete stress picture of all elements in all
points of the construction. In figure 7 is shown the
condition of the largest major strain in the whole
structure.

90.000

80.000

70.000

78.12
71.6

60.000

50.000

40.000

30.000

20.000

10.000

0.000
0.0000000000

0.0050000000

0.0100000000

0.0150000000

0.0200000000

0.0250000000

0.0300000000

Φ [rad]

Fig.6. M-∆ diagram for end plate with dp=16 mm
(blue line) and the M- ∆ diagram obtained from
EUROCODE 3 rules (yellow line)
From the figure 4, figure 5 and figure 6, we can see that
the numerical obtained M-Φ diagram has a bigger
moment resistant and initial stiffness then M-Φ diagram
obtained from the EUROCODE 3. The difference is
bigger in the area of high moment and high rotation. That
means that the stress-strain conditions of the end plates it
have strong influence on the behavior of the whole
construction. The reason is that the limit state of the
construction is determination of the stress-strain condition
of the end plate. This mean that for working condition the
stress in the end plate is linear. For higher moment, the
condition of the end plate is strongly nonlinear.
The same applies to the initial stiffness. The curves
obtained by the numerical model have higher values for
the initial stiffness in relation to the same obtained by the
EUROCODE 3 for all three thicknesses of the end-plate.
The results obtained on the basis of calculations according
to EUROCODE 3 are lower than the results obtained by
the numerical model from the following reasons:
 The results obtained according to EUROCODE 3 are
obtained by the expressions in the standard
representing expressions for equivalent stiffness, twist
and moment of burden on the model of mechanical
components. These expressions base on a series of
simplifications that are on the side of safety
 EUROCODE 3 is a standard that incorporates partial
coefficients of safety. Moment resistant, twist and
initial stiffness are calculated according to forms in
which although based on the simplifications that are
on the side of safety, contain also partial coefficients
of safety.
The discrepancies of results obtained by the EUROCODE
3 in comparison to the results obtained by the numerical
model are larger in the area of big moments, i.e. major
twists. In the area of work strain of the connection the
deviation is smaller. The reason for this is that reaching
the border burden of the construction is largely
determined by the burden of the end-plate. The burden of
the end-plate on the other side is determined by a state of
complete plasticity to the critical points in the plate. From
here it follows that the lower intensity of force, the endplate is in the elastic area or is weakly plasticized, so the
impact over the twist is smaller. As the power increases,
so the end-plate is faster plasticity and the intersection of

Fig.7. Condition of maximum major strains in
the whole construction
In figure 8 are shown two of the five possible conditions
of strain to the element 10166. The first picture shows
strains in x and y direction for the ultimate force. The
second picture shows the situation of B.Misses’s-strains
and is shown that the intersection is fully plasticized. It
also shows the distribution of strains in relation to the
element’s height.

Fig.8. A display of the condition of a strain in one element
upper small picture – are the strains in x and y direction
lower -small photo-V. Misses’s strains
The distribution of strains is linear to the height of the
layer and the shape of the curve of strain is refracted
straight line.
As an illustration in figure 9 V. Misses’s -strains for the
whole construction on the upper layer of the elements is
given.

Fig.9. V.Misses’s strains for the whole construction on
the upper layer on the upper layer of the elements
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5. CONCLUSION
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It is obvious that the conductions of the links with the
end-plate and the hv (high-value) bolts expressed through
the moment-rotation curves M-Φ which are obtained by
the expressions of EUROCODE 3 represent the roughest
approximation of the real behavior of the links with endplates and hv (high-value) bolts. This is due to the fact
that EUROCODE 3 is based on the method of
components. The method of components is essentially
simple mechanical model that considers the node as a sum
of the elastic springs and the rigid connections. These
components represent the parts of the connection, which
depending on the type of loading that appear, behave
toward replacement of the corresponding influence of
each or a group of structural elements. According to this,
the simplifications and the approximations that are based
on the simple mechanical models affect largely on the real
modeling of the connection.

Books
[1] Butterworth, J., “Finite Element Analysis of
Structural Steelwork Beam To Column Bolted
Connections”, Joints in Steel Constructions-Moment
Connections, BCSA/SCI Pub.Ni.207/95, 1995
[2] Lj.Lazarov,“Granicna
nosivost
na
liniski
konstrukcii“Gradezen fakultet , Skopje,2000
[3] I.Vilos“Contribution towards research of the limit
state of end plate connections with high strenght bolts
of steel structures“
PhD thesis,Technical
faculty,University“Sv Kliment Ohridski“-Bitola,
Bitola, 2006

The proposed numerical model based on the method of
final elements in relation to other similar models,
simplifies the modeling of the entire system by using only
two types of final elements. The first type represents the
flake layers finite elements, which are used for modeling
all elements with exception of the contact and the bolts.

Proceedings papers
[5] G.Kokalanov, V.Mohajlov, "Computer Design of
Flat Plate“ ,
1st symposium computing in
Engineering, University of Zagreb, Zagreb,2003

Journal papers
[4] T.Geramitcioski,I.Vilos,“ExperimentalDetermination
of F-D Diagram for High Strength Belts With 10.9
Class of Strength“, International Scientific Journal
“Problem of Mechanics“ No2 (23) 2006, p9-16.

The discrepancies of the results obtained by the
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FRICTION PLANETARY
TRANSMISSIONS FOR EXTREME
CONDITIONS
Еlena MARDOSEVICH
Abstract: Service conditions of drive systems used in aerospace and ground equipment can be rated as extreme conditions in some cases. Besides, actual tendencies to reducing
mass and size of friction interfaces as well as to improving
vibroacoustic characteristics and tribotechnical parameters of
their interaction should be considered. Improving vibroacoustic characteristics and tribotechnical parameters is
extremely important for vacuum environment and
low-temperature conditions, when possibility to apply lubricants is limited. In some cases these problems can be fully
solved using electromotor-in-wheels with electromotors having rotational velocity increased up to 20-50 thous. rpm, and
special reducing friction transmissions with high reduction
ratios. Main components of these transmissions are manufactured of modern friction and antifriction composite materials;
an increased coefficient of efficiency and required service life
of the transmissions are achieved by selecting efficient kinematic schemes and geometrics of their main components.
Key words: friction planetary transmissions

1. INTRODUCTION
One of promising techniques for creating superlight software-controlled motor-reducers for aerospace equipment
and robotics is using in their structural design eccentric
friction planetary transmissions, which main components
are manufactured of aluminium alloys with friction
MAO-coatings on work surfaces.
MAO-coatings are formed by converting the surface
coating of aluminium-alloy details into Al2O3 using anodic-cathodic microarc processing [1]. Their thickness
and hardness are 50÷300 µm and 12÷ 28 hPa, respectively; coefficients of dry kinetic friction may reach 0,6
and more [2,3].
Using increased friction coefficients allows to significantly increase the load capacity of a frictional contact,
compared to materials traditionally used for friction
planetary transmissions. In turn, increased friction coefficients combined with using light aluminium alloys allows
to minimize mass and size, decrease internal dynamic loads

and – on this basis - significantly increase the upper level
of maximum permissible engine angular rotational velocities up to 8000-20000 rpm.
Embodiment of some structural designs of friction planetary transmissions allows to obtain quite high reduction
ratios on one stage of reduction. Besides, if design parameters are selected efficiently, software-programmable
controlled circular displacement of the output shaft will
be less then 3 seconds of arc. Therewith relatively simple,
reliable and relatively inexpensive control means are used.
In current engineering designs of friction planetary transmissions different types of contact surfaces (cylindrical,
conical, barrel-like) and schemes for creating of force of
their clamping against each other are used [4,5].
Each several group listed above has its peculiarities of engineering and designing of its main components. Below following information is given: results of analyzing friction
properties of MAO (microarc oxidation)-coatings that are
working under the conditions of dry friction, most typical
structural solutions, peculiarities and application areas of
friction planetary transmissions manufactured of aluminium
alloys with friction MAO-coatings on work surfaces.

2. FRICTIONAL PROPERTIES OF
MAO-COATINGS
Research objective was estimating the effect of contact
pressures on friction coefficients of samples made of the
aluminium alloy AK6 with MAO-coated work surfaces
during their interacting in the regime of dry friction. The
samples had plain work surfaces, on which by anodic-cathodic microarc processing MAO-coatings with
thickness 90-120 µm and hardness 13÷15 hPa were
formed.
Hardness change in the depth of the oxide-ceramic coatings corresponded with the hardness change reported in the
papers [2, 3].
The research was carried out at normal temperature and
humidity of the environment, with the sample executing
reciprocating motion relative to a counterbody. Pressures
increased stepwise from 0,4 to 6,7 MPa. Slip velocities
were relatively low (regime of continuous slipping is unallowable with the friction transmission). During one cycle
of reciprocating motion, slip velocities changed from 0 to
0, 45 m/sec.
Current values of friction coefficients were recorded
automatically.
When analyzing research results, it was taken into account, that during contact interaction of Al2O3 materials
plastic deformation, brittle failure and tribochemical
processes may arise [6-8]. Considering this, the dependence given below (calculated for a single plastic contact)
was accepted as the basis of the methodical approach for
estimating the effect of contact pressures p on friction
coefficients f during interacting of work surfaces in the
regime of dry friction

f = α P + β ⋅ ( p / H )c ,

(1)

where αр is a constant component reflecting the molecular constituent of the friction coefficient, β is a component,
that takes into account the effect that the mechanical constituent of the friction has on the friction; this effect de137

pends nonlinearly on the loading of contact surfaces (р)
and their hardness (Н) [7].
Coefficients αр, β and power «с» were found experimentally. Obtained data were processed by means of a PC
using methods of mathematical statistics.
Changes of maximal coefficients of sliding friction under
increasing loading of interacting MAO-coated friction
surfaces (dry interaction) are shown in fig. 1 and 2 [9].
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Fig.1. Dependence of friction coefficients f from contact
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3. DESIGNS AND KINEMATICS OF
FRICTION PLANETARY TRANSMISSIONS
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Fig.2. Changing of friction coefficient during one cycle of
sample-counterbody interaction from the beginning of
motion until reaching the maximal speed, its decreasing
and stopping
Analysis of results shown in fig. 1 shows, that during dry
interaction the friction coefficient of MAO-coatings increases virtually linearly when contact pressures increase
and in the range involved it doesn’t virtually depend on
slip velocity. Coefficients of static and kinetic friction
differ by not more than 3-5%.
Obtained information about coefficients changing with increasing specific contact pressures correlate well with research
results shown in pictures 26-28 and 31 in paper [9] and in
picture 1 in paper [10], that were obtained with specific contact pressures of up to 3.2 MPa.
Obtained dependence of f from contact pressures р during
dry sliding friction can be presented as follow [9]

f = 0,58 + 1,29 ⋅ 103 ⋅ 4 ( p / H ) 3 .

(2)

In whole, analyzing the pattern of interaction between
friction surfaces has shown the following:
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 values of the coefficient of sliding friction during dry
interaction of MAO-coatings
change
in the
range 0,46 ÷1,4, which correlates well with the results
of similar research for pressed oxidoceramics; these
values depend virtually linearly on specific contact
pressures, which coincides with the results obtained
when investigating friction pairs with contact pressures
of up to 3 MPa during the research “MAO-coating
formed by anodic-cathodic microarc processing, –
steel ШХ15, thermostrengthened up to HRC 50-55”
[11,12];
 with contact pressures р = up to 1,4 ÷ 1,6 МPа corresponding to obtained dry friction coefficients f = 0, 9
÷1, with relatively low slip velocities and effective heat
exchange in the contact zone during interaction of
contacting surfaces, virtually no seizures and destructions of MAO-coatings occur;
 with р >1,6 МPа, localized heating and seizure areas
occur, that cause destruction of MAO-coatings, and
with р ≈ 3,2 МPа severe heating of interacting surfaces
occurs during a very short period of time, which causes
seizure and catastrophic destruction of the coating.
Thus, using MAO-coatings in friction planetary transmissions allows to achieve the load capacity of the frictional
contact that is 3-6 times higher than with steel. With contact pressures р of up to 1,6 МPа relatively short-term
slipping of work surfaces will not cause any loss of
transmission serviceability.
Thus, most rational range of contact pressures when using
MAO-coatings in friction transmissions is р = 1,4 ÷1,6
МПа, that allow to achieve close-to-one coefficients of
sliding friction.

Conventional diagrams of eccentric friction planetary
transmissions with cylindrical work surfaces are shown in
fig. 3 [13-15].
In the engineering solutions shown in picture 3, the satellite gear is mounted in such a way, that it can rotate freely
about the eccentric. Radius of its outside cylindrical surface «r» is insignificantly lesser, than the radius of the
inside work surface «R» of the sun gear, what allows to
achieve high reduction ratios with acceptable (from the
position of contact strength) contact pressures in the interaction zone.
When the eccentric rotates, the satellite gear revolves
along the inside work surface of the sun gear and rotates
about its axis in the direction opposite to the direction of
input shaft rotation.
The satellite gear has openings, which flange fingers enter
with a clearance that is bigger, than the eccentricity «е».
The flange is fixedly connected to the output shaft that rotates during satellite gear rotation with the same speed. For
friction loss saving, frictionless bearings are mounted on
the fingers and eccentric.
Outside work surface of the satellite is pressed against the
inside work surface of the sun gear, what allows to
achieve required loading capacity of the transmission; this
pressure is exercised by precompressing the polymer annular resilient member by means of increasing the design
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actions for providing balancing, but in spite of that, the
upper level of rotation speeds of the input shaft is still
limited. Considering that, design solutions shown in the
fig. 3а,b are basically focused on using of transmissions
with relatively low input-shaft rotation speeds and
output-shaft moments.
Everything mentioned above applies in full to the known design solutions with double satellite gears (fig. 4а, b [5,14]).

R

value of the eccentricity «е». The resilient member is
placed in the satellite gear (fig. 3а), or in the sun gear (fig.
3b) [12,13], that are designed as three rings placed concentrically and fixedly connected to each other. The
polymer resilient member serves as spacer.
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Fig.3. Standard diagrams of eccentric friction planetary
transmissions with cylindrical work surfaces: 1 – input
shaft;2 – eccentric; 3 – satellite gear; 4 – sun gear fixedly
connected to the frame; 5 – resilient member; 6 – flange with
fingers entering the satellite gear openings with a clearance;
7 – output shaft fixedly connected to the flange

For the purpose of decreasing of rolling resistance, outer
rings of the satellite and of the sun gear are maximum
rigid in the radial direction. For the purpose of increasing
of the loading capacity of their frictional contact, on the
outside work surface of the satellite and on the inside
work surface of the gear, friction MAO-coatings with
friction coefficients of 0,9-1 are formed, as shown above.
Advantages of these transmissions are simplicity of the
design, workability, possibility to realize high reduction
ratios on one reduction stage. These ratios can be calculated according to the dependence
−1

r
⎛R ⎞
u = ⎜ − 1⎟ =
e
⎝r
⎠

(3)

However, in these design solutions annular polymer resilient members work in shear. To a certain extent, that limits
the possibilities to increase the power of such transmissions. With high rotation speeds of the input shaft, presence of an eccentrically mounted mass requires special

c
Fig.4. Standard diagrams of friction planetary transmissions with a double satellite gear (а,c) and an annular
flexor (b): 1 – input shaft;2 – eccentric; 3 – double satellite gear (а,c) or annular flexor (b); 4 – sun gear fixedly
connected to the frame; 5 – annular resilient member;
6 – flange with fingers entering the satellite gear openings
with a clearance; 7 – output shaft fixedly connected to the
flange

In the transmissions shown in fig. 4 input and output
shafts can rotate both in the same direction and in different directions. Direction of rotation is determined by the
ratio between the radii of the work surfaces of central
wheels and satellite gears that are taken into account
when calculating the reduction ratio

⎛
R
r ⎞
u = ⎜⎜ 1 − 1 ⋅ 2 ⎟⎟
R 2 r1 ⎠
⎝

−1

(4)

When the transmission works, the double satellite gear of
an outside work friction face interacts with the inside
work friction face of the sun gear, the second satellite
gear interacts with the inside work face of the central
wheel, that is circumferentially moveable .
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Problems caused by imbalance can be solved by using 2-3
satellite gears mounted along the axis (fig. 3 c), and the
loading capacity of the polymer resilient member can be
increased by placing this member in an increased clearance with a nonround profile, e. g. with the spline profile.
In some cases the construction shown in fig. 4 c can be
used. In this construction the resilient member is designed
as a resilient-flexible ring of spring steel with the inside
cylindrical friction work surface.
The annular member interacts simultaneously with the
outside cylindrical friction surface of the satellite gear and,
in the diametrically opposite zone, with the outside cylindrical friction work surfaces of two annular members
mounted coaxially with the input shaft and fixedly connected to the frame.
The outside work surfaces of the satellite gear and annular
members are pressed against the inside work surface of the
annular member by means of radial elastic predeformation
of the latter. As in the antecedent case, the required level
of this deformation is achieved by means of increasing the
design value of the eccentricity «е». The reduction ratio
can be calculated with allowance for the radius of the outside work surface of annular members R0 connected to the
frame and for the radius of the outside surface of the satellite gear R according to the following dependence

⎛ R ⎞
u = ⎜1 − 0 ⎟
R⎠
⎝

2

3

4

β2

6
7

α
β1
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for “single”-satellite construction (fig. 5 а):

u=

sin β 2
,
sin α



for double-satellite construction (fig. 5b):

⎛
sin α 2 sin α 10
⋅
u = ⎜⎜ 1 −
sin α 1 sin α 20
⎝

α2

(5)

This design solution has some advantages, one of which
is possibility to significantly increase the loading capacity
of the transmission by means of using in it only metal
components. In addition to that, one of very manufacturable embodiments is the design solution, in which a flat
belt or a multiple V-belt is used as annular resilient member; this belt is armored by additional load-bearing members along the width [16].
If it is necessary to significantly increase rotation speeds
of the input shaft and provide play-free operation in the
reverse regime, the design solution shown in fig. 4 c can
be used. In this solution, the polymer member works in
compression, and the torsion torque is transferred quite
simply to the output shaft that is fixedly connected to the
circumferentially moveable central wheel through a
flange.
In the design solutions shown in fig. 5, diagrams given
above with a “single” (fig. 3a) and a double (fig. 3b) satellite gears are used [4, 17, 18]. But in this case they interact with central wheels by means of conical surfaces.
For transmissions of this type, reduction ratios are calculated
based on angle ratio:
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1

(6)

⎞
⎟⎟
⎠

−1

(7)

α 20
5
α 10
b
Fig.5. Standard diagrams of eccentric friction planetary
transmissions with conical work surfaces with single
(а) and double (b) satellite gears: 1 – input shaft;
2 – eccentric; 3 – double satellite; 4 – frame;
5 – resilient member; 6 – flange with a wheel; the flange
is mounted with the possibility of rotation and
interaction with the satellite gear; 7– output shaft

One of advantages of design solutions shown in fig.5 is
the following: the resilient member that provides the necessary pressing level of work surfaces of satellite gears
and central wheels doesn’t belong to the power circuit of
torsion torque reduction.
A convenient spring with a control mechanism of control
of compression index can be used as a resilient member.
Important features of the transmission shown in picture 5
b are the following:
 In the kinematic scheme, for transfer of the torsion
torque to the output shaft no special mechanisms of
“driveshaft“ type are required; that allows to eliminate
dynamically loaded units and avoid noise and vibration;
 the design is balanced, it doesn’t contain elements
causing imbalances, and when major units of the construction are designed rationally, it can be engineered

as “floating”, i. e. providing self-adjustment of work
surfaces relative to each other;
 in the design three and more double satellite gears are
used. For every several mating of central wheels with
satellite gears, a system of separate compression force
control can be created, what allows to achieve close
levels of contact pressures on work surfaces as well as
a long service life of these surfaces, while increasing
the loading capacity.
In whole, that all allows to regard this design solution as a
prospective one for developing in-wheel electromotors
for different devices, including robots. A possible embodiment of such electromotor-in-wheel is shown in fig.
6.
In the construction shown in fig.6: 1- hollow shaft, 2 –
bearing fixedly connected to the shaft 1, 3 – stator with
electromotor coils that is mounted on the shaft 1 with the
possibility of reciprocative axial movement in the range
of 0,5 – 0,8 mm and possibility of interaction with the
shaft by means of spline or key connection in the circumferential direction. Motor spindle 4 is made of permanent
magnets. On shaft 1 on frictionless bearings, annular element 5 fixedly connected to spindle 4 is mounted for attaching satellite gear carriers.
Planetary friction transmission includes main I and complementary II (fig. 6) groups of elements mounted symmetrically relative to the plane А that is perpendicular to
the axis of the shaft 1. These groups have identical geometrics including:
 two central wheels 6 and 7 with inside conical friction
work surfaces, wheel 6 (belonging to the main I group
of elements) is fixedly connected to the hollow shaft 2,
wheel 7 (belonging to the complementary II group of
elements) is mounted on the hollow shaft 2 axially
movable on a spline or key joint that inhibits its rotation around hollow shaft 2;
 wheels 9 (belonging to the main I group of elements)
and 10 (belonging to the complementary II group of
elements) with inside conical friction work surfaces
mounted rotatable on bearings 8 and movable axially
towards each other;
 two groups of at least two double satellite gears 11
(belonging to the main I group of elements) and 12
(belonging to the complementary II group of elements), each of which is engineered as truncated
cones fixedly connected to each other, respectively 11
а, 11 b and 12 а and 12 b, with their opposite bases
directed towards each other.
Truncated cones 11 а, 11 b and 12 а and 12 b have outside
conical friction work surfaces responding to corresponding inside conical friction work surfaces of corresponding
wheels 6, 7, 8 and 9; the cones are mounted with the possibility of interaction with wheels (truncated cones 11 а
and 12 а – with wheels 6 and 7, respectively, truncated
cones 11 b and 12 b - with wheels 9 and 10, respectively).
Double satellite gears 11 and 12 are mounted in satellite
gear carrier 13 that is fixedly connected to annular element 5 and are rotatable about their axis.
For controlling the force of compression of satellite gears
11а and 12а against corresponding central wheels 6 and 7,
controlled hold-down device 14 is used. It is mounted on
shaft 1 and can interact axially with wheel 7.
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Fig.6. Diagram of an electromotor-in-wheel with
the eccentric friction planetary transmission with conical
work surfaces

For controlling the force of compression of satellite gears
11b and 12b against corresponding central wheels 9 and
10, the second controlled hold-down device 15 is used. It
is engineered as three identical controlled hold-down devices placed along circumference that provide controlled
counter compression of main 9 and complementary 10
wheels. That allows to achieve the required negative allowance in the mating of their conical friction work surfaces with corresponding conical friction work surfaces of
truncated cones 11 b and 12 a of double satellite gears 11
and 12.
Between wheels 9 and 10 seal 16 is placed. On motor
spindle 4 and stator 3, sensor 17 is mounted that allows to
determine the angular position of motor spindle 4 relative
to its stator 3 and achieve the programmable rotor speed
by means of a control module. Power supply of stator 3
and reading of data from sensor 17 are provided through
the interior hollow of shaft 1.
Values of cone angles α1 of inside conical friction work
surfaces of wheels 6 and 7 are identical, values of cone
angles α2 of inside conical friction work surfaces of
wheels 9 and 10 are also identical, but α1 ≠ α2. Values of
cone angles α10 of friction work surfaces of conical truncated cones 11а and 12а and α20 of friction work surfaces
of conical truncated cones 11b and 12b are pairwise identical, respectively. Values of angles α1, α2, α10 and α20 are
selected on the basis of the required ratio gear of the
transmission u. These ratios can be calculated according
to the dependence (6).
With the positive value of u, motor spindle 4 and wheels
9 and 10 rotate in the same direction, with the negative
value of u they rotate in different directions.
Wheels 9 and 10 are connected to each other in the
circumferential direction by means of axes of hold-down
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device 15. Element 18 of the actuating device or rim of
the motor-in-wheel of the technological mobile device are
attached to wheel 9.
Required optimal tension in the contact of double satellite
gears 11 and 12 with wheels 6, 7, 9 and 10 is maintained
by means of springs of respective hold-down devices 14
and 15.
When assembling and adjusting the roller transmission,
by means of controlled hold-down devices 14 and 15 required forces Р1 and Р2 (fig. 6) of compression of outside
conical friction work surfaces of satellite gears 11 and 12
against responding inside conical friction work surfaces
of respective wheels 6, 7, 9 and 10 are set. Stator coil is
supplied with power through hollow shaft 1.
When motor-in-wheel operates, stator 3 rotates motor
spindle 4 that rotates annular element 5 and satellite gear
carriers 6 and 7 fixedly connected to it. Outside conical
friction work surfaces of truncated cones 11а and 12а and
satellite gears 11 and 12 revolve without friction along
inside conical friction work surfaces of wheels 6 and 7.
Simultaneously, truncated cones 11b and 12b of satellite
gears 11 and 12 fixedly connected to respective truncated
cones 11a and 12a revolve without friction along inside
friction work surfaces of wheels 9 and 10. As a result of
that, they rotate with a given angular velocity corresponding with the angular velocity of motor spindle rotation and with the reduction ratio of the friction transmission.
For example, for α1= 30°15', α1= 30°, α10 =α20 =5° according to the dependence (6), realization of the reduction
ratio of the friction transmission u=120 is provided.

4. SOME PECULIARITIES OF CALCULATION
OF COEFFICIENT OF EFFICIENCY OF
FRICTION ECCENTRIC TRANSMISSIONS
Usually, calculation of geometrics and strength parameters of friction transmissions described above doesn’t
present any difficulties and can be carried out using
common methodical approaches. Calculation of coefficient of efficiency of transmission made on design stage

N

r0

e

О

(7)

where FTC - force of resisting to the rolling of the satellite gear along the inside work surface of the wheel,
FTC = f kc ⋅ T2 / ( f cc ⋅ R ) , f kc , f cc - coefficient of
rolling and sliding friction, respectively, in the tribounit
“satellite gear-wheel”; FTE - force of resisting to rotation
of the satellite gear at the eccentric with radius r0 ,
2

⎡
⎤
T2
⎛T ⎞
FTe = f ke ⋅ ⎜ 1 ⎟ + ⎢
⎥
⎝ e ⎠
⎣ f cc ⋅ (r + e ) ⎦

2

(8)

This implies the following
2

T1 − T2 ⋅

2

⎤
fkc
⎛ T ⎞ ⎡ T2
− fke ⋅ r0 ⋅ ⎜ 1 ⎟ + ⎢
⎥ − T2 = 0
fcс
⎝ e ⎠ ⎣ fcc ⋅ (r + e)⎦

(9)

Then
2

1−η ⋅

⎛
⎞
1
fkc
r
⎟⎟ −η = 0 .
− fke ⋅ u ⋅ 0 ⋅ 1+η2 ⋅ ⎜⎜
fcс
r
⎝ fcс ⋅ (1+ u) ⎠

(10)

Considering that η<1, а f cc ⋅ (1 + u ) >> 1

η≈

1− fke ⋅ u ⋅ (r0 r )
1+ fkc fcс

(11)

f kc f cс ≈0,05÷0,2. Dependence of η from the variations
of parameters is presented in the graphical form in fig. 8.
Analysis of the obtained results has shown the following.
Reduction ratio u and ratio r0 r have the most influence

r

R
Fig.7. Diagram of main forces exerting in the unit
«eccentric – satellite gear - sun gear»
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Т 1 − FTC ⋅ (r + e ) − FTE ⋅ r0 − Т 2 = 0 ,

Analysis of dependence (11) shows that coefficient of
efficiency of eccentric jointing depends significantly on
the reduction ratio (it decreases, when the reduction ratio
increases), on the ratio between eccentric radius and satellite gear radius, on the ratios between rolling friction
coefficient and sliding friction coefficient in the tribounit
“eccentric – satellite gear – central wheel”.
When using a rolling bearing in the eccentric unit, value of
f ke can be taken equal to about 0,02, r0 r ≈0,1÷0,6,

FTC

ω2 = ωС
T2
F TE
ОС
ω1

and assessment of influence of transmission geometrics
on this coefficient is more difficult, it effects the selection
of rational geometrics. Let’s consider some peculiarities
of this effect by way of example of the most simple
transmission shown in fig. 3а. Diagram of main forces
exerting in the unit «eccentric – satellite gear - sun gear»
is shown in fig. 7.
Equilibrium equation of moments of force relative to input shaft axis О shown in fig.7 can be represented in the
following form:

on η; when they increase, value of η decreases. As it is necessary to achieve the maximal value of the coefficient of
efficiency, values of u≈ 45÷60 and r0 r <0,15 should be
used. Ratio f kc f cс has less significant, but still appreciable influence on η.

In whole, η ≈ 0,9÷0,95 can be achieved when u≈ 45÷60
and r0 r < 0,15 by decreasing the ratio f kc f cс to
0,01 and less, by means of selecting an appropriate topography of contacting surfaces and hardness of elements
of the tribounit “satellite gear-wheel”.

η
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u = 80
u=100
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0,8
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0,6

topography and geometrics allows to increase the loading
capacity of the eccentric transmission by a factor of 3-6
and achieve a coefficient of efficiency that is higher then
0,9.
Combined with the possibility to use multiple-stream
torque transmission schemes, that allows to minimize
mass and size of electromotor-reducers, improve their
vibroacoustic characteristics and, in some cases, achieve
high accuracy of program-controlled angular displacements.
In aggregate, that allows to regard engineering solutions
described above as prospective for using in aerospace
equipment, robots and coordinate systems for different
purposes [19-21].
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5. CONCLUSION
One of prospective ways for creating eccentric friction
transmissions for environmentally friendly superlight
drives is using in these transmissions main components of
aluminium alloys with strengthening anti-wear friction
МAО-coatings on work surfaces. Correct selection of
reduction ratio, contact loading of work surfaces, their
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Abstract: the report deals with peculiarities of design and
calculation of planetary eccentric gear transmissions in
which surface-modified alloys of aluminium with antifriction materials are used. The transmissions are oriented
towards using in robotics and objects with raised demands to mass, size and vibroacoustic characteristics. By
example of a motor-reducer possibilities of noise reduction during their use are shown.
Key words: planetary eccentric gear transmissions, aluminium

teristics can be allowed for by means of appropriate correction coefficients; a standardized procedure can be used
for geometrics and strength design of main transmission
parts.
Thus, main objectives of this research were the following
[5]:
 evaluating the effect of geometrics and frictional
properties of the eccentric-and-satellite gear connection on the efficiency coefficient of planetary eccentric gear transmissions;
 determining correction coefficients allowing for the
influence that using of aluminium or its alloys for
manufacturing of satellite and (or) sun gear has on the
dynamic compоnent of loading and coefficient of
nonuniform load distribution over the length of contact lines;
 determining correction coefficients allowing for the
effect of MAO-coatings on contact voltages of contacting surfaces of planetary transmissions;
 developing methodical approaches to mechanical design of planetary gear transmissions manufactured using aluminium or its alloys with an oxide-ceramic
coating on working surfaces of contacting elements.
For implementation of the research, kinematic and force
diagrams of eccentric-satellite gear interaction in planetary eccentric gear transmissions were analyzed.

2. DESIGN PECULIARITIES OF PLANETARY
ECCENTRIC GEAR TRANSMISSIONS
Conventional diagram of a planetary eccentric gear
transmission is shown in Fig.1.
5
4
3

7

1. INTRODUCTION
Designs of planetary eccentric gear transmissions have
been known virtually since this group of mechanisms
appeared. Peculiarities of their design and operation are
described in a considerable number of works, most complete of which are works [1-4]. In these works the possibility is shown to use high reduction ratios on one reduction stage while providing high efficiency coefficients
coming up to 0,95% and higher.
Using during manufacturing of satellite gears composite
materials and aluminium alloys with surface-modified
antifriction materials MAO-coatings on working surfaces
of teeth and bearing units [5] allowed to extend the conventional scope of use of these transmissions in mechatronics. However, mechanical properties of these materials differ considerably from mechanical properties of
steel, which affects essentially rigid and inertial characteristics of transmission components. As a result of that,
dynamic component of loading, coefficient of nonuniform load distribution over the length of contact lines and
contact voltages change. Either one of main structural
elements or both the satellite gear and the sun gear can be
manufactured of aluminium or its alloys. In the absence
of specified data, effect of change in mentioned charac-

9
8

2

6

1

Fig.1. Conventional diagram of a standard planetary eccentric gear transmission: 1 – input shaft; 2 – eccentric;
3 – satellite gear; 4 – sun gear connected fixedly with theframe; 5 –frame; 6 – output shaft; 7 – flange; 8 - fingers
entering satellite gear openings with a clearance; 9 – satellite gear openings
In eccentric transmissions, satellite gear is rotatably
mounted at the eccentric, and its number of teeth zc is 1-3
teeth fewer than the number of teeth zk of the sun gear.
When the eccentric rotates, the satellite gear revolves over
the inner toothed profile of the sun gear while rotating
about its axis in the direction opposite to the direction of
the input shaft rotation.
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Fingers of the flange connected fixedly with the output
shaft enter openings of the satellite gear with a clearance.
Satellite gear and output shaft rotate with the same speed.
For friction loss saving, frictionless bearings are mounted
on the fingers and eccentric.
Advantages of these transmissions are simplicity and
workability of design as well as possibility to realize high
reduction ratios on one reduction stage. These ratios can
be calculated according to the dependence

u=

zc
.
zc − z k

(1)

However, using of these transmissions begs the question
of realizing of high efficiency coefficients. Additionally, a
task important for some mechanisms and bound up tightly
with this question arises – ensuring the possibility to work
under the conditions of forced rotation of the input shaft
(in the multiplication mode) [2-4].
Problems of selection of rational geometrics of transmissions involved as well as problems of effect of geometrics
on efficiency coefficients are dealt with in more detail in
works [2-4]
Without allowance for losses in bearing assemblies of the
input and output shafts, efficiency coefficientη of transmissions involved may be represented as product of efficiency coefficients of the eccentric-and-satellite gear
bearing connection ηе, of the toothing ηz and of the eccentric-and-output shaft connection ηm

η = η e ⋅η z ⋅η m .

(2)

When rational geometrics of the toothing are selected and
frictionless bearings are mounted on fingers (Fig. 1),
product η z ⋅η m can be taken equal to 0,93÷0,95.
Let’s examine losses caused by interaction between eccentric and satellite gear and the effect of geometrics of
this connection on the losses.
Diagram of force interaction of components of this connection is shown in Fig.2.
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ReЭ
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ωВ1
О1В
О

Fig.2. Diagram of force interaction of components in the
eccentric-and-satellite gear connection
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Values of forces acting on the elements of the eccentricand-satellite gear connection can be determined basing on
the following ratios:

N z = 2 ⋅ T2 ⋅ tgα / (m ⋅ z k ⋅η z ⋅η m ) .

(3)

F1 = 2 ⋅ T1 /[m ⋅ ( z k − zc )],

(4)

F2 = T2 /[m ⋅ ( z k − zc )] .

(5)

Basing on the equilibrium condition of the system, sum
moment with respect to the axis of the input shaft О1 of
the transmission
⎧
R ⎡ tgα 1
1 ⎤⎫ ,
T1 = T2 ⎨1 + 2 ⋅ f e ⋅ e ⋅ ⎢
⋅ +
⎥⎬
m ⎣ηz ⋅ηm zk zk − zc ⎦⎭
⎩

(6)

or
−1

R ⎡ tgα 1
T ⎧
1 ⎤⎫ .
η = 2 = ⎨1 + 2 ⋅ f e ⋅ e ⋅ ⎢
⋅ +
⎥⎬
T1 ⎩
m ⎣ηz ⋅ηm zk zk − zc ⎦⎭

(7)

Diagrams of dependences of η on the ratio Re/m, on the
friction coefficient in the eccentric-and-satellite gear connection and on the difference of teeth numbers of the sun
gear and the satellite gear with η z ⋅η m = 0,95 and α = =
20° are shown in Fig. 3.
Their analysis shows the following:
 radius of the eccentric Re (ratio Re/m) has the greatest
effect on the efficiency coefficient of the eccentricand-satellite gear connection: η decreases as the radius increases. Moreover, effect of this parameter increases as teeth number of the sun gear decreases
(Fig.3 а);
 losses in the eccentric-and-satellite gear bearing unit
are the second most important parameter from the
position of the level of influence on η. This parameter is determined by the friction coefficient fe, and the
effect of this parameter increases as diameter of the
eccentric increases, just like in the previous case (Fig.
3b);
 difference in teeth number of the eccentric and the
sun gear has a minor effect on the losses in the eccentric unit. However, it should be taken into consideration that this difference is interconnected with the reduction ratio (dependence 1), possibilities to select
rational geometrics of the toothing and its efficiency
coefficient;
 difference of teeth numbers of the sun gear and the
satellite gear has significantly less effect on the value
of η, but it is interconnected with the reduction ratio
that decreases in proportion to this difference, and
with geometrics of the toothing and its efficiency coefficient ηz; moreover, possibilities to select and optimize geometrics of the toothing grow proportional
to this difference.
Peculiarities mentioned above should be taken into consideration when selecting rational parameters of planetary
eccentric gear transmissions.
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Fig.4. Microstructure of surface-modified three-layer
composite system «pyrolitic chromium carbide –
oxide ceramics – aluminium alloy» [5]
Calculation of compensation factors Кνр allowing for the
effect of increased (compared to steel gear transmissions)
flexibility of aluminium-alloy teeth and essentially
smaller mass of structural elements on dynamic component of loading in gears mesh can be carried out using
method and dependences [5]

Kνp =

Kνa
=
Kνc

µ a ⋅ Ca ,
µ c ⋅ Cc

(8)
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Fig.3. Diagrams of dependences of η on the ratio Re/m
(а), friction coefficient in the eccentric-and-satellite gear
connection (b) and difference of teeth numbers of the sun
gear and the satellite gear (c)

3. MECHANICAL PROPERTIES OF
SURFACE-MODIFIED ALUMINIUM
ALLOYS AND THEIR EFFECT ON
LOADING OF TOOTHING
In work [5] it is shown that forming of surface-modified
microarc-oxidation (MAO) coatings on working surfaces
of teeth (Fig.4) leads to approximately 1,8-fold increasing
of elastic modulus of surface layer of an aluminium alloy
and to approximately 1,3-1,4-fold increasing of flexural
endurance limit of teeth of aluminium alloys.

where µа, µс, Са, Сс – reduced mass of gear transmission
and reduced stiffness of toothing manufactured of aluminium alloy and steel, respectively.
As reduced mass µ is determined basing on reduced
masses of gear µ 1 and gear wheel µ2 according to the ratio
Reduced mass µ is determined basing on reduced masses
of the gearwheel µ 1 and the cog wheel µ2 according to the
ratio

Kνp =

Kνa
=
Kνc

µ a ⋅ Ca ,
µ c ⋅ Cc

(9)

Reduced masses µ1 and µ2 are proportional to densities of
materials of satellite gear ρ1 and sun gear ρ2, and teeth
stiffness is proportional to the elastic modulus.
Considering this:
 when the satellite gear is manufactured of steel, and
the sun gear is manufactured of aluminium or its alloy

Kνp ≈ 0,7 ⋅

1 + kµ
1 + 3 ⋅ kµ

,

(10)

 for the satellite gear of aluminium or its alloy and the
castellated cog wheel of steel

Kνp ≈ 0,41 ⋅

1 + kµ
1 + 3 ⋅ kµ

,

(11)

 for the satellite gear and sun gear of aluminium alloy
Kνp ≈ 0,33 .
Results of research into the influence of coefficient kµ on
Кνр are shown in Fig.5.
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Fig.5. Dependence of Кνр on kµ for the satellite gear of
aluminium or its alloy and the castellated cog wheel of
steel (1); the satellite gear of steel and the castellated cog
wheel of aluminium or its alloy (2); satellite gear and the
castellated cog wheel of aluminium or its alloy (3)
Analysis of Fig.5 shows the following:
 using of aluminium or its alloy allows to decrease the
dynamic component of loading by a factor of 1,25-4,5
depending on geometrics of satellite gears, sun gear
and combination of their materials;
 the most significant effect is achieved when both the
satellite gear and the sun gear (or a gear with bigger
volume) are manufactured of aluminium or its alloy.
Increased flexibility of teeth of aluminium alloys allows
to decrease the nonuniformity of load distribution over the
length of contact lines. Value of coefficient K β0 that allows for the nonuniformity of load distribution over the
length of contact lines can be determined according to the
dependence by A.I.Petrusevich given in work [6]
2
K β0 ≈ 1 + 0,3 ⋅ tgγ Σ ⋅ (b / δ ) + 0,1 ⋅ (b / d ) ,

(12)

where γ Σ is the total angle of misalignment of axes of
the satellite gear and the sun gear; b, δ , d - width, flexibility of the toothing and diameter of the pitch circle of the
satellite gear, respectively.
For the group of gear transmissions involved, the third
member of this dependence may be neglected as its fraction in the value of Kβ0 doesn’t exceed 3%. Then, considering that δ = Wm / C (Wm – force acting along the line of
contact between teeth), dependence (12) can be transformed to

K β0 − 1
0,3 ⋅ tgγ Σ ⋅ b /W m

≈ kc ⋅

E1 ⋅ E2 ,
E1 + E2

(11)

Then:
 when one of cog wheels is manufactured of aluminium or its alloy

K β0 − 1
0,3 ⋅ tgγ Σ ⋅ b /W m

≈ 0,5 ,

(12)

 when the satellite gear and the sun gear are manufactured of aluminium or its alloy
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≈ 0,33 .

Thus, using of aluminium alloys allows to decrease essentially the nonuniformity of load distribution over the
length of contact lines in the planetary gear reducer.
Comparative assessment of working capacity of transmissions manufactured of surface-modified aluminium alloys
by the criterion of wear resistance I can be fulfilled according to the methodical approach proposed by J.N.
Drozdov (A.A.Blagonravov Institute of mechanical engineering of the Russian Academy of sciences) for transmissions with relatively low angular rotational velocities
using dependence [7]

I=

9,29 ⋅ 10 8
N ц0 ,8

⎛ w/
R
α ⎞
⎟⎟
⋅ ⎜⎜ Ht ⋅ ak ⋅
⎝ µ 0 ⋅ VΣ S mk H k ⎠

0 , 87

,

(14)

/
where wHt
(µ0 ⋅ V ) is a dimensionless group characterizing supporting capacity of lubrication film with given
load and speed parameters of interaction between cog
wheels; w′Ht – specific design normal tooth load deter/
mined according to the ratio wHt
= kν ⋅ k β ⋅ wHt , N/m; kνк,
kβк – dimensionless coefficients allowing for the effect of
specific weight and elastic modulus on the dynamic component of loading and nonuniformity of load distribution
over the length of contact lines, respectively; µ 0 – dynamic viscosity of the lubricant at the working temperature of teeth, Pа ⋅ s ; VΣ - total velocity of rolling, m/s;
Rak/Smk – dimensionless group characterizing microgeometric properties of working surfaces of teeth; Rak –
arithmetical mean deviation of the profile of working surfaces of teeth, micrometer; Smk – average pitch of roughness across machining marks on working surfaces, micrometer; α ⋅ H k – dimensionless group characterizing
properties of lubricants and hardness of working surfaces
of teeth; α - pressure coefficient of lubricant viscosity,
1 / Pа ; Hk – microhardness of working surfaces of teeth,
Pа ; Nц – experimentally determined number of repetitions of load, with which a unit wear of working surfaces
of teeth is realized.
For comparative assessment of decrease in wear intensity
of a transmission with parts of surface-modified aluminium alloy and steel (Ia and Is, respectively) with the same
lubrication and roughness parameters of working surfaces
of teeth, the following dependence obtained from the
formula (14) can be used

k I = I a / I s = kνk ⋅ k βk ⋅ (H k / H c )

0 ,87

.

(15)

For transmissions involved, for a surface-modified MAOcoating with hardness Hk ≈ 12÷22 HPa, wear intensity is
essentially lower and life is essentially longer compared
to conventional transmissions with steel satellite gear and
sun gear.

4. VIBROACOUSTIC CHARACTERISTICS
OF TRANSMISSIONS WITH ALUMINIUMALLOY COMPONENTS WITH SURFACEMODIFIED MAO-COATINGS ON
WORKING SURFACES OF TEETH
As subject of research for the purpose of comparative
assessment of transmission noise, transmission of singlereduction gearmotor with eccentric (precession) doublereduction right-angle transmission (modulus m = 1,5 mm,
number of satellite gear teeth zC = 56, number of sun gear
teeth zK = 60) was selected. Nominal speed of input shaft
is equal to 86 rad/s, its reduction ratio is equal to 25.
Satellite gear and sun gear of the commercial transmission
were manufactured of steel, sun gear of the experimental
transmission was manufactured of alloy D16, and on
working surfaces of its teeth an antifriction composite
system was formed «surface-modified MAO-coating –
aluminium alloy (base)». Total coating thickness was
equal to ÷120 micrometer, thickness of the modified antifriction layer was equal to 2÷3 micrometer. Both for the
commercial and experimental transmission oil bath lubrication was used, the same oil was applied in both cases.
When testing commercial and experimental gear transmissions included into a motor reducer, a special test bench was
used (Fig. 6) that allowed to load tested drives by means of a
continuous-current electric machine. During tests, octave and
integral levels of noise generated by transmissions were analyzed. Piezoelectric transducers for recording vibration
accelerations were mounted on special threaded rods on
the reducer flange.
Since comparison tests were carried out, the same sets of
instruments and test-bench equipment were used. Thus,
there was no necessity to introduce any correction factors
connected with measurement path errors.

3

1

2

Fig.6. Test bench for comparison tests of experimental gear
transmissions with the sun gear of D16 alloy with an oxideceramics-based composite coating on working surfaces of
teeth and serial transmissions with steel gears:
1 – tested reducer; 2 – motor of the experimental
motor-reducer;
3 – continuous-current electric machine providing loading
of the tested motor-reducer
Vibration and acoustic characteristics were recorded using
octave filters in the frequency range 63-8000 Hz. During
analysis of obtained results, tooth mesh frequencies ƒZ1 of
gear reducers and frequencies multiple of them (ƒZ2,ƒZ3)
were separated. Frequencies were determined according to
the dependences:

ƒZ1 = n1⋅zс/60 = 800 Hz;

(16)

ƒZ2 = n1⋅zс⋅2/60 = 1600 Hz;

(17)

ƒZ3 = n1⋅zс⋅3/60 = 2400 Hz.

(18)

These frequencies fall into the range of octave filters
(1000-2000 Hz).
Measurements were conducted after running-in of reducers at angular rotational input speed equal to 86 rad/s,
with an idle and a nominal output load torque.
Results of research of planetary gear transmissions are
shown in Fig. 7.
L,dB

EI

EN

SI

SN

75
70
65
60
55
50
45
40
35
1
16

2
31,5

633

1254

2505

5006

7
1000

8
2000

9
10 f,Hz
4000
8000,

Fig.7. Octave ranges of acoustic pressure of experimental
(EI, EN) transmissions and transmissions with steel sun
gears (SI, SN)
Used abbreviations: SI – steel transmission working in
idling mode; SN – steel transmission working at nominal
load torque; EI – experimental transmission working in
idling mode; ЭН – experimental transmission working at
nominal load torque.
Analysis of obtained results has shown that using in a
gear transmission even one gear (in the case involved –
the sun gear) of aluminium alloy with surface-modified
MAO-coating on working surfaces of teeth allows to reduce the transmission noise in idling mode by 4,5 – 6 dB,
with loading – by 11-15 dB. Vibration accelerations of
experimental drives recorded with loading were also substantially lower than vibration accelerations of commercial drives.

5. CONCLUSION
Generalizing research results described above, the conclusion can be drawn that it is promising to create eccentric
gear transmissions for environmentally safe super light
drives made of aluminium alloys with strengthening antiwear antifriction MAO-coatings. When geometrics are
selected rationally, that allows to reduce noise by 11 dB
and more with efficiency coefficient of the transmission
exceeding 0,95.
Engineering solutions given above can be used in aerospace
equipment and robotics for different purposes [8].
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Optimization of mechanical systems supposes very
complex mathematical model which have to describe
operating of real system in real circumstances. Beside
that, in optimization of technical systems non-linear
objective functions and/or functional constraints are
presented. Gear trains as concrete mechanical systems are
the subject of multicriteria optimization, too.
Planetary gear trains are important kind of gear
transmissions. It is impossible all types of planetary gear
transmissions include in the same paper, specially taking
into consideration that they have their own geometrical
conditions and also they can be one stage and multistages. In this paper, the optimization of the basic type of
planetary gearing is considered.

WEIGHTED COEFFICIENTS METHOD
APPLICATION
IN PLANETARY GEAR TRANSMISSIONS
OPTIMIZATION
Jelena STEFANOVIĆ-MARINOVIĆ
Miloš MILOVANČEVIĆ

2. BASIC THEORY OF MULTICRITERIA
OPTIMIZATION
The mathematical model of nonlinear multicriteria
problem can be formulated as follows:

max { f1 ( x ), f 2 ( x ),..., f k ( x )}
subject to x ∈ S

Abstract: Design of planetary gear transmissions means
successful application of parameter optimization.
Optimization task is defined by the variables, objective
functions and conditions. The following criteria are
selected in mathematical model presented in this paper:
volume, mass, efficiency and production costs. For
optimization variables are adopted: teeth numbers,
number of planetary gears, gear module and gear width.
Conditions required for the proper system functioning,
conditions in the scope of geometry and strength are
expressed by the functional constrains. Determination of
the Pareto optimal solutions set is a first step in optimal
solution finding. Next step is optimal solution choice from
Pareto solutions. In this paper weighted coefficients
method is applicated for choosing optimal solution from
Pareto solutions.
Key words: multicriteria optimization, weighted
coefficients method

1. INTRODUCTION
Multi objective optimization is a method which has
implamantation in development of many products and
processes on various ways. Numbers and actuelity of
published
researches
indicate
importance
and
contemporarity of optimization topics.
Multicriteria optimization problems are very common in
many scientific and technical problems and also in the
human life. In this type of optimization it is not always
possible to express the solution quality by one criterion
but several unharmonized criteria must be discussed. The
functions which express these criteria cannot all have
optimal values at the same time. Such problems are called
non-trivial multiple criteria (or multiple objective,
multicriteria) optimization problems. There are a lot of
different methods for solving such problems [1].

Functions f1 ( x ),K , f k ( x ) are objective functions and

x = ( x1 ,K , xn ) is vector of decision variables. These

variables must satisfy given constraints which are
expressed as inclusion x ∈ S where S is the set of
feasible solutions (or feasible set). The notation “max”
means the simultaneous maximization of all the objective
functions. If some objective function needs to be
minimized a simple fact that minimization of the function
fi ( x) is equivalent to the maximization of the function

− f i ( x) can be used. According to the structure of the set
S , there exist discrete and continuous multicriteria
optimization problems, depending on whether the set S
is finite or continuous. Every point x ∈ S is mapped to
the point ( f1 ( x), f 2 ( x),..., f k ( x)) in k - dimensional
objective space. Therefore it can be introduced as the
objective set:

F = {( f 1 ( x), f 2 ( x),..., f k ( x)) | x ∈ S }
As it can be seen from the definition, multicriteria
optimization problems are mathematically ill-defined.
This means that they have a set of mathematically
“equally good” optimal solutions in the objective space.
The most important criterion for selecting these “equally
good” solutions is Pareto optimality concept:
Solution x ∈ S is Pareto optimal if there is no solution
y ∈ S such that holds f i ( x) ≤ fi ( y ) for all

i = 1,K , n and for at least one index i holds strict
inequality, i.e. f i ( x) < f i ( y ) .
Thus, some additional information is needed in order to
be able to select one of them as a final solution. This final
decision is usually made either by decision maker (human
expert) or by the corresponding scalarized problem. In the
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latter case, one or more single criterion optimization
scalarized problems have to be constructed and solved.
In this paper authors decided to use the Weighted
coefficients method. Weighted coefficients method
reduces the problem to one single criterion optimization
problem.

mixed type: numbers of gear teeth ( z1 , z 2 , z 3 )

are

integers, positive and negative, number of planetary gears
( n w ) is a discrete value, module ( m n ) is a discrete

In this method the following scalarized problem is
constructed:

standard value (acc. to DIN 780), while gear width ( b ) is
a continual variable. Numbers of gear teeth and number of
planetary gears are non-dimensional values, while module
and gear width are given in millimeters.
In the formulated problem, six decision variables exist,
corresponding to the basic design parameters:

max f M ( x) = w1 f10 ( x) + K + wm f m0 ( x)

x = ( x1 , x2 , x3 , x4 , x5 , x6 ) = ( z1 , z2 , z3 , nw , mn , b) .

2.1. Weighted coefficients method

s.t. x ∈ S
Here, weighted coefficients (or weights) wi are positive
0 −1

real numbers and f i ( x ) = ( f i )
0

objective

functions

where

f i ( x ) are normalized

fi 0

are

normalizing

coefficients. In this approach, the components of ideal
point f = ( f1 , f 2 , f 3 , f 4 ) are used as normalizing
*

*

*

*

*

coefficients, i.e. f i = f i for i = 1, 2,....m . Therefore,
0

*

absolute values of all objective functions are between 0
and 1, which simplifies the choice of the weighted
coefficients. All solutions obtained by this method are
Pareto optimal. Moreover, for every Pareto optimal
*
solution x , there exists a weighted coefficient

w1* ,K , wm* such that x* is obtained by weights
w1* ,K , wm* .
The input parameter for this method is only the sequence
*

*

of weights w1 ,K , wm .
The weighted coefficients method has very clear physical
meaning and experience in application on technical
systems optimization and is suitable in the case of priority
functions existence, also in the case of equal priority
functions [2].

3. OPTIMIZATION TASK DETERMINATION
The basic type of planetary gearing (Fig.1), i.e a design
which has a central sun wheel (external gearing - 1),
immobile central toothed rim (internal gearing - 3), and
planetary gears (satellites - 2), is the subject of this paper,
limited to geared pairs. Satellites are in the same time in
mesh with external and internal gear. This type of
planetary gear transmission is often used as a single stage
transmission, and thus as a building block for higher
compound planetary gear trains.
An optimization task is defined by the variables, objective
functions and conditions required for the proper
functioning of a system expressed by the functional
constraints.
In this paper, the following variables are considered: teeth
number of central sun wheel z1 , teeth number of

z 2 , teeth number of toothed
rim z 3 , number of planetary gears n w , gear module m n
and gear width b . The optimization variables are of
planetary gears (satellites)
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Fig.1. Planetary gear transmission with immobile
internal gear
In this model, the following characteristics are chosen for
objective functions of a planetary gear train: volume,
mass, efficiency and production cost of gear pairs.
Since mass, volume and production costs should be
minimized, and efficiency should be maximized, the
following is denoted in this model:

f1 ( x) = −V ( x), f 2 ( x) = − m( x),
f3 ( x) = η p ( x), f 4 ( x) = −T ( x)
In this paper, the volume of gear pairs is used. The
approximation of gear volume by cylinder volume with
diameter equal to pitch diameter and height equal to gear
width, and having in mind that satellites are inside the
toothed rim, make possible for the gear volume to be
expressed by:

⎛m ⋅z
cos α t
V = ⋅ b ⋅ ⎜⎜ n 3 ⋅
4
⎝ cos β cos α wt 23

π

where

αt

⎞
⎟⎟
⎠

2

is the pressure angle at pitch cycle,

α wt 23

is

the working transverse pressure angle for the pair 2-3 and
β is the helix angle at pitch diameter.
Mass is determined as sum of all gear masses in
transmission. Since the mass of a particular gear is
determined as gear volume multiplied by the density of

m z = ρ ⋅ V z , this criterion receives the
form m = ρ ⋅ V1 + n w ⋅ ρ ⋅ V2 + ρ ⋅ V3

gear material,

The final expression of this function is:

m = 0.25 ⋅ π ⋅ b ⋅ ρ ⋅
nw ⋅ k2 ⋅ z22 ⋅

⎡
cos 2 α t
⋅ ⎢ k1 ⋅ z12 ⋅
+
cos 2 α wt12
⎣
cos 2 α t
]
+ k3 ⋅ z32 ⋅
cos 2 α wt 23

mn2
cos 2 β

cos α t
cos 2 α wt12
2

To determine the gear mass, the factor of deviation of
real gear shape from cylinder (k) has to be taken into
account also. For purposes of optimization, i.e. the
comparison of gears with different parameters, this factor
does not have a great significance, since it is given in
advance due to the shape of gear wheel hub and it is a
constant in the process of optimization.
The calculation of gear transmissions efficiency is
generally confined to losses depending on friction on
tooth sides, i.e. on calculation of mesh power losses.
Bearing those considerations in mind, we consider the
following expression for efficiency [3,9]:

η = 1−

z3 ⎡ 0.15 0.35 0.20 ⎤
+
+
⎢
⎥
z3 − z1 ⎣ z1
z2
z3 ⎦

Economic demands must also be taken into consideration
when dealing with techno-economical optimization. First,
these demands are related to production costs. These costs
consist of costs for production material and costs of the
production process itself. The time needed for the
production of gears is taken as a measure of production
costs and as an economical factor. This function is then
determined as a sum of times needed for the production of
central sun wheel ( T1 ), satellites ( T2 ) and tooth rim ( T3 ),

4. NUMERICAL EXAMPLE
The complete optimization procedure is implemented in
the PlanGears software. In this paper for example of
optimization method application, the following input data
are considered: gear ratio i = 5.3 nin = 1000 min-1,

Tin = 520 Nm, T = 8000 h, K A = 1.25 , IT 7 for
all

z1 = 15 ÷ 30 ∆i = 4% material z1 /material z 2 /material
z 3 =20MoCr4/20MoCr4/34CrNiMo6. According to the
consideration in section 2, the number of Pareto solutions
is determined first. The Pareto optimal solution set
consists of 45 solutions.
Weighted coefficients method demands application of
weighted coefficients values first, which has significant
influence on optimal solution selection. Let the function
f1 be the priority function. Thus, much bigger weighted
coefficient is given to the first function, i.e. w1 = 0.7 ,

w2 = w3 = w4 = 0.1 . The obtained solution is given in
Table 1, with the set of objective functions in Table 2.,
Other

variations

Production times are determined according to the
technologies of Fette [4], Lorenc [5] and Höfler [6].
Planetary gears represent a specific group of gear
transmissions. Therefore, there are numerous exceptions
that need to be taken into account for these transmissions
to function correctly compared with classical gear
transmissions. The exceptions considered in this article
are related to mounting conditions, geometrical conditions
and strength conditions.
The mounting conditions comprise the condition of
coaxiality, the condition of adjacency and the condition of
conjunction [7,10].
Geometrical conditions relate to undercutting and profile
interference, ratio of pressure angle to working transverse
pressure angle, tooth thickness and space width,
transverse contact ratio value, sliding speeds, ratio of gear
facewidth to reference diameter of the driving gear, etc.
These conditions are ensured in accordance with the
actual standards (ISO TC 60 list of standards 090915).
As strength conditions, safety factors for bending strength
and surface durability of each gear are provided [8].

of

weighted

coefficients

with

w1 >> w2 > w3 > w4 ,
for
example w1 = 0.8 ,
w2 = 0.1 , w3 = w4 = 0.05 , etc., also direct on the
same solution.

f1

Tab. 1. Solution obtained by prioritizing the function

z1

z2

23

37

Variable values
z3
nw
-97

4

mn

b

2.5

27

Tab. 2. Objective functions for solution in table 1
Tab. 2. Objective functions for solution in table 1

i.e.

FT = T1 + n w ⋅ T2 + T3

S H min = 1.1 , S F min = 1.2 ,

gears,

f1

in mm3
1247030.66

f2
in kg
6.6105

f3

f4

0.989

in min
184.7404

Prioritizing the function f 2 , weighted coefficients
method points to the same solution (applied on the same
way as in example mentioned above).
Prioritizing the function f 3 , weighted coefficients
method, applied in the same way point to the solution
presented in Table 3 and Table 4.
Tab. 3. Solution obtained by prioritizing the function f 3

z1

z2

30

51

Variable values
z3
nw
-130

4

mn

b

2

28

Tab. 4. Objective functions for solution in table 3

f1

3

in mm
1247030.66

f2

f3

f4

in kg
6.6105

0.989

in min
184.7404
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Finally, function f 4 is assumed as priority function.
Weighted coefficients point to the solution presented in
Table 5 and Table 6.

Tab. 5. Solution obtained by prioritizing the function f 4

z1

z2

20

32

Variable values
z3
nw
-85

3

mn

b

3

31

Tab. 6. Objective functions for solution in table 10

f1

in mm3
1563334.317

f2
in kg
7.45

f3

f4

0.987

in min
153.3

Results obtained in this way indicate a dependance of the
criteria applied in this mathematical model. The
connections between target functions are in accordance
with the nature of functions and the established model. It
can be concluded that functons f1 and f 2 have a strong

f 4 is weakly correlated with f1
and f 2 , while function f 3 has no dependencies. In case
of priority of function f 3 a gear transmission of huge

correlation, function

dimensions is needed, since in this model efficiency is
defined only as function of teeth number. The increase in
efficiency is followed by the increase in gear transmission
dimensions (diameter and width) and in accordiance with
that by increase in number of teeth on all gears. In cases
of priority the functions f1 and f 2 solution with less
numbers of teeth is obtained due to assurance minimal
mass and volume. If the function f 4 is the priority
function the numbers of teeth are larger than in previous
case since f 4 does not include only the gear mass but
also the production costs, which are expressed by very
complicated relations.
Results obtained in this way are in accordance with the
literature on technical system optimization and indicate a
good choice of applied method.

5. CONCLUSION
Founding multicriteria model is a significant step towards
the planetary gear transmitters’ reality. Related with in the
first part, functions describing planetary gear from the
techno-economical aspect are determined. Than, design
parameters are observed and adopted as optimization
variables. Conditions required for the proper system
functioning, conditions in the scope of geometry and
strength are expressed by the functional constrains.
Besides the determination of the set of Pareto optimal
solutions, the presented original approach includes the
weighted coefficients method for selection an optimal
solution for the input data from the Pareto solutions set.
Results obtained in this way are in accordance with the
literature on technical system optimization.
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DYNAMIC ANALYSIS
OF THE DOUBLE HARMONIC
TRANSMISSION (D.H.T.)
Draghita IANICI
Dorian NEDELCU
Sava IANICI
Liviu COMAN

Abstract: In this paper we present an original method
for determining experimental the forces distribution on
the portant elements of the toothed harmonic drives, as
well as the used test stand’s draft. Taking into
consideration the results of the theoretical and
experimental tests it may be asserted that they
harmonic almost entirely, the deviation being situated
under 6%.
Key words: double harmonic transmission, short flexible
toothed wheel, forces distribution

variant of the double harmonic transmission (D.H.T.).
This transmission presents a series of advantages such
as: great precision of positioning and repeatability,
great transmission ratio (i = 40…150), reduced dead
course, extremely small loose motions, small weight
and size, small inertia moments, coaxial and modular
construction, offering them a larger and larger range of
applicability in the machine - building field [4, 5, 9].
For the experimental determination of the forces in the
gearing’s zone of double harmonic transmission you
can apply for various methods and techniques of work.
Choosing one of them entails knowledge in the
advantages and disadvantages of these ones and also
knowledge in their limitation, in order to choose the
best method, is necessary.
Experimentally, having in view complex researches of
D.H.T., [2, 10], a reduction gear was projected and
then materialized, having the following characteristics:
transmission ratio, i ≈ 48; waves generator with
eccentric disk; module, m = 0,3 mm; inner diameter of
the flexible wheel, d2 ≈ 58 mm; the maximum radial
deformation, w = 0,3 mm; the number of teeth of the
rigid wheels, z3 = 202 teeth and z4 = 188 teeth; the
number of teeth of the flexible short wheels, z2 = 200
teeth and z1 2 = 190 teeth.
Figure 1 presents the structural scheme of a D.H.T.:
1 - input shaft;
2 - waves generator with eccentric disk;
3 - short flexible toothed wheel;
4 - fixed rigid wheel;
5 - mobile rigid wheel;
6 - output shaft;
7 - right semicarcasse;
8 - left semicarcasse.

1. INTRODUCTION
In the last 4-5 decades, researchers payed more
attention to mechanical transmissions through engaging
due to multiple advantages that this type of drive has
looking to improve them as much as possible but not
sufficient enough. The main trend during the present
stage of development and modernization of technical
industry is constituted by the automation of production
processes and their integration within systems
controlled and co-ordinate by computers.
In this respect it becomes necessary to improve and
create new mechanic transmissions able to perform
precise motions and to transmit big loads. This new
category includes also the toothed harmonic
transmission, mainly used in the design and
manufacturing of drives for industrial robots [1, 2, 11].
The toothed harmonic transmission is essentially
different from the classic mechanic transmissions as it
transmits and transforms kinematics and dynamic
parameters of the rotation motion through elastic
deformation propagated according to a harmonic law of
one of its elements named flexible toothed wheel.
Through constructive and functional diversifications of
toothed harmonic transmissions one has created a new

Fig. 1. The structural scheme of a D.H.T.
The adoption of a constructive solution permits static
or dynamic experiments, a quick assembling/
disassembling and the existence of various possibilities
of changing the main components, mainly taking over
the signals from the measure’s translator which
investigates the short flexible toothed wheel and the
control teeth of the rigid wheels.
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2. CONSTRUCTION AND FUNCTIONING
OF A DOUBLE HARMONIC
TRANSMISSION
It is based on the same working principle as the simple
harmonic transmission, but one must correlate the
number of teeth of toothed wheels from the mounting
condition [2, 3]:
z 3 = z 2 + 2 ; z 2/ = z 4 + 2

(1)

The structural scheme of a D.H.T. has a short flexible
wheel under the form of a circular tube with thin wall,
open at both ends and having at each end a toothed
crown (exterior z2 and interior z¹2).
A double harmonic transmission (Fig.2) is made of: a
waves generator (1) as leading element, a short flexible
toothed wheel (2) with the respective exterior and
interior toothed crowns, the fixed rigid wheel (3) and
the mobile rigid wheel (4) as led element.
The waves generator being in sliding contact along the
entire periphery of the flexible wheel, it deforms this
toothed wheel so that it will have four equidistant
driving zones: two with the fixed rigid gear having
interior tooting and two with the mobile rigid gear
having exterior teeth.

3. TEST STAND FOR THE EXPERIMENTAL
DETERMINATION OF THE FORCES
FROM DOUBLE HARMONIC
TRANSMISSION
For an experimental determination of the tangent
forces from the teeth, in the two “harmonic” gearing
zones it was used the well known method [7] based on
the electrical resisting tensiometry.
The establishment of the character of the distribution’s
rule of the tangent forces between teeth (for I-I / II-II
sections) is implemented due to the tensiometric
detecting element type EA-06-125BT-120 (MicroMeasurements Division), k = 1,98; R = 120 + 0,2% Ω
stuck on the control teeth of the rigid wheels, fixed or
mobile and protected against humidity by rubberized
putty type AK 22 Hottinger.
Figure 3 presents the control teeth of the two rigid
wheels and the possibility of soldering the two
tensiometric detecting element on each control tooth,
which were examined by experimental tests.

Fixed rigid wheel

Flexible wheel
Fixed mobile wheel

Resistive electrical tensiometry

Fig.2. The double harmonic transmission
Between the two pairs of opposed zone of driving (I-I
and II-II respectively) there is a 90o angle. As these
zones are at a 90o angle from each other the
transmission of loads is done through bending and
torsion stresses. At the beginning of functioning one
finds in contact on the opposed vertical positions (I-I)
the exterior teeth (z2) of the flexible wheel whit the
interior teeth (z3) of the fixed rigid wheel, and in the
position disposed at 90o angle to the vertical axis (II-II)
one can find in contact the interior teeth (z¹2) of the
flexible wheel whit the exterior teeth (z4) of the led
rigid wheel.
The transmission ratio a D.H.T. is determined with
Willis’s relation, [2, 3]:
(1)
i34
z2 ⋅ z4
ω1
( 3)
i14 =
=
=
(1)
z 2 ⋅ z 4 − z ′ ⋅ z3
ω4
i34 − 1
2

(2)

where: ω1 - the angular speed of the waves generator;
ω4 - the angular speed of the led rigid wheel;
z - number of teeth of the transmission wheels.
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Fig.3. The control teeth of the two rigid wheels
Figure 4 presents the block draft of the installation and
the apparatus used for the experimental determination
of the forces from the “harmonious” gearing, the two
steps, which includes:
ME-DC electric motor with the possibility of rotation’s
regulation;
TC - transmission through the trapezoidal driving belt;
TI - inductive translator of spurs (type IWB 202 RFT)
fixed on the direction of the maximum eccentricity of
the waves’ generator, which shows a complete rotation;
TAD - toothed harmonic drive liable to tests;

AT - tensiometric amplifier (type N2302 and N2301);
AS - signal’s attenuator (type 8MW-1);
AD - adaptor (type AD102);
SAD - information’s acquisition system;
PC 586 - electrical PC;
IN - 8 channel recorder;
FM - mechanical brake;
D - dynamometer.

5. CONCLUSION
From the analysis of the experimentally determined
graphics, we can notice the following:
 distribution curve’s character of the force on the
gearing teeth (for I-I section) is the same as the one
of the simple harmonious transmission [1, 2, 6, 11];
 the “harmonious” gearing zone (ϕII), for section IIII and Mt = 50 Nm, is deviated with ≈ 90° given
the gearing zone I-I (ϕI) ant it outruns it as a surface
(≈ 40);
 the differences between the diagrams of the force
on the teeth from the gearing I-I, II-II, is explained
as follows: in section I-I, the change of short
flexible cogged wheel’s shape is limited from two
sides (the fix rigid wheel and the wave generator)
while in the II-II section it is limited only by the
mobile rigid wheel; and there’s a great possibility
of changing the shape of the flexible wheel for the
increasing of the loading charge (Mt > 50 Nm);

Fig.4. The block draft of the installation
This assembly was adopted due to its constructive
simplicity, to the high precision, result of the apparatus
in use, the acquisition system, the recording and the
processing of measured magnitudes’ results.

4. RESEARCHES AND EXPERIMENTAL
RESULTS
For an experimental determination of the tangent
forces which actuate against the flexible wheel’s teeth,
which are in process of gearing with the rigid wheel’s
ones. (the two steps of D.H.T.), the elastic deformation
of the control teeth on the two rigid wheels were
measured.
Figure 5 presents the distribution’s rule of the forces
on the short flexible cogged wheel’s teeth in two
sections: curve 1 – experimental, curve 2 – theoretical,
obtained as a result of the oscilogram’s processing,
recorded on the PC 586 through the information’s
acquisition of the system, for the cases Mt = 50 Nm;
100 Nm and n = 50 rpm.

Fig.5. The distribution’s rule of the tangent forces

 there are confirmed the theoretical results from [2]
regarding the character of the distribution’s rule of
the force situated on the teeth in the process of
gearing (for the 2 gearing’s section’s) and the
maximum value of the tangential experimental
determined force deviates with 6% given the
theoretical determined one.
From the analysis of the experimentally obtained
results [2] and of the one obtained theoretically [6, 8]
we can affirm that on a great amount they confirm, the
deviations being in the tolerable limits.
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axial load specifically defined in the catalogs of gear
units, which allows their proper selection, i.e. makes
possible to take some design solution into account in
order to overcome any problems that may arise due to
excessive axial loading of shaft. This paper particularly
analyses of the impact of external loads of the output shaft
on reducing the operating life of gearbox and, as
expected, it was concluded that it is not negligible.

2. THE AIM OF THE STUDY

ANALYSIS OF INFLUENCE OF AXIAL
LOAD OF OUTPUT SHAFT OF
UNIVERSAL MOTOR GEAR REDUCER
ON THEIR OPERATING LIFE
Siniša KUZMANOVIĆ
Milan RACKOV
Abstract: Universal motor gear reducer, i.e. its output
shaft is rarely subjected to the extern axial load.
However, if extern axial force subjects output shaft of
gearbox, that load can be unpredicted – when it occurs
due to improper installation, for example, due to
preloading of coupling (which continuously subjects the
shaft) and it can be predicted. Predicted load can occur
due directly placed transmission elements on the output
shaft (for example helical gear, bevel gear, or worm
gear), so that constant axial force subjects the shaft. Also,
predicted load can occur due to specific installation and
weight of installed elements (which are directly mounted
to the output shaft), so that constant axial force subjects
the output shaft when the mixer is directly connected to
the output shaft. Regardless of the cause, intensity,
direction and permanence of axial force, it affects
adversely to the operating life of gear reducer and
therefore its value must be given special attention when
gear unit is selected. This paper analyses the basic
elements affected by axial force (which is applied at the
output shaft of universal geared motor) and the
consequences that it may cause.
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1. INTRODUCTION
When selecting not only the universal motor gear reducer,
but in general all other gearboxes, the catalogs of all
manufacturer’s of gear reducer shows the importance of
knowing the value of axial force which is applied on the
output shaft, but also on the input shaft for gearboxes with
free input shaft, and the need of its limiting. If external
axial load subjects the output shaft and very often it
occurs with the radial force, they additionally load the
bearing (which certainly reduces its operating life) and
circlip (which can cause the breakdown of gearbox if the
loading is high and variable). The value of permissive

The main objective of this paper is to point out the
influence of axial load of output shaft of motor gear
reducer on their operating life and, in general, properly
operating of gearbox.

3. PROBLEM DESCRIPTION
Universal helical gear units can be delivered with motor
or with free input shaft. If they are delivered with electric
motors, they can be delivered with special motors, so
called geared motors, or with standard (IEC) motors.
What electric motors will be used depends on the attitude
of the manufacturers company as well as specific
requirements of customers [1].
If gear units are delivered with free input shaft, they can
have usual solid input shaft and with IEC motors
interface.
Large manufacturers usually use special motors, which
are characterized by special flanges, special diameters of
output shafts, stronger bearings and better sealing
solution, so they have a number of advantages (easier,
cheaper and more compact design, the possibility of
achieving higher gear ratios, greater permitted force of the
motor shaft and better tightness). Since they are buying
large quantities of such motors, they get them quickly and
at almost a price of standard motors, so that this
procedure is completely payable to manufacturer. In
addition, these manufacturers usually have their own
factory of electric motors, so that they do not have
practically this problem.
Small and medium manufacturers of gear units usually
use standard IEC motors, although it is not the rule,
mainly because of lower cost and short delivery time, and
all the benefits of special motors they try to compensate
by suitable way of installing motor to the gear unit. Since
it is difficult to make up a lot of advantages of special
motor, in practice there are different construction
solutions of installing gear unit with standard IEC motors
that are directly, or with IEC motors interface, connected
for the housing of gear unit.
Gear units with standard IEC motors are delivered by
large manufacturers, who use special geared motors,
especially when customers require. For example, when
customer wants to install motors on purchased gear units
by himself. It is usually case when they think they can do
cheaper or faster service of their motors, or in case of
export of gear units in the country, where there are
factories of electric motors, which wants with a large
taxes on motors to protect their products from foreign
competition, and customers are payable to buy electric
motors, so they buy gear units with free input shaft motor,
usually, with IEC motors interface, which allow them
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much easier and more secure mounting IEC motors, so
that there is no possibility to install motor incorrectly.
When selecting gear reducer with free input shaft, it must
be provided:
TN > Tout f B

(1)

where:
TN – nominal torque,
Tout – output torque,
fB – minimum value of the service factor.
When selecting motor gear reducer it is indirectly defined
by service factors [7, 9, 10]
f Bperm > f B

From equation (3) it follows that the value of the thermal
power capacity is [8]
Pin < PQ =

α A ∆Θ
1 η

(4)

This means that thermal power limit is the greatest power
in the input at which, in a permanent operating, obtained
losses in the gearbox can be transferred around without
excessive heating of gear reducer (Fig.2). When
developing a catalog of geared motors, manufacturers
concern to fulfill this condition, while the customers must
consider this when selecting gearbox with free input shaft.

(2)

where :
fBperm – permissive value of service factors given in the
catalogs for each motor power, speed and size of reducer
(it is determined by expression fBperm = TN / Ti according
to equat.1),
fB – service factor defined according to the type of
loading, operating time in hours during a day and the
number of cycles during an hour. It also depends on
ambient temperature, the effective operative duration
during an hour and, eventually, the desired life of gear.
Additionally, it must be take care about the permissive
values of radial (FRi perm) and axial (FAi perm) loads of the
free input shaft of gearbox and radial (FRo perm) and axial
(FAo perm) loads of the output shaft (for both types of gear
units, with free input shaft and for geared motor), Fig.1.
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Fig.2. Graphical review of heating gear reducers
depending on the input power (where t – time of heating,
tk – critical time when maximum permissive temperature
is achieved (Θmax), Θ – temperature of the gearbox
housing, P – input power of gearbox)
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Fig.1. Schematic review of a loading of the output shaft
of geared motor (EM – electric motor, R – reducer,
FR – radial load, FA - axial load)
When selecting a gear reducer it must be take into account
that power losses originated in the gearbox can be
delivered to the ambient [3]
PL = Pin (1 η ) = Q < Qo = α A ∆Θ

(3)

where:
PL – losses in the gearbox,
Pin – input power of gear reducer,
η – efficiency of gear reducer,
Q – heat flux caused by originated losses,
Qo – maximum heat flux that can be transmitted to the
ambient,
α – coefficient of heat transmission,
A – the surface area of housing of gear reducer that can
exchange heat,
∆Θ – temperature difference, where ∆Θ = Θ – Θo,
where: Θ – the temperature of surface of reducer
housing, usually it is considered that Θ = 80…100°C
[3] and Θo – temperature of ambient where the
gearbox operates.
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When gear reducer operates at higher ambient
temperatures, the value thermal power capacity is
corrected by special coefficient. It should take in account
that the speed of reducer heating depends exclusively on
operating regime, input power, thermal inertness of
gearbox and adopted cooling method.

4. DESCRIPTION OF WAYS FOR SOLVING
PROBLEM
The external axial force can be applied toward, from and
in double direction to the gearbox. Also, this force can be
constant and variable. Depending on the manufacturer,
i.e. constructional solution of output shaft assembly
(Fig.3), permissive values of axial load are not the same
for all loading types. This axial force can be limited by
carrying capacity of bearing that accept the thrust force,
or by carrying capacity of circlip that hold the bearing.
If axial force is limited by carrying capacity of bearing, it
should take into account that the value of permissive axial
force largely depends on the reducer output speed,
direction of rotation, the value of output torque and the
size, location and direction of applied radial force,
direction of axial force, and on the strength of housing
and, in some cases, strength of covers and foundation
bolt. Since the reviewing of all these elements is rather
complex and significantly complicates the catalog, most
of these parameters are not shown and practically the
smallest value of axial force is given in the catalog which
the gearbox can withstand in the most unfavorable case.
This certainly makes some mistake, because all

possibilities of gear unit are not used (especially
bearings), but since the axial force is quite rare applied at
the output shaft, there is no problem, or at least
manufacturers think so.

where:
T – output torque in the particular case of installation,
d6 – gear pitch diameter (kinematic for the accurate
calculation) of gear wheel at the output shaft.
The value of permissive axial load of the output shaft is
calculated by the equation:

FAdoz =

C0
S0 min

X 0 Fr
Fa 6

Y0

(9)

So, when output shaft rotates at very slow speed (n < 10
min-1), it can not calculate how much operating life of
bearings is reduced, due to supporting of axial load at the
output shaft, but it is obvious it is smaller.
In the case of dynamic load, i.e. is n ≥ 10 min-1 from
simplified form of equation [8]:
p

L10 h =

Fig.3. Characteristic design of geared motor
In the case that axial load is limited by carrying capacity
of circlip, nothing can be done to increase the axial load,
but it should consider that operating life of bearing is also
reduced.
When calculating the bearings of gear reducer, it is
assumed that operating life of bearings is 10000 service
hours, the value of permissive load can be calculated as
follows:
In the case of static load, i.e. n < 10 min-1 [8]:
S0 =

C0
> S0 min
P0

(5)

where:
S0 – static safety factor,
C0 – basic static load rating,
S0min – minimum value of the static safety factor,
P0 – equivalent static bearing load, obtained by
expression
P0 = X0 Fr + Y0 Fa

(6)

X0 – radial load factor for the bearing,
Fr – actual radial bearing load, which depends on
particular external radial loading, its location and
direction where it is applied, force on the gears and
characteristic dimension of the output shaft,
Y0 – axial load factor for the bearing,
Fa – actual axial bearing load, calculated by the form
Fa = | FA + Fa6 |

(7)

where:
FA – external axial force on the output shaft, in the case it
is applied towards the gearbox, otherwise it should
change its sign,
Fa6 – axial force on the gear wheel located on the output
shaft, when it acts in the direction of external force,
otherwise it should change its sign.
Fa 6 =

2T
d6

(8)

106 ⎛ C ⎞
⎜ ⎟ > L10 h min = 10000 h
60 n ⎝ P ⎠

(10)

where:
L10h – basic rating life in operating hours,
C – basic dynamic load rating,
n – rotational speed,
p – exponent of the life equation (p = 3 for ball bearings,
p = 10/3 for roller bearings),
P – equivalent dynamic bearing load, which is calculated
by the expression
P = X Fr + Y Fa

(11)

X – radial load factor for the bearing,
Fr – actual radial bearing load, which depends on
particular external radial loading, its location and
direction where it is applied, force on the gears and
characteristic dimension of the output shaft,
Y – axial load factor for the bearing,
Fa – actual axial bearing load, calculated by the same
equation (7) as for static load, and also axial force on
the gear wheel is calculated by the expression (8).
On the basis of equations (10) and (11) the influence of
axial force is significant. According those equations
permissive axial load can be calculated, which is for users
of gearboxes, in some cases of mounting, very important.
The value of permissive axial load of the output shaft is
calculated by the equation:
C
FAperm =

p

10
6n
Y

X Fr
Fa 6

(12)

If permissive axial load is not limited by load carrying
capacity of circlip, according to this expression it can be
concluded that FAperm in a large extent depends on the size
of gearbox (bearings), its constructional design, the values
of extern radial and internal radial and axial forces and,
especially, the direction of axial force and direction and
speed of output shaft of gear reducer.
The value of permissive loading can be calculated in any
particular case (Fig.4) and therefore the possibility of
overloading of gearbox and shortening the life of bearings
and gear reducer in general can not occur.
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Start

Type of gear reducer with defined bearing built-in
and geometric characteristics of the output gear
wheel and output shafts. Torque – T, output
speed – n, direction of rotation – CW or
CCW, radial force value – Fr , location
of effect radial force – x, applied angle
that radial force acts – α,
direction of axial force –
toward or from gear unit

i

FAi = 0 + i 100 N
Calculation of operating life of the
bearing for the particular operating case
yes

L10 h >10000 ± 100 h
no

FA perm
FA perm > FA circlip

yes

no

FA perm = FA circlip
FA perm
End

Fig.4. Algorithm of calculation process of permissive
axial load of universal gear reducer

5. CONCLUSION
Based on the carried out analysis it can be concluded that
external load of output shaft of gear reducer has a large
impact on the service life of bearings, and gearbox in
general, and therefore it is necessary to define accurately
every particular operating case. However, since it depends
on many factor, manufacturers of universal gear units
show this in simplest way in order to make customers
easier process of selection and to make the catalogs as
more handling and simpler for users. But today, when the
catalogs are in most cases given in electronic form, it is
possible to accurately define the permissive axial load
value. Small program in electronic form could be given to
customers, so they could determine the permissive value
of axial force for their operating case and thus enable
rational use of their gear reducers. That calculation could
be made according more complex algorithm, because the
values of the characteristic coefficients X0, Y0, X and Y
162

sometimes depend on the value of axial force calculated
according to them, so it would be necessary to make a
number of iterations before the final value of axial force is
found.
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torque) are constant. In this case, it is possible to establish
a direct relation between oil sump excess temperature and
energy losses, i.e. friction losses in the contact zone.
Viscosity alone affects the oil sump temperature. Oils of
higher viscosity form the thicker oil film in lubricant
zone, but they also demand higher flow values, resulting
in the increase of oil temperature and the reduction of
viscosity.

2. OIL SUMP TEMPERATURE

EFFECT OF LUBRICANTS ON
EFFICIENCY COEFFICIENT OF WORM
GEAR TRANSMITTERS
Đorđe MILTENOVIĆ
Milan BANIĆ
Aleksandar MILTENOVIĆ
Abstract: Between the coupled flanks of worm gears
exists a significant slide, resulting in wearing of flanks
and considerable energy losses. This way energy is
transformed into heat, leading to warming up of
transmitter and disturbing its proper operation, leading
further even to scuffing in critical cases. Oil temperature
has the important role in energy losses. Viscosity of oil
also depends on temperature. However, oil viscosity
alone has essential effect on processes in the contact
zone, the energy losses there and in this way indirectly on
temperature also. Optimal lubrication is possible only in
the corresponding range of oil sump temperatures. The
paper gives an experimental and theoretical research of
oil viscosity and oil sump temperature effect on efficiency
coefficient of worm gear transmitters of smaller
dimensions.
Key words: worm gears, lubrication, efficiency

1. INTRODUCTION
Oil is a very important element in mechanical
transmitters, where optimal lubrication can be provided
only up to the allowed boundary temperature. Thermal
overload leads to degradation of oil. Consequences are
sudden increase of worm gear wear out, further increase
of oil temperature ϑS, damage at axle gasket and
increased danger of scuffing. In practice, this means the
operation failure and damage of transmitter. The accurate
knowledge of oil sump temperature ϑS is of crucial
importance for the definition of transmitter. Transmitter
has to operate even in the boundary conditions of its load
carrying capacity. Transmitter also has to be thermally
stable, especially at non-stationary operations with brief
overloads.
Oil temperature is also authoritative for energy losses in
transmitter. The energy losses in stationary conditions of
exploitation (constant number of revolutions and constant

Oil sump temperature ϑS has the greatest affect on
creation of oil film in the contact zone. Oil viscosity
decreases with oil sump temperature increase; at the same
time, the thickness of oil film is reduced also, leading to
the dangerous occurrence of mixed or semi-liquid friction.
Accordingly, the thickness of oil film is a decisive factor
for the friction and lubrication in worm gear contact zone.
Oil sump temperature ϑS also affects the energy losses of
gear transmitter as a whole. Size and characteristics of
contact surfaces in contact zone (roughness, material type,
accuracy of manufacture) affect the friction, and
accordingly the working temperature too.
Oil heating during the work operation – oil sump excess
temperature ∆ϑS is obtained as the difference between oil
sump temperature ϑS and the environmental temperature
ϑ0:
∆ϑS = ϑS - ϑ0

(1)

Environmental temperature variations also affect the oil
sump temperature, but accordingly its viscosity too.
Lubrication of worm gear transmitters is accomplished by
oil in majority of cases, because the oil easily enters into
the contact zone and forms the necessary oil film. This
way the lesser wear out ratio is attained.
Total energy losses in worm gear include the losses of
idle run PG0, losses in bearings and gaskets PGLD, and
losses in meshing process PGz:
PG = PG 0 + PGLD + PGz

(2)

Oil sump excess temperature ∆ϑS is the result of power
losses in worm gear, bearings and gaskets. To maintain
the transmitter thermal stability, energy losses in worm
gear are diverted via oil and transmitter casing into the
environment; so accordingly one can have:
PG = ∆ϑS ⋅ kG ⋅ AG

(3)

In expression (3) kG is the heat transfer ratio, and AG is
authoritative casing surface for heat diverting into
environment.
Accordingly, oil sump excess temperature ∆ϑS could be
determined as:
∆ϑS =

PG
P + PGLD + PGz
= G0
kG ⋅ AG
kG ⋅ AG

(4)

Total efficiency coefficient could be determined as:

ηΣ =

P2
P2
=
P1 P2 + PG

(5)

Efficiency coefficient of worm gear could be determined
via friction coefficient µzm in accordance with:
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Heat transfer ratio kG is determined according to:
kG = 0, 00784 ⋅ n1 + 25, 62

(8)

At single lead worm gears with transmission ratio i = 40
and number of revolutions n = 5000 min-1, with worm
gear material the combination of steel/bronze, the
experimentally obtained power distribution in worm
transmitter is given in Fig. 1.

Fig. 1. Total power distribution in worm gear transmitter

a) n1 = 5000 min-1; T2 = 12 Nm

a) n1 = 5000 min-1; T2 = 12 Nm

b) n1 = 5000 min-1; T2 = 24 Nm
Fig.3. Fluctuation of oil sump temperature and
environmental temperature of worm gear for T2=12 Nm
and T2=24 Nm

b) n1 = 5000 min-1; T2 = 24 Nm
Fig.2. Fluctuation of worm gear efficiency for
T2=12 Nm (a) and T2=24 Nm (b)

ηz =

tanγ m
P1
=
P1 + PGz tan ( γ m + arctanµ zm )

(6)

Taking into account the expressions (1), (4) and (5), one
can get the relation between oil sump temperature and
worm gear efficiency coefficient:

ϑS =
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1 − ηΣ
π ⋅ n1 ⋅ T2
⋅
+ ϑ0
kG ⋅ AG ⋅ηΣ
30 ⋅ i

(7)

Heat transfer ratio is largely dependent on actual
transmission design and rpm of the worm. Basically, it
can be stated that with the increase of rpm of the worm
the heat transfer ratio also increases. Heat transfer ratio
dependence of centre distance is not easily determined.
Transmitters with smaller centre distance have relatively
high heat transfer ratio. With the increase of centre
distance at transmitters of similar design solutions, this
ratio will decrease at first, but for large centre distances
and rpm of over 1000 min-1, it increases again. Also
important is the installation of cooling fan. At transmitters
with smaller centre distance (up to 65 mm), with the
installation of cooling fan the heat transfer ratio is
increased by 30%. For rpm range between 60 min-1 to
3000 min-1 and centre distance between 63 mm and 400
mm, heat transfer ratio has the value from 5 W/m2 to
50 W/m2. For smaller centre distances (up to 50 mm) and
higher worm rpm, the heat transfer ratio goes up to 100

W/m2. The exact determination of heat transfer ratio is not
achievable, but approximate expressions are available,
based on experimental data for known design solutions,
which are satisfying for engineering practice.

3. DETERMINATION OF EFFICIENCY AND
TRANSMITTER WORKING
TEMPERATURE
Experimental research is performed at worm gear
transmitters with following characteristics: centre distance
a = 30 mm, transmission ratio i = 40 and worm rpm
n = 5000 min-1, with worm gear material the combination
of steel/bronze. Efficiency results, environmental
temperature and oil sump temperature, for output torques
of T2 = 12 Nm and T2 = 24 Nm are shown in Figures 2
and 3. Experiments are performed with two types of
synthetic oils, namely D460EP (ν40 = 460 mm2/s) and
GH6 1500 (ν40 = 1500 mm2/s).
The comparison review of average efficiency coefficients
for used means of lubrication means are given in Figure 4.
Synthetic oil D460EP (ν40 = 460 mm2/s), compared to
GH6 1500 (ν40 = 1500 mm2/s), has 12,5% better
efficiency coefficient. Oil sump temperature of GH6 1500
(Fig. 6) is 15% higher than D460EP oil on average. The
conclusion is that D460EP oil (ν40 = 460 mm2/s) is more
suitable for lubrication of worm gears with higher number
of revolutions, regarding the efficiency coefficient as well
as oil sump temperature.

Fig.4. Comparison review of efficiency coefficients for
lubrication with synthetic oils

The comparison review of calculation and experimental
values of oil sump temperatures for lubrication with
synthetic oils D460EP (ν40 = 460 mm2/s) and GH6 1500
(ν40 = 1500 mm2/s) is given in Figure 7. Calculation
values of oil sump temperature are determined using the
expressions from chapter 2 of this paper. Calculation is
performed for worm transmitter operation in stationary
conditions, with the constant exit torque and constant
number of revolutions of 5000 min-1. The difference
between the calculation and experimental values is ±3%.

Fig.6. Comparison review of calculation and
experimental values of oil sump temperature for
lubrication with synthetic oils

4. CONCLUSION
Based on the above stated, the following conclusions can
be drawn:
1. Lubrication of worm transmitters is one of the most
important parameters of their working order, because
it directly affects the oil sump temperature and
efficiency, beside load carrying capacity in regard to
wear out, scuffing and pitting.
2. Comparison of D460EP (ν40 = 460 mm2/s) and GH6
1500 (ν40 = 1500 mm2/s) synthetic oils behavior in
exploitation conditions demonstrates that oil D460EP
is better suited for lubrication of worm gears with
higher rpm, regarding the efficiency coefficient as
well as oil sump temperature. Total efficiency
coefficient is increased by 12,5% and oil sump
temperature decreased by 15%.
3. For stationary operating conditions it is possible to
establish the direct relations between oil sump
temperature and energy losses, i.e. the friction losses
in the contact zone.
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main cause of micro-pitting is attributed to insufficient
lubrication of the contact surfaces due to slow sliding
speeds. Research solutions are prevailingly searched for
in the direction of better lubrication means, in high quality
surface treatment (super-finishing), in gear tooth flank
profile change in meshing start area, and finally in better
materials.
The proposal in this paper aims to a special gear tooth
flank profile, which assures higher comparative curvature
radii, and thus lower contact load and higher relative
velocities of the contact surfaces which implies better
lubrication.

2. PROBLEMS IN WIND POWER PLANTS

MICRO PITTING, ITS ORIGINS AND
MEASURES OF PREVENTION
Gorazd HLEBANJA
Abstract: Micro-pitting is fatigue damage of gear teeth
flanks where the contact area is surface-hardened and
ground. The phenomenon is particularly evident in slow
speed gears and at high contact loads. This problem
actualised in energy transmission systems of high power
wind power plants, since emerging micro-damages,
lowering transmission accuracy, evolve into gearing
failures and cut-out of a power plant from the grid. The
main cause of micro-pitting is attributed to insufficient
lubrication of the contact surfaces due to slow sliding
speeds. Solutions are prevailingly searched for in the
direction of better lubrication means, in high quality
surface treatment (superfinishing), in gear tooth flank
profile change in meshing start area, and finally in better
materials. This proposal aims to a new gear tooth flank
profile, which assures higher comparative curvature
radii, and thus lower contact load and higher relative
velocities of the contact surfaces which implies better
lubrication.

Micro-pitting is damage evident in big, highly loaded,
slow gears. Its mechanism and measures of prevention
gained importance with development and growth of wind
power plants. Energy given away by wind to blades is
transmitted through a low-speed input shaft through a
gear box to a high-speed shaft to a generator.
The number of wind power-plants is in a steep increase all
over the world. By 2010, the World Wind Energy
Association expects over 200 GW of capacity to be
installed worldwide, up from 73.9 GW at the end of 2006,
implying an anticipated net growth rate of more than 28%
per year [1]. The leading country is USA, having installed
35,159 GW in 2009, followed by Chine with 26,010 GW
Germany with 25,777 GW in 2009 [1]. It should be
mentioned that also offshore installations are in increase,
having almost 2 GW installed in 2009 [1].

Key words: micro-pitting, slow speed gearings, noninvolute gear geometry, wind power plants
Fig.1. Wind power plant drive-train configuration [2]

1. INTRODUCTION
Micro-pitting is fatigue damage of gear teeth flanks where
the contact area is surface-hardened and ground. The
damage itself is characterised by a dense random pattern
of extremely small pits, sized about 10 µm, and by gray
stained or frosted general appearance of damaged area.
The phenomenon is particularly evident in slow speed
gears and at high contact loads.
Although not new, this problem actualised in energy
transmission systems of high power wind power plants,
since emerging micro-damages lowering transmission
accuracy evolve into gearing failures and cut-out of a
power plant from the grid. Power transmission in wind
power plants flows from a rotor, consisting of a hub and
blades, accommodated on a slow speed shaft, to a fast
speed generator shaft. Critical circumstances appear in the
pinion tooth dedendum in the first transmission stage. The

The main parts and assemblies subjected to wear and
damage are bearings and a gear box. It has been proven
that micro-pitting belongs to serious damages, which can
cut-off the power plant from the grid. Power plants are
usually hardly accessed. Also worn and damaged
elements are uneasily approached, which makes repairs
and replacements costly. All above implied numerous
researches about damage mechanisms and formulation of
dimensioning rules for bearings and gear boxes in wind
power plants. Installation of wind power plants is
governmentally encouraged in many countries, also from
ecological point of view. Corresponding research is also
funded by most of developed countries. USA established
the National Renewable Energy Laboratory and its
subsidiary the National Wind Technology Center in this
context. The research is being conducted about reasons of
micro-pitting emergence, dimensioning of gears for a
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prescribed life-time, and improving efficiency of power
transmission from blades to a generator.

3. NATURE OF MICRO-PITTING
Micro-pitting is present in both bearings and gears. The
possible reasons include
 much longer life expectation – commercialized largescale wind turbines are designed to continuously run
for 20 years, which is much longer than the typical life
expectation for cars and for equipment in most
industries;
 unsteady wind changes in amplitude, direction, and
gust;
 contamination in lubricants such as water, dirt, and
wear debris;
 low speed and high loads are typical operating
conditions for the planetary stage of a wind turbine
gearbox, leading to slow moving gears and bearings
with low pitch line velocities, low oil film thickness,
and high traction; and
 high duty cycle.
Micro-pitting features can be summarized in the
following statements [3]:
 Low specific oil film thickness promotes micropitting.
 Micro-pitting occurs under mixed-film elastohydrodynamic lubrication where oil film thickness is of the
same order as surface roughness average (Ra) and
load is borne by surface asperities and lubricant. When
asperities carry a significant portion of load, collisions
between asperities on opposing surfaces cause elastic
and/or plastic deformation, depending on the severity
of local loads.
 In addition to contact stress caused by normal loading,
sliding between gear teeth causes tractive forces that
subject asperities to shear stresses. The first 104 to 106
cycles of stress occurring during run-in process are an
incubation period during which damage consists
primarily of plastic deformation at asperities. Cyclic
contact and shear stresses accumulate plastic
deformation on asperities and at shallow depths below
asperities. Plastic flow produces tensile residual
stresses and with sufficient cycles fatigue cracks
initiate.
 After incubation, micro-pits rapidly nucleate, grow,
and coalesce. Relative hardness and persistent
roughness are the principal parameters that determine
the severity of micro-pitting damage.
 Micro-pitting degrades accuracy.
 Micro-pitting can escalate into other failure modes
like macro-pitting, scuffing, bending fatigue, and
polishing.
 Coatings act as solid-film lubricant and protect
surfaces during run-in.
 Polyalkyleneglycol (PAG) lubricants have thick EHL
films and very good micro-pitting resistance in
comparison to mineral lubricants.
 Polyalphaolefin (PAO) and mineral lubricants have
similar EHL films and can have good micro-pitting
resistance depending on additives.
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Individual micro-pits are not visible to the unaided eye,
whereas electronic microscopy reveals micro-pits as
damaged surfaces a dense pattern of very small pits
causing the surface color appearance gray. Individual
micro-pits within surface roughness asperity do not
exceed asperity size [4]. Micro-pits initiate and grow on a
scale of a few micrometers but coalesce and spread to
produce surface damage on a scale of millimeters or
centimeters.

Fig.2. Asperities and oil film share load
Micro-pitting emerges in lubricated heavily loaded
contact surfaces, where oil film thickness h0 is of the
same magnitude as surface roughness average Ra, as
illustrated in Fig. 2. This implies increased local loads
especially on asperities, whereas load is partly carried by
oil film. Specific oil film thickness is considered as a
useful parameter regarding assessment of asperity contact
severity in this context [5].
There has been a recent dispute regarding the lambda
ratio or oil film parameter (i.e. the ratio of the film
thickness to composite surface roughness) in regard to
lubrication conditions between mating surfaces. The
problem lays in the fact that micro-pitting reflects
individual asperity interactions and not the statistical
average – Ra. It is also known that many physically
different surfaces might have equal Ra. The latter doesn’t
reflect such features as slope or shape. These might
influence micro-pitting emergence. Nevertheless, lambda
does reflect the general tendency for solid contact to
occur under a given set of liquid-lubricated operating
conditions [3].

Fig.3. Emergence of micro-pit
Since asperities are bearing load they are deforming
elastically and/or plastically. Simultaneously traction is
acting due to sliding, which additionally subjects
contacting asperities to shear stresses.
Asperities are subjected to even larger loads during
running-in process and first 104 to 106 cycles are an
incubation period during which deformation consists of
their plastic deformation. Cyclic contact and shear

stresses accumulate plastic deformation on asperities and
also at shallow depths below them. Plastic flow produces
tensile residual stresses [6, 7] and after sufficient cycles,
fatigue cracks initiate. And after that material peels off
creating micro-pit. Fig. 3 illustrates corresponding mechanism. The above discussion implies that decisive factors
initiating micro-pitting are EHD-lubrication, surface
roughness, friction, contact load and material properties.

4. EHD LUBRICATION

4.2. Velocities

Oil film thickness is calculated by empirical DawsonHigginson’s equation [8]:
0, 43 −0,13
h0 = 2,65 α 0,54 E ' −0,03 η 0,7 (Σv )0,7 ρ red
w

(1)

where
h0 is the minimum film thickness;
α is the pressure viscosity coefficient;
E’ is the reduced Young’s modulus;
ρred is the reduced radius of curvature;
η is the dynamic oil viscosity;
Σν is the entraining surface velocity;
w is the contact load.

4.1. Surface roughness
Surface features are gained in a particular manufacturing
process. Regarding gears, for average requirements
ground surfaces are sufficient. The contact surfaces can
eventually be improved by honing, lapping and polishing,
where average roughness of 0,006 to 0,01 µm can be
achieved. It is almost needless to say that these processes
are costly technological procedures, having essential
influence on product price. Oil film thickness is sufficient
when no asperities interaction can occur and no surface
damage occurs. The relationship between oil film thicknes
and surface roughness is expressed by λ index:
2h0
Ra1 + Ra 2

(2)
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Contact velocities are of utmost importance in EHD oil
film formation. They are governed by the path of contact
shape and angular speeds of a driving and driven shaft in
gears. The contact is moving on a straight line towards the
kinematic pole in involute gears. This is exactly the
velocity forming the oil film thickness. If the path of
contact is curved there exists also a relative velocity,
contributing to summary movement velocity, which
implies increased oil film thickness.

4.3. Radii of curvature

According to Eq. 1, the most influencing parameters are
the oil features α, η and the summary velocity Σν in the
contact, followed by the geometrical parameter ρred, with
low influence of the load w and the material properties E’.

λ=

The bearing boundary depends on oil film thickness and
surface roughness. When λ=1 asperities in contact are still
touching and probability of damage is rather high. With
increased values of λ index (λ>1) damage is unlikely.
However, operating under low λ (λ<1) always initiates
severe damage. The zone 0,8<λ<1,5 represents the area of
probable damage, which should be avoided. The
probability of damage in this area is governed by proper
oil selection, surface shape, operating conditions and load.

6,0

10,0

Fig.4. Oil film in relation to roughness

Radii of curvature are a feature of geometric shape,
crucially influencing loading parameters and EHD
lubrication forming.

5. WIND POWER-PLANTS
A specialty of wind power-plants is high power on the
slow speed shaft rotated by the blades. Modern powerplants can have power about 4 to 5 MW, whereas the
blades rotate with 15 to 25 RPM. The input slow speed
shaft torque amounts to
T=

P

ω

and ω =

πn
30

. If n=15 then ω=1,571 s-1

(3)

where P is nominal power of a power-plant and ω angular
speed of the input shaft. Assuming power P = 4 MW and
n = 15 RPM torque amounts to T = 2546 kNm. This value
represents in comparison to power ranges of ordinary
working machines (e.g. lorries, ship engines, locomotives,
etc.) extraordinary high load of the first level gears in the
gear box. Additionally, wind turbines are subjected to
highly unsteady wind also in direction and high Coriolis
forces. Above conditions are obviously a cause of micropitting in bearings and gears.

5.1. Gears in wind power-plants
Development of wind power-plants is among the
youngest, fast developing, industrial branches dating up to
1985. Already then California granted tax reliefs for
development of these devices. And in 1991 Germany
issued the law on benefits for companies acquiring new
sources of electric power [10]. USA and Germany
elaborated corresponding research programs at that time.
They were followed by numerous countries, especially
European, Japan and China. The main problem remains
power transmission from the slow speed shaft, with blade
rotation of about 15 RPM to the generator with about
1000 to 1500 RPM. The installed on site power also
increased from starting 500 kW with the blade diameter
of 40 to 50 m and tower heights of 40 to 50 m to present
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plants with 5 MW, blade diameter of 130 m and tower
height of 100 m. It is reasonable that gear-boxes were
used to transform small speed initiated by blades to high
speed necessary in generators. Also, contemporary
dimensioning methods were employed for gears without
wind turbine gear-box particularities [11]. Actual working
circumstances have been ascertained first by observing
power-plants in work, for which unsteady wind changes
in amplitude, direction, and gust as well as high power in
transmission elements are characteristic. Gear-box oil
heating changing oil viscosity, which also lowers
lubricating oil film thickness, was recognized as a serious
problem of maintenance. Requirement for continual
readiness led owners and insurance companies to enforce
additional conditions for dimensioning of vital parts,
especially gears and bearings with life expectation 20
years.
Wind power-plant and part and assembly producers,
owners and insurance companies became strongly
interested in origins and mechanism of damages. Gearboxes are the most expensive part of power-plants,
reaching up to 30% of purchasing value. Cost of their
maintenance is high and very expensive is repairing of
damaged parts. That is why only after 10 years of wind
power-plants operation expert consultations started with a
goal to formulate emphases on particular damages of all
parts of a power-plant [11]. A prevailing share of
damages is attributed to gear-boxes, where micro-pitting
on gears and on generator bearings was noticed beside
other known damages. These consultations initiated
numerous investigations on micro-pitting, especially in
Germany and USA. Institutions conducting such research
are FZG Institute from TU Munich, Chair for machine
parts of Bochum University, National Renewable Energy
Laboratory from Colorado, USA and many others.
Considering importance of gear-boxes in wind powerplants following discussion will be focused on
insufficiently conclusive conditions for micro-pitting
emergence. Owners and insurance companies need to
know exact conditions for damage (question of
dimensioning and duty cycle without damage). Producers
on the other hand claim that the problem has been solved
by proper lubrication and by extremely smooth gear teeth
surfaces. Above all, micro-pitting is still frequent damage,
whereas there is no common answer to the question “how
dangerous is initial damage for further operation”.
Insurance companies demand physically founded answer
to the question “does initial damage proceed to a fracture
or does it provable stops”. The latter question became
particularly important with offshore wind power-plants.
Near the end of 90ties FZG institute of TU Munich
developed shortened procedure for assessment of micropitting emergence conditions considering operating
conditions, state of surfaces, materials and lubricating
oils. The procedure is known as Micro-pitting short test
[12]. Method encompasses eight loading levels. And one
ascertains the level in which damage occurs during
testing, as illustrated in Fig. 5. If there appears no damage
after the final level, it is considered that given operating
conditions are safe. The left part of Fig. 5 shows records
of damages in particular levels. Fig. 5 also reveals that
damages appear at the lower part of the driving gear tooth
dedendum and increase, which initiate nonuniform
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rotation transmission and increased noise. Experts from
FZG also mean that initial micro-pitting can be cured by
selection of more appropriate oil. Short micro-pitting test
is also used for selection of suitable oil guaranteeing
appropriate lubricating film thickness without damage.

Fig.5. Damage induced by the micro-pitting
short test [12]
Professor Predki is head of Machine parts laboratory at
the Ruhr Bochum University. A large testing rig for
research of micro-pitting in wind power-plants was built
recently. Its characteristics are the centre distance of 447
mm for gears with the module 22 mm [13]. Investigations
also discovered that micro-pitting is promoted with
immersion of the driven gear tooth into a tooth flank of
the driving gear, as illustrated in Fig. 6 [14].
driven gear

tooth tip path

A

ing
driv

gear

Fig.6. Immersion of the driven into
driving gear tooth
USA is among leading countries in the development of
the wind power-plants. This is also true in micro-pitting
research area. In 2003 the new AGMA standard
“Standard for Design and Specification of Gearboxes for
Wind Turbines” [15] was issued based on previous
experience and research. It comprises gear-boxes for wind
turbines from 2 kW to 2 MW (higher powers can be
referred as well) with a life cycle of 20 years.

6. NONINVOLUTE GEARS FOR WIND
POWER-PLANTS
In the paper proposed contribution to higher load capacity
of wind power-plant gears is directed towards improved
contact circumstances, that is better conditions for oil film
formation and lowering friction. Two solutions are
proposed in this context, the first being uniform power
transmission gears [16] and the second spur gears with a
curved path of contact suitable for small as well as for
large gearing dimensions [17]. Both concepts have been
led to prototypes. However, optimization and expe-

rimental verification and determination of capacity are
forthcoming. The crucial advantage of the uniform power
transmission gears, Fig. 7, lays in the fact that more
power is transmitted by rolling and less by sliding.
However, the conditions for inner gears and for the
magnitude of combined rolling-sliding friction should be
worked out for this particular gear type.

left rotation

It is a noteworthy fact that a high temperature arises with
a slight length difference to a contact spot due to sliding.
This phenomenon appears in the involute driving gear
root. Sliding between gear tooth flanks in wind powerplant gear-boxes appears cyclically with the period up to
two minutes, so heating and cooling are reiterated in the
same gear. It is a research question how such cyclic
temperature changes in the same spot of the surface
hardened material influence fatigue. Such overheating is
with S-gears less probable. This is due to higher relative
velocities in critical areas, as in the meshing start point A,
as illustrated in Fig. 9.
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A - contact starting point; vt - tangential velocity in C; vA - component of vt; vA1 - pinion
velocity in A; vA2 - gear velocity in A; vg - sliding velocity between pinion and gear; vs velocity of A in the tangential direction on the path of contact; vr1 - rolling of the contact
point A over the pinion flank; vr2 - rolling of the contact point A over the gear flank

Fig.7.Uniform power transmission gear pair
The principal advantage of S-gears is that the starting
contact loading emerges between concave-convex surfaces in a strongly curved part of the path of contact with
the essentially higher reduced radii of curvature (see Fig.
8) and higher relative velocity in a contact point. These
conditions importantly contribute to formation of the
stronger oil film. Another important feature is feasibility
of design gears with a small number of teeth, e.g. six or
even less, which enables manufacture of lightweight gearboxes.

Fig.8. Distribution of the reduced radii of curvature
over the path of contact – m=1 mm, z1=10, z2=30
Among important causes of micro-pitting can also be a
local heating of contact surfaces due to very high loads
and friction, which can be computed by Block’s Equation
[18]:
⎛ E' ⎞
⎟
⎟
⎝ ρ red ⎠

0, 75
⎜
ϑ fla = 0,62 µ wbn
⎜

0, 25

vr1 − vr 2
BM 1 vr1 + BM 1 vr 2

(4)

where ϑfla is the flash temperature caused by friction, µ is
the coefficient of friction, wbn is the load per unit length,
E’ is the reduced elasticity modulus of the gear material,
ρred is the reduced radius of curvature in the contact area,
vr1, vr2 are relative velocities, and BM1 is the thermal
conductivities of both, which is a material characteristic.

Fig.9. Meshing start in A

7. CONCLUSION
Micro-pitting is fatigue damage of gear teeth flanks with
the surface-hardened and ground contact area. This
phenomenon became particularly evident in slow speed
gears and at high contact loads of the wind power-plant
gear-boxes after several years of full operation. Since
emerging micro-damages, while lowering transmission
accuracy, evolve into gearing failures and cut-out of a
power plant from the grid, and with steep growing
importance of such power-plants, micro-pitting became
important research field. This paper reviews its origins,
importance in wind power-plants and measures of
prevention as developed through experience and
experimental research.
Therefore, problems in wind power-plants leading or due
to micro-pitting are discussed in detail. Then the nature of
micro-pitting is represented and factors having impact on
micro-pits emergence. Subsequently, gearings employed
in wind power-plants, problems and experimental work
related to them are discussed.
Finally two non-involute proposals are presented. The
first is uniform power transmission gears and the second
spur gears with a curved path of contact. Both suggestions
incorporate special gear tooth flank profiles. Whereas the
principal advantage of the first relies on the fact that more
power is transmitted by rolling than by sliding, the latter
relies on a gear tooth flank profile, which assures higher
comparative curvature radii, and thus lower contact load
and higher relative velocities of the contact surfaces
which implies better lubrication.

REFERENCES
[1] World Wind Energy Report 2009. Report. World
Wind Energy Association, February 2010.
171

http://www.wwindea.org/home/images/stories/world
windenergyreport2009_s.pdf. Accessed, August 5th
2010.
[2] OYAGUE, F., Gearbox Modeling and Load
Simulation of a Baseline 750-kW Wind Turbine
Using State-of-the-Art Simulation Codes. Technical
Report. NREL/TP-500-41160. February 2009.
[3] SHENG, S. (Edt.) Wind Turbine Micropitting Workshop: A Recap. Technical Report. NREL/TP-50046572. February 2010.
[4] YOSHIDA, N., TAKI, T. Micropitting Generation
Mechanism for Gears. Int. J. of Automation Technology, Vol.2, No.5, 2008, pp. 341
[5] BUTTERFIELD, S. Gear and Bearing Micropitting.
Wind Turbine Micropitting Workshop. National
Renewable Energy Laboratory, June 17th-18th 2009.
[6] OLVER, A.V. Micropitting and asperity deformation.
Conference: Developments in Numerical and Experimental Methods Applied to Tribology. Proceedings
of the 10th Leeds-Lyon Symposium on Tribology.
ISBN-10: 040822164X. Univ. of Leeds, Inst. of
Tribology; INSA, Lyon, 1984. p. 319-323,
[7] CHIU, Y.P. The mechanism of bearing surface
fatigue - experiments and theories. Tribology
Transactions, Vol. 40, No. 4, 1997. p. 658-666.
[8] DOWSON, D., HIGGINSON, G.R. ElastoHydrodynamic Lubrication. SI Edition. Pergamon
Press, 1977.
[9] STACHOWIAK, G.W., BATCHELOR, A.W.
Engineering Tribology, 2nd Ed. Butterworth
Heinemann, 2002.
[10] Geschichte der Windkraft. IG Windkraft, Austrian
Wind Energy Association. http://www.igwindkraft.at/
index.php?mdoc_id=1000091. Accessed August 10th
2010.
[11] BAUER, E. Allianz Report 2/2001 Windenergieanlagen Schadenbetrachtungen, Allianz Zentrum für
Technik GmbH. 2001.
[12] HÖHN, B.-R., OSTER, P., STEINBERGER, G. The
new Micro-Pitting Short Test. 1st Int. Conf. Power
Transmissions 2003.

172

[13] PREDKI, W., LÜTZIG, G. “Karies-Prophylaxe” für
Zahnrad
Schwergewichte.
RUBIN
Wissenschaftsmagazin, Ruhr Universität Bochum,
Sonderheft
Maschinenbau
Rubin
2004.
Konstruktionstechnik - Beitrag 10. http:
//www.ruhr-uni-bochum.de/rubin/maschinenbau/konstukt-technik.htm. Accessed, August 10th, 2010.
[14] THEISSEN, J. Graufleckenbildung an Zahnrärern.
Ursachen, Prüfverfahren, Berechnung, Praxiserfahrungen. Vortrag am 09.07.07 auf dem BWEArbeitskreis Graufleckigkeit. http://www.ib24.de/04links_Weitere-Links.php. Accessed, August 10th,
2010.
[15] Standard for Design and Specification of Gearboxes
for Wind Turbines. American National Standard.
ANSI/AGMA/AWEA 6006-A03. AGMA, Alexandria, Virginia, 2003.
[16] HLEBANJA, G., HLEBANJA, J. Uniform power
transmission gears. Journal of Mech. Eng. 2009, Vol.
55, No. 7/8, p. 472-483.
[17] HLEBANJA, J., HLEBANJA, G. Spur gears with a
curved path of contact for small gearing dimensions.
Int. Conference on Gears, TU Munich, Garching,
October 4th-6th 2010.
[18] THESE, F.H. Die Blitztemperatur Hypothese nach
Blok und ihre praktische Anwendungen bei Zahnrädern. Schmiertechnik 14 (1967), Heft 1, p 22-29.

CORRESPONDENCE
Dr. Gorazd Hlebanja, dipl.ing.
University of Ljubljana
Faculty of Mechanical Engineering
Aškerčeva c. 6
SI-1000 Ljubljana, Slovenia
gorazd.hlebanja@fs.uni-lj.si

EXPERIMENTAL DETERMINATION OF
DYNAMICAL CHARACTERISTICS OF
STEERING WHEEL JOINT SHAFT
Andreja ILIĆ
Danica JOSIFOVIĆ
Lozica IVANOVIĆ
Abstract: Increasing demands in vehicle safety highlight
the importance of complex examination of its every single
element and factor. Participation of steering wheel and
its joint shaft as causes of injury point out the importance
of experimental determination of joint shaft properties.
Furthermore,
functional
ability
and
working
characteristic of whole steering system largely depends
on dynamical characteristic and reliability steering wheel
joint shaft as its element. This paper deals with
experimental determination of dynamical characteristic of
the steering wheel joint shaft as main factor for working
properties, prediction of working life, safety and
reliability so as its acting in accident. The experimental
procedure was done by rapid approach and includes
checking of joint shaft twisting resistance, fatigue
resistance and torque destruction test. Experimental
investigation was done on real elements of steering
system. The obtained results of the experimental
procedures showed that all tested samples satisfied the
requirements of national and internal standards and
technical normative. The results of experimental
investigation shown in this paper gives important
information about function ability on steering wheel join
shaft. Developments of new methodology definitions as
aspect of safety improvements are pointed out.
Key words: vehicle safety, steering wheel, joint shaft,
dynamical characteristic

1. INTRODUCTION
This paper considered experimental examination of the
dynamic characteristics of joint shafts, which are used in
the steering mechanisms of the motor vehicles. Steering
mechanism is one of the basic mechanisms for providing
the desired direction vehicles movement and to ensure
appropriate active and passive safety. Share of steering
mechanism defects in a total sum of accidents causes is at

the very top, immediately after the braking system
defects. These facts cause that the testing methodology of
joint shaft used in direction control systems must be
defined with great care.
Joint shaft, as an element of the vehicle steering system,
must fully meet all legal and other normative acts
required characteristics, and is subjected to regular checks
and examinations to determine the technical properties of
the vehicles. Elements of steering system, which includes
joint shaft, must provide specified safety and reliability,
as well as to ensure specified working life without failure.
Dynamical characteristics of joint shafts have great
influence on properties, conditions, features, security and
reliability of the entire steering system, and represent an
important aspect of joint shaft experimental testing.

2. SUBJECT, METHODOLOGY AND
RESEARCH OBJECTIVES
Existing methods of calculating joint shaft working life do
not considered a large number of construction,
exploitation and technological factors. This leads to
essential predicted working life defined by data from
exploitation and laboratory examinations. That is why, the
development of the methodology for experimental
evaluation of joint shaft qualitative characteristics is very
important issue. Examined joint shafts in this paper are
part of the steering mechanism of delivery vehicles, made
from Č1221 according to national standard. All four
hinges of joint shaft are made from Č0363 while its cross
is made of Č5421. The shape of the investigated joint
shaft is shown in Figure 1.

Fig.1. Examined joint shaft.
Examined joint shafts were accepted for installation in
vehicles, so they meet the technical requirements. All
examined joint shafts during this exploitation
characteristics analysis has passed the previous
examinations of general characteristics and exploitation
tests that are the base testing procedures of functional
characteristics analysis. The procedures order in the
analysis of functional characteristics of joint shaft in the
vehicles steering mechanisms is shown in Tab.1.
Examined joint shafts, as a component of vehicle steering
systems must provide the required functionality in a
normal exploitation within temperature range of -35 ° C
to +70 ° C. Elements of the joint shafts must be free from
fractures, squashes, remaining materials, cracks or other
defects that could put at risk their characteristics,
operation, security and reliability. Marking elements,
surface protection, dimensional control, and identifiable
paint must be brought to the internal standard,
manufacturers and obligatory national standard. Joint
shafts that were investigated passed exploitation
characteristics testing according to Tab. 1.
173

Tab.1. Procedures in analysis of functional characteristic.
Control title
Visual control

2

Marking control

3

Material

4
5
6
7
8

General characteristics

1

Surface protection
Dimension and tolerances
Sliding force control in alignment of toothed joint
Angle gap control
Control of joints angles
Joints torque control

9

Seal control

11

Joints twisting resistance testing

13
14
15
16

Exploitation
characteristics

10
12

After the load relieving, visual control ware done and no
permanent deformation and damages are detected. Joint
angles controls during rotation were done by placing one
joint in maximum allowable transmission angle and
subjecting rotation to joints shaft. The testing was
conducted on the device that is shown schematically in
Figure 3.

Fatigue resistance testing
Fatigue testing of axial sliding
Seal control in dynamic conditions
Destruction torque with axial alignment
Maximal load tension / compression

3. EXPERIMENTAL PROCEDURES OF
DYNAMICAL INVESTIGATION OF JOINT
SHAFTS
Dynamical investigation of joint shafts enclosed the
procedures of joints twisting resistance testing, fatigue
resistance testing and fatigue testing of axial sliding, seal
control in dynamic conditions, testing of destruction
torque with axial alignment and maximal load testing to
tension / compression. All test procedures ware done on
existing devices in factory quality control center.
Joints twisting resistance testing was done by loading the
joints with hinges axial alignment with torque of 200 Nm
in 10 s. Permanent deformation was not allowed and
dimensional and shape stability must be satisfied. Testing
device provide load torque measuring by the means of
force measuring and known radius of force applying,
which is shown in the Fig.2.

Fig.3. Test device for joints angle control

4. EXPERIMENTAL RESULTS
REPRESENTATION
Using the listed methods and devices, experimental
determination of dynamical characteristic of steering
wheel joint shaft was done. Obtained results were
represented in tables and diagram. Joints angles controls
during rotation have great importance. Rotation speed is
not critical factor in those test procedures. Exceeding
allowable joints functional angles provoked occurrences
of significant noises and permanent damages. Threephase electric motor with power of 2.2 kW equipped with
variator, outgoing RPM speed of 1 to 15 min-1 is used to
drive test device. The transfer of power and rotation is
further achieved by the auxiliary joint shafts, which have
dimensions much larger than the dimensions of the
investigated joint shaft. Test device supporter allows
placement of the investigated joint shaft in the appropriate
positions for test procedures. Obtained the results of joint
angles in rotation is shown in Table 2.
Tab.2. Joints shaft angles in rotation control
Sample
Angle
value, °

Fig.2. Schematic representation of test device for twisting
resistance investigation.
The testing was carried out in a series of six shafts that
were subjected to visual control, joints angle control
during rotation and functional torque of collar control.
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1

2

3

4

5

5

36

36

38

36

36

38

All tested joint shafts meet the requirements in respect of
resistance to twisting. Obtained results of the functional
torque of collar control are shown in Table 3.
All obtained results of the functional torque of collar
control were not within the limits of technical conditions,

that amount from 0.1 to 0.3 Nm, but were acceptable due
to variations for less than 0.1 Nm, which was value of
torque set during installation in the vehicle to joint shaft
hinges to be mounted steadily.
Tab.3. Functional torque of collar control
Sample
1

1I

Functional
torque of
collar, Nm

0.1

4I

0.07

0.03

4II

0.03

1III

0.25

IV

4

4III

0.10

0.15

4IV

0.15

2I

0.09

5I

0.2

2II

0.20

5II

0.10

III

0.15

5III

0.05

2IV

0.07

5IV

0.15

1

2
3

Sample

II

1

2

Functional
torque of
collar, Nm

3

I

0.07

II

0.20

3III

0.25

3
3

IV

5

0.15

I

0.25

II

0.10

6III

0.08

IV

0.07

6
6

6
6

Resistance to fatigue test was carried out by the shaft with
joints subjected to alternate rotation angle greater than
360 °, in following conditions: Joints must be set so that
the corresponding axis of hinges forms at the ends the
working angles to the shaft axis with respect to the real
conditions the assembly in the vehicle. The fatigue test is
performed according to the program with 100,000 cycle ±
2 revolutions of steering wheel and alternating twisting
torque of 125 Nm. After load procedure, total angular
backlash must be less than 0.75 ° with torque of 3 Nm and
not permanent deformations of the elements are allowed.
Test resistance to fatigue in the investigation of dynamic
characteristics was performed by rapid laboratory tests
principle on stationary test device, operating at normal
temperatures. Test device is realized as an open system
for the transfer of power. Test device for resistance to
fatigue is shown schematically in Figure 4.

Fig.5. Diagram of torque signal
Tab.4. Resistance to fatigue obtained results
Number of load
cycle to failure, N

Failure description

1

5825

Unallowable backlash of
bearing and hinges

2

7071

Unallowable backlash of bearing
and hinges with collar damage

3

6500

Unallowable backlash of
bearing and hinges

4

6832

Crack of hinge base

5

7003

Unallowable backlash of
bearing and hinges

6

5930

Unallowable backlash of bearing
and hinges with collar damage

7

7100

Crack of hinge base

8

5700

Crack of hinge base

9

10418

Unallowable backlash of
bearing and hinges

Destruction torque with axial alignment tests were done
with one of the two hinges blocked in the torque sensor
and the second was placed, at a distance specified in the
assembly of the vehicle, with axes aligned. Test device
for destruction torque control is schematically presented
in Figure 6.

Fig.4. Test device for resistance to fatigue control
The test procedures was done on the series of nine joint
shafts and obtained experimental results are shown in
Table 4, while automatically registered diagram of torque
signal is shown in Fig. 5.Obtained experimental results of
the number of load cycles to failure are consistent and
within the range between 5700 and 7100 cycles, may be
concluded that all tested joint shafts meet the required
criteria to fatigue resistance.

Fig.6. Test device for destruction torque control
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The destruction torque value, according to technical
condition, must be greater than or equal to 450 Nm,
however, according to the exploitation conditions and
security requirements appropriate torque of destruction is
greater than or equal to 220 Nm, so that value was taken
as a reference. Series of three joint shafts of vehicle
steering system were tested and obtained the results are
shown in Table 5.

New testing methodologies must be derived from the
needs and demands that are put on tested elements of the
steering system. Improving the methodology of
experimental testing of joint shaft in the vehicle steering
system must be done within the framework of extensive
research with respect to any claims of safety and
reliability.

Tab.5. Destruction torque value with axial alignment

REFERENCES

Joint shaft number

Destruction torque, Nm

1
2
3

315
340
310

As on all tested joint shafts destruction occurred at
torques higher than 300 Nm is concluded that the tested
joint shafts meet the criteria of torque destruction with
axes aligned.

5. CONCLUSIONS
Based on the obtained experimental results on series of 15
factory produced joint shafts may be concluded that them
meet the internal factory and obligatory national
standards. Test results are grouped and displayed in the
test protocol. Based on the results of measurements and
tests, the following conclusions may be imposed:
 Joint shafts meet the criteria set out by technical
requirements (all tested shafts meet the test of
geometric and kinematic accuracy, as well as all
dynamic testing);
 New construction design of vehicle suspension and
steering systems, especially construction with servo
control, greatly reduce the functional load and relive
working conditions of joint shafts;
 Development of road network, reducing the share
length of road without of asphalt vehicle working life,
also reflect positively on the working life of joint
shafts;
 There is a need for defining a new methodology, with
far more relaxed regime of quality verification, but for
the verification of that new methodology far more
number of tests should be done.
Security requirements for the steering systems and joint
shafts, as their element, are quite complex and wide range
of tasks should be addressed in order to achieve better
design solutions and optimization. The existence of the
request for reduction in dimensions and weight of the
steering system, while improving reliability and
functionality on the one hand, improving comfort and
safety of steering on the other hand, with limitations set
by technology development, require detailed research. To
examine the characteristics, properties and functions, as
well as the resistance of joint shaft in dynamic testing, in
relation to various factors such as quality of materials,
loading and applied technology development is necessary
to conduct experimental tests with defined methodology.
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following an exchange between Lonea and Petrila Mining
Plant, the Petrila type pulley unit is mounted, made up of
a Ф5000 mm mobile pulley, Petrila type 1990 mm long
shaft (Fig. 1) and Petrila type bearings. On the lower
pulleys’ platform, the Lonea type pulley unit is mounted,
made up of mobile pulley, fixed pulley, Lonea type
shaft(Fig. 2) and Lonea type bearings.

SHAFT DESIGN FOR WINDING
PULLEYS OF WINDING
INSTALLATIONS OF MK 5x2 TYPE
WINDING ENGINE
Vilhelm ITU
Iosif DUMITRESCU
Wilhelm W. KECS
Răzvan Bogdan ITU
Abstract: Starting from the design solution of the pulley
shaft in Lonea Mining Plant and Petrila Mining Plant,
from the dimensional verification results and ear of the
shat in Petrila Mining Plant, in the area of the threshold
of the fixed pulley, a design and technological analysis of
the pulley shaft was required.
The paper presents the design solution for the pulley
shaft proposed for Petrila Mining Plant.
Key Words: winding installation, pulley shaft

1. INTRODUCTION
The pulleys mounted in the tower, to the winding
installation with the entailing part of the winding cables
on the ground, are winding pulleys. Winding pulleys are
winding installation auxiliary devices, with the role of
supporting and guiding the winding cable on the vertical
symmetry axis of the winding shaft. The pulley assembly
is made up of the pulley shaft and its bearings, by which
the assembly is fixed to the winding tower construction,
the mobile pulley and the fixed pulley being part of the
pulley shaft. The fixed pulley is placed on the shaft by a
shaft collar and a parallel wedge, and the mobile pulley
by a shaft collar and two gliding bearings. Semi-pulleys
are assembled by centring wedges, fixing bolts and
tightening rings.The mobile pulley has the role of
reducing cable strains and wear of the cable grove, due to
the different elongation of the two cables in the winding
and de-winding from the driving wheel of the winding
machine.
In the present operation conditions of the two MK-5 x 2
type winding installations, in Lonea and Petrila Mining
Plant, the assembly type of winding pulleys used are the
following:
In Lonea Mining Plant on the upper pulley’s platform,

Fig.1. Petrila type shaft

Fig.2. Lonea type shaft

In Petrila Mining Plant on the upper pulleys’ platform,
following an exchange between Lonea and Petrila Mines,
the Lonea type pulleys unit is mounted, made up of the
Ф5000 mm mobile pulley, the Ф5000 mm fixed pulley,
Lonea type 1940 mm long Lonea shaft (Fig. 2) and Lonea
type bearings.Starting from the constructive solutions of
the two type of shafts, from the results of dimensional
verifications in the area of the fixed pulley threshold, and
the constructive and technological analysis of the two
shafts with pulleys, a new design solution was suggested
for the shaft.

2. THE SHAFT PROPOSED
Considering the above presented aspects, in Fig. 3, where:
1 – mobile pulley ring; 2 – shaft; 3 – wedge; 4 – fixed
pulley ring.
The suggested shaft(Fig. 3) has symmetrical head pins
and a single central plane, which allows its easy and
accurate processing.
177

Fig.3. The proposed design solution for Petrila type pulleys shafts in Petrila Mine
The ring of the mobile pulley is mounted to the shaft,
tight for the mobile pulley ring, and loose for the fixed
pulley ring, which is fixed to the haft by the two wedges.

3. ANALYSIS OF PROPOSED SHAFT
To be able to make an analysis with finite element of the
suggested winding pulley shaft, its 3D geometrical
modelling was required.
The modelling of the shaft was done with the help of

Solid Edge soft, and the finite elements analysis was done
with COSMOS Design Star soft.
With the help of Cosmos Design Star soft, a finite
element analysis was done for the proposed design
solution, and the results are shown in the figures below.
The case were analyzed where the fixed pulley is fixed on
the entire plane (Fig. 4), only on one of the planes, new
pulley shaft strained in the plane of the wedge groove on
its opposite side o the bearing side plane (Fig. 5), and new
pulley shaft, strained on it opposite side on the inside
plane (Fig. 6)

Fig.4. The proposed pulley shaft, strained in the wedge groove plane on its opposite end.
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Fig.5. Proposed pulley shaft, strained in the wedge groove plane on its opposite side on the bearing side plane

Fig.6. Proposed pulley shaft, strained in the wedge groove plane, on its opposite side on the inside plane

Fig.7. Constructional dimension of the shaft and the load on the shaft
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Fig.8. Loading of the shaft
Fig. 7 shows the constructive dimension of the shaft and
the load on the shaft (dashed line is he case when the
fixed pulley is not placed on both the planes of the shaft).
Fig. 8 shows the loading of the shaft.

4. MOBILE PULLEY RING
The mobile pulley ring is mounted to the shaft by direct
tightening. of the assembling category that deliver the
load by friction forces, the assembling with direct
tightening is the most frequently used.
According to the mounting technology applied, the
directly tightened assembling can fall into the following
categories:
 pressed assembling, by forceful entering of the
included part into the including part, and vice versa;
 shrivelled assembling, by radial movement of the
contact surface as a result of contracting the including
part or dilating of the included part;
 assembling with mixed pressing, where axial pressing
is applied in parallel with radial one;
Tightening to the proposed shaft of the mobile pulley ring
(Fig. 3) is done by shrivelling.
Assembling by shrivelling or mixed pressing are
preferred, since their portent capacity is 2 ÷ 3 times
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higher than that of the pressed assembling
this due to the fact that the contact surface irregularities
are not destroyed in the same degree, which leads to the
possibility of repeated mounting and de-mounting.
The calculus for assembling by pressing has the following
stages:
a) determination of the minimum superficial pressure
pmin to convey with no sliding the torque Mt of axial
force FA, with the suitable equations from Table 1;

Fig.9. Minimum superficial pressure function of the strain
conveyed
b) establishing minimum required apparent tightening
Sap min;
c) determination of maximum superficial pressure pmax in
condition of resistance of materials of which the
pieces are made by equations (1);

 hub σ echiv = p max

3 + β14
1 - β12

≤ σ as

(1)
 shaft σ echiv = p max

2
1 - β 22

≤ σ as

d) establishing maximum admissible apparent tightening
Sap max;
e) adjustment selection; f) determination of deformations
occurring outside the hub and inside the shaft(tubular
shaft), deformations that can influence the good
operation equations (2) and (3);

Table 1. Equations to determine minimum required pressure for assembling by pressing
Assembling strain type
Axial force FA (see Fig. 9, a)
Torque Mt (see Fig. 9, b)
Simultaneous, axial force FA and
torque Mt (see Fig. 9, c)

Ebε tb = σ tdb -

⎛ 1 + β 12
1
1 ⎞
⎟
+
σ rdb = p⎜⎜
2
ma
mb ⎟⎠
⎝ 1 - β1

E a ε ta = σ tda -

⎛ 1 + β 22
1
1
+
σ rda = - p⎜⎜
2
ma
⎝ 1 - β 2 ma

Take over condition by friction
F f = µπdlp > FA

Minimum required pressure
p min = F A c / πµdl

M t < µπd 2lp / 2 > FA

p min = 2 M t c / πµd 2 l

FA2 + (2 M t / d )2 < πµdlp

(2)
⎞
⎟
⎟
⎠

(3)

p min =

FA2 + (2 M t / d )2
πµdl

radial strain is admitted.
Thus, p superficial pressure, caused by Sap tightening
leads only to σt strains in the socket, with constant
distribution in the section, according to the theory of
linings with thin walls (Fig. 10):

σ t = pd / 2 S = pβ / (1 - β )

(6)

g) determination of Fa axial force required for
assembling by longitudinal pressing or the ∆t
difference of temperature required in the case of
assembling by radial movement of surfaces in contact,
equations (4) and (5)

where β = d / d2.
Effective tightening in this case is ∆b = d - db.
Due to p pressure, the socket perimeter enlarges, so that
the specific diameter , in tangential sense, gives:

Fa = pmaxπµdl

ε t = π∆b / πd = (d - d b ) / d

∆t =

S max s + j 0
[ C]
α ⋅d

(4)
(5)

where: Smax s is the maximum difference between the
shaft diameter and the hub ole diameter after the
adjustment is selected in mm; j- mounting clearance in
d ⎞
⎛
mm ⎜ j ≥
⎟ ; α – linear thermal extension coefficient
1000 ⎠
⎝
of the shaft or hub material (as the case may be), in l/ 0C.

and
S ef = dε t = dσ t / E

With equation (6) the connection between
results:
S ef =

pd β
⋅
E 1- β

When the hub has d2 diameter with only a little larger
than da shaft diameter, the case of assembling filled shaftthin hub(socket), εr = 0 radial deformation and σr = 0

(7)

Maximum axial component conveyed during the
extraction cycle is 528,1 N in case of application of the
safety brake(with empty skip) and of 428,945 N during
normal operation.
While the mobile pulley rests on the ring, due to the axial
component of tasks, an axial force and torque equal to the
pivoting torque created during the rotation of the mobile
pulley on the ring, act simultaneously on the ring:
Mt = M p =

Fig.10. Minimum superficial pressure function of the
strain conveyed.

Sef and p

2
R3 - r 3
µF A 2 2 ,
3
R -r

(8)

With FA = 528,1 N, using equation (8) for torque
calculus where the ring is strained simultaneously by FA
axial force and Mt torque(see Fig. 9,c) for pressure, Fig.
11 shows the variation of torque and pressure function of
the friction coefficient to gliding.
For the values obtained above, a unitary shaft adjustment
S7/h7
was
selected
from
the
standard,
330(

169
226

/ 330 0057 ) where:

S max s = d max,arbore - d min, alezaj = 0,226 mm

(9)
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 improvement of conditions of assembling of fixed
pulley.

29000
27346,39565

presiunea specifică [N / mm^2]

0,110970593
0,1

22788,66304 23200

0,08

18230,93043
0,07447924

0,06

17400

13673,19783
0,056379046
0,045632135 11600
0,038558631
9115,465217

0,04

5800

p min [N/mm^2]

0,02

momentul de torsiune [N * mm]

coeficientul de frecare
0,12

Mt [N*mm]
0

0
0,10

0,15
0,20
0,25
coeficientul de frecare

0,30

Fig.11. Variation of torque and pressure function of the
friction coefficient
(10)

S min s = d min,arbore - d max,alezaj = 0,112 mm
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Smin s > Sef.
The temperature difference required for the free
introduction of the ring to the shaft (eq. 10) is:
∆t ≈ 154 0 C

The
FA2

(11)

take

over

condition

by

friction

+ (2 M t / d ) < πµdlp for tightening values in the
2

range of Smin s and Smax s is shown in Fig. 12.

CORRESPONDENCE
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545
540
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SQRT[FA^2+(Mt/d)^2]

20000

535

0

530

S min
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Fig.12. Take over condition

5. CONCLUSION
The design solution proposed shows the following
advantages:
 increase of the safety coefficient to fatigue to higher
values, due to reducing tension concentrators in the
area of the fixed pulley, only the wedge groove;
 economy of forged material of 262,6 kg (from 370 to
340 diameter);
 improvement of degree of use of material, increase
from 79,7% to 89,7% ;
 improvement of technological conditions of
processing;
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2. PROBLEM DESCRIPTION

FEM MODEL FOR CALCULATION OF
HYDRO TURBINE SHAFT
Ivana ATANASOVSKA
Radivoje MITROVIĆ
Dejan MOMČILOVIĆ

This paper describes the numerical calculation of a
horizontal hydro turbine shaft with significant radii
change at transition zone from shaft to runner flange.
Figure 1 presents hydro turbine shaft schema with shaft
dimensions. The shaft material is steel 20GSL with main
characteristics: Young modulus of elasticity E=2.04⋅105
MPa; Poisson ’s rate ν=0.3; yield strength Re=255 MPa;
fatigue strength σDf(0)=340 MPa and σDf(-1)=220 MPa,
GOST 977, [7]. During exploitation of this turbine shaft,
before expiration of the guarantied working period, crack
appeared on shaft-flange radii, fig.1.
Shaft stress calculation has been a part of the failure
investigation. Numerical finite element method (FEM) is
used for critical zone stress calculation, as well as for
determination of geometrical stress concentration factor.
The FEM is confirmed method for similar problems, [4],
[5].

3. FEM MODEL
Abstract: This paper describes the real problem
calculation of stress state of hydro turbine shaft with
crack appearance on shaft-flange radii.
Finite element method (FEM) is used for calculation of
shaft stress state and shaft deformation and the 3D FEM
model development is described. The paper gives detail
description of used finite element type and for the
simulation of external loads on FEM model. FEM
calculations are performed for the case of normal service
regime.
In the analysis, the load carrying capacity of critical radii
is calculated. Also, the numerical results for stress state
of shaft-flange finite element model are used for stress
concentration factor calculation. The obtained results for
stress state and stress concentration factor follow to
conclusions about load carrying capacity of shaft-flange
radii.
Key words: shaft, Finite Element Analysis, stress
concentration factor

1. INTRODUCTION
Failure of shaft that is a part of complex mechanical
system could bring to the great price damage and danger
to human life. Therefore, it is especially important to
calculate the shaft with reason of real loads and working
conditions. Conventional shaft calculations at the zones
with radius change use theoretical stress concentration
factors, [1], [2], and safety factors that ensure shaft from
cracks and failure appearance. However, a problem exists
when radius change is out of ranges for witch the stress
concentration factor value is defined with empirical
recommendations, [3]. Mechanical parts and systems
designed before several decades, when computer
hardware and numerical calculation software had limited
opportunities, prove to be an additional problem.

Turbine shaft geometry and loads are simulated on the
FEM model shown at fig.2. The ANSYS 8.1 commercial
software for finite element analysis has been used for
modeling the turbine shaft with flank to generator shaft
and flank to runner.

3.1. Shaft finite element model
Figure 2 presents the 3D finite element model of analyzed
shaft with flange, made with continuum discretized by the
3D structural solid defined by 8 nodes that had three
degrees of freedom at each node (translations in the nodal
x, y and z directions). The FEM model has 59120 nodes
and 47547 elements and very regular finite element mesh
in order to stress results could be read precise. The
orientation of the axis of Global Cartesian coordinate
system is shown on figure 2. To model the mechanical
interface of adjacent structural components (generator
shaft and runner) the boundary conditions are defined on
FEM model as shown on fig.3: displacement constraints
in radial direction at nodes in contact with radial sliding
bearing and fixed nodes which is interface with flange of
generator shaft.

3.2. External loads
Numerical stress calculation is made for the case of
normal service regime. Shaft load during regular
operation regime is defined by: the axial hydraulic force
Fa=392.4⋅103 N, weight of the runner G=1⋅106 N and
runner torque Mt=4280.5935⋅103 Nm.
Figure 3 and figure 4 show the definition of external loads
and boundary conditions at Finite Element model of
turbine shaft with flange. The overall axial hydraulic
force Fa is simulated with the concentrated forces in
direction of shaft longitudinal axis (x-axis of global
Cartesian coordinate system) in interfaces of flange and
runner. Shaft dead weight is defined by gravitation.
Runner weight is reduced at interfaces of flange and
runner. Runner torque is defined around shaft flange
external surface.
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Fig.1. Hydro turbine shaft construction

Fig.2. 3D shaft model

Fig.3. Finite element model with boundary conditions and external loads
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Fig.4. Load simulation at shaft flange

Fig.5. Tension normal stress σx and normal stress σy
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Fig.6. Shear stress σxy

Fig.7. Equivalent VonMises stress σeqv
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3.3. FEM analysis results
The tension normal stress σx and normal stress σy of the
shaft flange zone (orientation of x and y axis is shown on
figure 2) is presented at figures 5 and shear stress σxy is
presented at figure 6. The stress state of shaft and a detail
of stress state of shaft flange are shown through
equivalent VonMisses stress (σeqv), figure 7. Calculation
of load carrying capacity of critical radii is based on the
equivalent stress value in node 183, the node with
maximum value of normal stress σx=46.8 MPa and
VonMises equivalent stress σeqv=52.6 MPa. The stress
values for node 183 on shaft flange radii are noted at
figures 5-7.
The stress values obtained by Finite element analyses are
used for calculation of total normal stress

2

σx +σ y

2

in

σ (max)=48.39

critical node 183 during one period T of shaft rotation,
figure 8. The value of stress amplitude and the average
stress value could be used for fatigue calculation, [6].

σ (MPa)
σ a=45.89
σsr=2.5

vreme

σ (min)=-43.39
T
Fig.8. Normal stress during period T

body is based on the theory of elasticity, or it is derived
from a laboratory stress analysis experiment. In the case
of the theory of elasticity, a two-dimensional stress
distribution of a homogeneous elastic body under known
loads is a function only of the body geometry and is not
dependent on the material properties. This paper deals
primarily with elastic stress concentration factors.
It is very important to properly identify the reference
stress for the stress concentration factor of interest. Stress
concentration factors can be obtained analytically from
the elasticity theory, computationally from the finite
element method, and experimentally using methods such
as photoelasticity or strain gages.

4.2. Stress concentration factor of shaft-flank
radii
The recommended tabular value for the geometrical stress
concentration factor for the hollow shaft with flange at the
shaft end in complex loading conditions, as chapter before
described, doesn’t exist. Therefore, described finite
element model are used for identification of maximum
stresses for calculation of shaft-flank radii stress
concentration factor. Because of complex loading
conditions, stress concentration factor has been calculated
from the intensities of equivalent stresses, [4]. The
nominal equivalent stress at critical shaft-flange radii
have been calculated by elasticity theory, [3] and has
value of σnom = 31.78 MPa.
In accordance with equation (1), stress concentration
factor for shaft-flank radii of investigated hydro turbine
shaft is:
Kt =

52.6 MPa
= 1.655
31.78 MPa

(2)

4. STRESS CONCENTRATION FACTOR
4.1. Definition of stress concentration factor

5. CONCLUSION

The elementary stress formulas used in the design of
structural members are based on the members having a
constant section or a section with gradual change of
contour. Such conditions, however, are hardly ever
attained throughout the highly stressed region of actual
machine parts or structural members. The presence of
shoulders, grooves, holes, keyways, threads, etc., results
in modifications of the simple stress distributions so that
localized high stresses occur. This localization of high
stress is known as stress concentration, measured by the
stress concentration factor.
The stress concentration factor K can be defined as the
ratio of the peak stress in the body (or stress in the
perturbed region) to some other stress (or stress like
quantity) taken as a reference stress:

Based on the finite element analysis for the turbine shaft
described in the paper, it is conclusive that the
pronounced stress concentration occurs in the failure zone
of shaft-flange radius. This fact confirms that the finite
element model of shaft with flange is developed in
accordance with real working conditions. Obtained
tension normal stress amplitude in critical radius during
regular operation regime is under fatigue strength and
doesn’t provoke conditions for initial crack. Also, stress
concentration factor obtained from finite element results
and nominal stress calculation has a value in expected
range. In conclusion, the analyzed shaft has construction
in accordance with required conditions and therefore the
cause for crack appearance has to be found in material
characteristics or working conditions and maintenance.

Kt =

σ max
for normal stress (tension or bending)
σ nom

(1)

where the stress σmax represent the maximum stress to be
expected in the member under the actual loads and the
nominal stress σnom is reference normal stress. The
subscript t indicates that the stress concentration factor is
a theoretical factor. That is to say, the peak stress in the
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DESIGN AND BASES FOR ASSEMBLING
PREFABRICATED INDUSTRIAL
OBJECTS
Radomir ĐOKIĆ
Jovan VLADIĆ
Dragan ŽIVANIĆ
Abstract: Design of industrial prefabricated objects and
performed analysis at that field assume good perspectives
for a more intensive building of objects with steel as its
basic supporting material. By analyzing the influential
factors and optimizing measures during the design
process of such objects, significant effects can be
achieved considering increase in productivity and savings
while building and assembling the supporting steel
constructions.
In order to define goals about rationalization of the
assembling process, it is recommendable within certain
industry branches to follow movement of the devices
(tools and assisting items) and material in order to notice
the signs for shortening the installment time.
This paper will provide, besides the basis for design
prefabricated objects, phases of its assembly with periods
needed for their assembly. Also, the paper will provide a
comparison of two ways of assemblies of the objects, i.e.
assembly of all the elements at the place of their fixation
and assembly of the parts of objects in a production circle
which includes additional transport problems of the parts
that have already been put together.
Key words: design, prefabricated objects, assembly

1. INTRODUCTION
Expanded demands of reliability, efficacy and protection
of environment contribute to development and production
of objects:
 Increased resistance to corrosion,
 Importantly larger strength, than with classic
construction,
 Which significally lower the inside temperature unlike
other objects of similar purpose, which is very
important from the energy saving point of veiw used
for ventilation systems,
 Increased resistance to fire,

 Increased resistance to atmospheric influences,
 Have interior which can be easily built up,
 The interior is well used for there are no additional
supporting pillars and elements,
 There is no competative price on the market in relation
to other ways of constructing buildings.
Another very important adventage of these objects is that
they can be easily buit in using ''do it yourself''' system,
which is very important because it is not necessary to hire
highly qualified work force.
A special convenience is that these objects can be
completely taken down and then again buit in on different
location without any damage. The structure of these
prefabricated industrial оbјеcts is made of steel profiles
with holes for binding and fixing which is an advantage
for there is no need for additional intervention.
With these metal constructions characteristics of
calculations, designing аnd making of supporting
structure and designs of extreemely large spectrum of use
are calculated. This refers to both civil and mechanical
engineering. This process reached its greatest
development in the second part of the twenty first century,
when informational techology enabled the use of
powerful methods of structural analyses, production
technology, creation and development of new materials.
When comparing classic ’welded’ and prefabricated
industrial оbјеcts, about which we talk about here, we can
determine series of advantages of these prefabricated
metal structures:
 A complete factory production of the construction and
built in of already made parts,
 A very restricted mechanical processing (perforation
of holes),
 Easy adaptation (adoptation to new function),
 Possibility for “take-down” and “build-in”,
 Possibilty of combining different materials.

2. GIRDERS OF PREFABRICATED
INDUSTRIAL HALLS
Hall dimensions, its weight and shape can be defined in
the framework of broadly defined borders in accordance
with the purpose, space organization and other
architectural ideas for the object wich is to be made. An
example of the prefabricated industrial hall is given in
Fig. 1.
The essential feature of prefabricated industrial halls is
based on the choice of steel for the primary and secondary
construction and on the choice of intergrated systems for
overlaying and covering the object with steel, zinc-coated,
plastification trapezoid sheet-metals, high sections, linked
panels, mural boxes. In prefabricated industrial halls the
most applicable are lattice constructions because:
 Better exploatage of material (constant distribution of
stresses),
 less weights in regard box girders,
 possibility of large ranges jumper wire connection,
 transparencies and possibilities of installation
placement, etc.
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Fig.1. Example of prefabricated industrial hall
As structure elements of different constructions, different
steel zinc profiles are used. Unlike traditional heat-rolled
profiles, cool-shaped profiles with thin sections which
enable considerable savings [4].
For joining profiles, nodal steel sheets and already made
elements are used to make the built in easier. For joining
elements no special training of workers is required. With
the new profile models, joining parts are integral parts of
profiles and joining is possible with two screws. Smaller
number of elements enables easier and faster buid in. As
an example of joining profiles, joining of C+ profiles, in
Fig. 2 is illustrated.

Depending on the ways in which effects of tools and
installer are combined, the basic time needed for
assembly is different. There are three types of assembly:
 1st class – line type,
 2nd class – line parallel type,
 3rd class – a parallel type of combining effects of the
tools and participants in the assembly process.
Two types of building are to be discussed: “do it yourself”
and a prefabricated modular building.
“Do it yourself” method represents a way of building
when all the elements are brought to a location where they
are installed.
Prefabricated modular building method represents a way
of building when certain elements are put together in the
production process and as such are brought to a location
where their further assembly is performed.
Experience method is used for determining the time [1].
The overall assembly time depends of the concord of
action of tools and installers during operations. Assembly
is done according to the 1st class (line type) [5].
Handling the material is combined (manual and
mechanical). Assembly is performed by two workers,
who act as a team, and they use screwdrivers with
batteries, keys, building scaffoldings. Transport of the
heavy elements is done by an automatic crane.
Joining is done with a detachable connection (thread
connections) and all elements are prepared in the
production drive (with exact dimensions, pierced holes
etc.), so there is no need for additional interventions of
such types at the location for assembly.
As an example of an assembly some phases are shown
and times are given needed for performing the operations
of joining for a hall height 4.5 m, width 14 m, raster 5 m
[6].

3.1. Building concept for “do it yourself” method
Fig.2. Means of joining C+ profiles, [4]
3. DIFFERENT APPROACHES IN

ASSEMBLING THE OBJECTS
If rationalization of the process of assembly is to be done,
it is necessary to know and analyze the values which
affect the process, so by influencing the significant values
one would come to the desired formation of the process.
Basic values, which affect the assembly process, can be
divided into the following groups [1]:
 influence of the work subject,
 influence of the participants in the work process,
 influence of the means of work,
 influence of the work organization,
 influence of the previous work phases.
One of the basic factors which define the technological
process of assembly is also the time needed for
performing a certain procedure or assembly operation.
There is a whole array of methods for determining the
time of assembly, and the most famous are: experience
methods, chronometer measuring, comparing with similar
products and work procedures, on the basis of element
characteristics – experimental analytical methods and
methods of in advanced specified standard times.
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Assembly process is divided into phases, and some phases
into steps. A short overview will be given here and a more
detailed description is given in [5].
First phase – on the floor panel of the objects, stay panels
are built in which are connected to the armature of the
base.
Second phase – assembling the frames on the floor of the
object. First step is assembling the calcan’s supporting
pole and reglet of the calcan frame. The third step is
putting the rest of the nodal elements.
Thanks to the basic symmetry of calcan frame, the first
three steps repeat themselves for the other side of the
frame (steps four, five and six).
The seventh step is joining the two sides of calcan frame.
A detail of joining a nodal element from the inside of the
frame is shown in Fig. 3.

Fig.3. A detail of putting a nodal element

The third phase – after assembling the calcan frame and
the first inside frame, their lifting is done (Fig. 4 on the
left), i.e. bringing into a vertical position and connecting
the columns with feet (Fig. 4 on the right).

are: supporting columns with nodal elements, halves of
calcan frame reglets with nodal elements and a half of
reglets of inside frame with a bar and nodal elements.
With such type of building around 170 min would be
saved.

3.2. Method of prefabricated modular building

Fig.4. Llifting the frame and a detail of connecting with
the foot
The fourth phase is about connecting the erected frames
with corneas, and the fifth phase is about placing vertical
carriers of coatings.
In the sixth phase frontal coating carriers are placed, Fig.
5a.
The seventh phase – placing the side coating carriers.
The eight phase – placing the rest of the frames.

а)

The first phase – on the floor panel of the object stay
panels are built in which are connected with the armature
of the base. We can also put forming of the concrete
foundation with built-in stay panels and a needed
infrastructure (plumbing, sewage, electric installations,
access roads etc.).
The second phase – assembly of elements in production
process. The elements which are joined in production
process are supporting columns of calcan frame with a
foot and nodal elements, vertical coating carriers on
calcan (calcan columns) with nodal elements, supporting
columngs of the inside frame with foot and nodal
elements, calcan frame reglets, as well as bars of inside
frames.
The third phase – in this phase transport of connected
(installed) elements is assumed, and the elements are
described in the previous two phases.
The fourth phase – unloading of hall elements from the
lorry. The elements are divided into six groups (columns,
bar frames, calcan reglets, vertical coating carriers, cornea
and anchors), and they are packed in such a way.
Unloading is done with auto crane and elements are
unloaded onto a suitable location (Fig.7).

b)

Fig.5. Placing a frontal coating carrier (a)
and anchors (b)
The ninth phase – placing the rest of the corneas
(repeating the fourth phase). The tenth phase – placing the
frontal coating carriers (repeating of the 5th and 6th
phase).
The eleventh phase – placing of the rest of side coating
carriers (repeating of the 7th phase).
Twelfth phase – placing of anchors, Fig. 5b.

Fig.7. Unloaded hall elements
The fifth phase – placing the columns.
The sixth phase – placing the upper line of coating
carriers.
The seventh phase – placing of calcan reglets. This
process consists of lifting the elements to the assembly
location and holding the element in such position until
joining is performed (Fig. 8).

Fig.6. Placing of side coating carriers and the rest of the
frames
The time needed for establishing the supporting
construction of a prefabricated industrial hall with the “do
it yourself” method represents a total of time according to
phases and it is from 930 to 1290 minutes. If we would
apply a method of prefabricated modular building,
assembly time would be reduced. Elements which would
be joined in production process for the mentioned hall

Fig.8. Placing of calcan reglet
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The eighth phase –placing of the inside frame bar. This
phase is a seventh phase repeated, except that now an
inside frame bar is installed.
The ninth phase – placing the corneas.
The tenth phase – placing the rest of the elements, calcan
reglet and the inside frame bar, and cornea. This phase is
a repetition of phases 7 and 9 (Fig. 9).

Fig.9. Repetition of phases 7 and 9
The eleventh phase – placing the rest of the corneas.
The twelfth phase – placing of the rest of vertical coating
carriers. This phase is a repetition of the 6th phase.
The thirteenth phase- placing of anchors.
Time needed for placement of a supporting construction
for prefabricated industrial hall with the method of
prefabricated modular building represents a total of times
per phases and it is from 830 to 1075 min. The time of
assembly with this method is shorter than with the “do it
yourself” method, because of connecting the certain parts
in the production process, but such time saving is
significant only when building bigger and more complex
objects.
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4. CONCLUSION
By analyzing the order (of the phases) of assembly and
the time needed for its operation, a solution can be
reached which is going to save time and improve the
quality of working operations.
Assisting assembly time is the biggest factor in the overall
time, so that is the biggest space maneuver for saving.
With good organization (larger number of workers), using
a specialized equipment, planned unload etc. it is possible
to significantly shorten assisting time, and with it the
overall time of assembly.
The “do it yourself” method would make sense for
smaller objects (garages, smaller workshops etc) with
hiring more workers and applying the 2nd class of
assembly. All the elements are brought to the location
foreseen for assembly that is where their joining is done.
The second building method (“turnkey”) represents a
system of prefabricated modular building where the
possibility of joining the elements in the production
process is used to the maximum. Then those elements are
transported to the wanted location where further assembly
is done.
Based on the performed analysis it can be concluded that
smaller halls can be installed by a producer without some
special engagement of people and equipment, and for the
bigger and more complex halls it is better to hire a
company which is specialized in assemblies.
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behaviour of lifting mechanism have to be taken into
consideration.
Basic influence of the rope length variation is performed
directly through the variation of the basic dynamic
parameter expressed through the stiffness of the free rope
section. In such case, there is a considerable possibility of
parametric vibrations occurrence in case of realistic
devices with higher velocities and minor energy losses
due to the internal friction of elastic elements.

2. DYNAMIC MODELS IN LIFTING BY
DRIVING PULLEY SYSTEM

MODELLING AND DYNAMIC ANALYSIS
AS BASIS FOR ELEVATORS DESIGN
Jovan VLADIĆ
Radomir ĐOKIĆ
Abstract: Dynamic behavior of the rope during the power
transition by the driving pulley is most commonly
described through forming various mechanical models.
This study describes mechanical elevator models which
run on electricity as a base for dynamic analysis and
projecting. Appropriate mechanical models are formed
depending on the requests of the analysis.
By defining the adequate dynamic models depending on
the elevator characteristics, it is possible to project and
choose an optimal variant which pleases high market
requests, and the requests of all the users as well. Based
on the formed elevator models, a dynamic analysis has
been performed and the obtained results are shown
through suitable diagrams, in which certain parameters
varied (characteristics of driving mechanism, height of
lifting, rated loads…) in order to define their influence on
behavior of elevators during their exploitation.
Key words: electric elevator, mechanical models,
dynamic analysis

1. INTRODUCTION
Most common ways of load lifting on considerable
heights in every-day conditions apply steel wire-rope in
the lifting system driving mechanism with the driving
drum (for crane) or driving pulley (f.e. for elevators). The
analysis of such system with relatively low lifting
velocities is performed by using dynamic models based
on the longitudinal vibrations of elastic, homogeneous,
massive or massless bar of a constant length,
corresponding to certain boundary conditions. For the
lower rope end boundary condition is defined by the load
mass and for the upper rope end by reduced driving
mechanism mass and by the excitation force which
represents the driving electrical motor characteristic
reduced to the shaft of the driving drum or pulley. But, in
case of higher lifting velocity (f.e. in case of express
passenger elevator, mine shaft winding system, harbour
crane, etc.) the numerous influences upon the dynamic

This study describes dynamic models suitable for
elevators for bigger heights and lift speeds. Stiffness of
certain driving elements, as parameters of the dynamic
model, depends on constructive performance of the
device. The problem can be greatly simplified based on
numerous research on certain constructions of driving and
lifting, considering the importance of how stiffness can
influence its dynamic behavior.

2.1. Model of an elevator with two degrees of
freedom
Most commonly, dynamic models shown in the Fig. 1 are
adopted for defining the dynamic load in the case of
vertical lift by a driving pulley, in which m1 represents
reduced mass of the driving part, m2 – mass of a cabin
and load, and P – driving force. Fig. 1a shows a model of
a rope which would be suitable for drives where the
height and the lifting speed are relatively small, which
leads to observing the rope as an inelastic flexible
element. The picture shows a so-called rigid kinetic
elevator model.
Formation of the dynamic elevator model can be divided
into three parts. First, one can define the model of the
rope as a supporting element. The rope can be observed in
various ways, as shown in Fig. 1. According to [4], the
most reasonable is to observe the rope as Calvin’s or
standard model (Fig. 1c,d), where the rope is observed as
a spring with great stiffness (c) in combination with
damping (b). In Fig. 1b,c,d, dynamic models with two
degrees of free movements are represented, and very
often they are used in elevator analysis.

a)

b)

c)

d)

Fig.1. Dynamic models of a supporting element, inelastic
element (a), Hawk’s model (b), Calvin’s model (c), and a
standard model (d).
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2.2. Elevator model with a supporting element
shaped like a stick (“heavy” rope) of
constant length

..

X '' + k 2 ⋅ X = 0

The lack of this analysis is in the fact that one gets
approximate amplitude and frequency values of
oscillations which are acceptable in cases of small lifting
heights. At greater lifting heights it is necessary to take
into consideration influence of weight of steel ropes. It is
possible to approximately model this as oscillations with
one degree of freedom, with a “heavy” spring, which is
covered in general literature. However, this problem can
be modeled more precisely as a system with infinite
number of degrees of freedom (longitudinal stick
oscillations) with suitable boundary conditions.
Forming of differential equations of rope oscillations is to
be done through considering one side (the side of the
cabin), so basically one examines longitudinal oscillations
of a stick which is L long [3]. The examination is to be
done according to Fig. 2.
Based on de Lambert’s principle, it can be written by
observing balance of elementary part:
q ∂ 2u
∂2 ⎛
∂u ⎞
⋅ 2 = E ⋅ A⋅ 2 ⎜u + b ⋅
⎟+q
g ∂t
∂x ⎝
∂t ⎠

.

T + b ⋅ k 2 ⋅C2 ⋅T + k 2 ⋅C2 ⋅T = 0

(1)

(4)

in which:

C2 =

g⋅E⋅A
- velocity of extension of an elastic wave
q

Solution to the second equation has this form:

X (x) = A1 ⋅ cos(k ⋅ x) + A2 ⋅ sin(k ⋅ x)

(5)

The constants A1 and A2 are defined from limiting
conditions, [4]:
a) For x = 0 , based on Fig. 2, elongation equals zero, so
u (0 , t ) = 0 , so the first limiting condition is v(0,t)=0
b) For x = L , the second limiting condition is:

∂ ⎛
∂v ⎞
Q ⎛ ∂ 2v ⎞
⎟
= −E ⋅ A ⋅ ⎜ v + b ⋅ ⎟
⋅⎜
∂x ⎝
∂t ⎠ x = L
q ⎜⎝ ∂t 2 ⎟⎠ x = L
Complete solution to a system of common differential
equations (4), and to the equation (2) as well, is given in
[4]. Here will be presented only a part of the solution
which refers to defining a frequency equation of
oscillation of the ropes with load at its bottom end, in the
case of stillness of driving pulley.
After using the second boundary condition, and with
replacement in equations (3) and (4), is obtained [4]:

k ⋅ L ⋅ tan(k ⋅ L) =

q⋅L
Q

(6)

q⋅L
, we
Q
get a frequency equation ofoscillation of the rope with a
load at its bottom end, in the case when driving pulley is
still, and this is the form:

By introducing the markers β = k ⋅ L and α =

β ⋅ tanβ = α
Fig.2. Oscillation of a rope with constant length [4]
If one would observe oscillation around the balanced
position (position of static balance), where v (x , t ) marks

distance from a balanced position, and u(x,0) = ust
elongation of the rope caused by its own weight, the
differential equation for oscillations of the rope with
constant length would look like this [4]:
∂ 2v g ⋅ E ⋅ A ∂ 2 ⎛
∂v ⎞
=
⋅ 2 ⎜v + b ⋅ ⎟
q
∂t ⎠
∂t 2
∂x ⎝

(2)

Solution of the equation (2) will be searched in a form of
two functions which are functions of only one variable:
v (x , t ) = X (x ) ⋅ T (t )

(3)

If expression (3) is differentiated twice and inserted into
the equation (2), two ordinary differential equations are
obtained:
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(7)

For different ratio of the rope weight and the load, it is
possible to find a solution to the upper equation [1] with
count methods or graphics. The equation has an infinite
number of roots, so the number of its own circular
frequencies is infinitely great, and in [4] the first four
roots of the equation are provided.
For characteristic β values (from 0 to 7 ⋅ π / 2 ,
depending on the root equation number and on ration of
the rope mass and load, that is, α values), their own
oscillation rope forms are defined:

x⎞
⎛
X i (x ) = A2 ⋅ sin(k ⋅ x ) = A2 ⋅ sin⎜ β i ⋅ ⎟
L⎠
⎝

(8)

It is usual for great lifting heights and for low cabin
supporting capabilities, when α values are noticeably
big, that β values, according to [1] and [4], are:

β=

2 ⋅ n −1
⋅ π , in which n = 1, 2, 3, . . .
2

(9)

By the way, with using suitable numerical procedures, the
solution to equation (2) can be found by restricting to the
first two oscillations harmonic, i.e.

β=

π
2

( n = 1) and β =

3⋅π
( n = 2).
2

Previously mentioned cases show cases of the simplest
elevator cabin models, where cabin is observed as a rigid
element. However, because of the elasticity of the cabin
frame elements, there is a possibility of forming different
models, Fig. 3. In Fig. 3b it is possible to discuss
elasticity of upper and lower cabin frame carriers (m4)
with (c3) stiffness. Such a model can be expanded, so we
can take into consideration elasticity of side carriers (m5)
with (c4) rigidity, as well as elastic leaning at guide rails
(c5).

The model of the elevator shown in Fig. 4 enables a
complex analysis of elevator dynamic behavior which
includes the influence of changing the length of a free
steel rope side to its stiffness c = E ⋅ A / l . Such a model
has to be applied at elevators with large velocity and
express elevators when analyzing the dynamic behavior
and stability of system movement because parameter
oscillations appear.
According to Fig. 4 dynamic behavior is defined through
a system of three partial differential equations in this form
[6]:
⎛ a⎞
∂u (x, t ) ⎤
∂2 ⎡
q ∂ 2 u1 (x, t )
+ q ⋅ ⎜⎜1 ± ⎟⎟ (10)
= E ⋅ A ⋅ 2 ⋅ ⎢u1 (x, t ) + b ⋅ 1
⋅
2
∂t ⎥⎦
g
∂x ⎣
∂t
⎝ g⎠
q ∂ 2 u 2 ( x, t )
∂2
⋅
= E ⋅ A⋅ 2
2
g
∂t
∂x

Mm =

⎛
∂u ( x , t ) ⎤
a ⎞ (11)
⎡
⋅ ⎢u 2 ( x , t ) + b ⋅ 2
⎥ + q ⋅ ⎜⎜1 ± g ⎟⎟
t
∂
⎣
⎦
⎝
⎠

⎧u1 (l1 , t ) − u 2 (l 2 , t ) +
⎫
R
∂ ⎪
⎪
⋅ E ⋅ A⋅
⋅⎨ ∂
a ⋅ i ⎬ (12)
i ⋅η
∂x ⎪+ [u1 (l1 , t ) − u 2 (l 2 , t )] − J r ⋅
η ⎪⎭
⎩ ∂t

with:

u1 , u2 – rope elastic deformations,
– elasticity modulus,
– rope cross-section,
– driving mechanism acceleration,
– driving motor torque,
– gear ratio,
– driving mechanism efficiency,

E
A

a
Mm
i

а)

б)
Fig.3. Dynamic cabin models

2.3. Elevator model with a “heavy” rope of
variable length
The previously mentioned models do not correspond to
great height and velocity elevators because of the fact
that during elevation, basic parameter of dynamic models
– stiffness EA/I is changed. Based on that, a competent
dynamic model for describing dynamic behavior of a
device with driving pulley applied to elevator drives and
to forming of differential movement equations [6], is
shown in Fig. 4.

η
Jr

– moment of inertia of rotating masses, reduced
to the pulley shaft,
– driving pulley radius,

R

By representing the rope as a Calvin’s model, it can be
written that:
S (x, t ) = E ⋅ A ⋅

∂ ⎡
∂u ( x , t ) ⎤
⋅ ⎢u ( x , t ) + b ⋅
∂x ⎣
∂t ⎥⎦

(13)

with:
b – damping coefficient
The boundary condition at the place of rope meeting the
driving pulley, Fig. 5, can be written in the following
form [6]:

u1 (l1, t ) =

∂u1 (l1, t ) ⎛ dl1 ⎞
⎜ ⎟ ⋅ dt
∂x ⎝ dt ⎠
0
t

∫

(14)

with:

l1

– the winding part of the rope on a pulley,

dl1
– the velocity of winding of the rope (lifting).
dt
If an elastic sliding of the rope on driving pulley occurs,
the boundary condion is:

u1 (l1, t ) =

∂u (l , t )
∂u1 (l1, t ) ⎛ dl1 d
⎞
⎜ − (∆l1 )⎟ ⋅ dt + ∆l1 ⋅ 1 1
∂x
x
dt
dt
∂
⎠
⎝
0
t

∫

(15)

with:
Fig.4. Dynamic elevator model [6]

d
(∆l1 ) – the velocity of elastic sliding.
dt
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The boundary condition at the place where rope is tied to
a cabin is:
Q = E ⋅ A⋅

∂u (L , t ) ⎞ ⎛ Q ∂ 2u1 (L1 , t ) ⎞
∂⎛
− a ⎟⎟ (16)
⎜ u1 (L1 , t ) + b ⋅ 1 1 ⎟ + ⎜⎜ ⋅
∂x ⎝
∂t
∂t 2
⎠ ⎝g
⎠

Annalitical solution of the system of differential equations
with nonhonolomic boundary conditions is extremely
complex, and a detailed solving procedure is shown in
[4].

At this manner, elevator drive is modelled by using a
moment characteristic of a asynchrone machine, as shown
in Fig. 6., according to the equation [2]:
M =

q
2 ⋅π ⋅ f

⋅U 2 ⋅ p ⋅

2

Rr'
s

⎛
R' ⎞
⎜⎜ Rs + r ⎟⎟ + X γs + X γ' rk
s ⎠
⎝

(

)

(17)

2

with:

q

- the number of phases,
f = 50 H Z - network frequency,
U - the change in voltage,
p - a number of the poles,
Rs - resistence of stator,
Rr' - narrowed rotor resistence,
X γs - a reactance of stator scattering,

X γ'rk - a narrowed reactance of rotor scattering.
b)

a)

c)

Fig.5. Boundary condition: a) on a small pulley without
sliding, b) on a small pulley with sliding,
c) on a cabin, [6]

2.4. Different models of driving (driving forces,
driving moment)
Apart from modeling elevator elements (through suitable
rheological models), modeling of driving characteristics
(driving force, or driving moment) is of special
importance.
The size of driving force in a transitional work regime is
usually approximately defined, depending on the way of
releasing the drive engine, based on the following
relations:

P(t ) = P0 = const.

Fig.6. Static moment characteristic of asynchronous
machine, [2]

3. DYNAMIC ANALYSIS OF ELEVATORS
A software package ADAMS was used for dynamic
analysis of elevators in this paper.
Modelling of a driving mechanism at transport devices
with a driving pulley represents a problem, which is not
easy and simple to solve. Most of the softwares do not
have the tools to represent the system of a carrying rope –
a driving pulley. In such cases it si necessary to use a
combination of the existing tools to get satisfactry results.
After numerous tries to model a driving mechanism,
several variants or solutions appeared. It was thought that
there was no sliding between the rope and a driving
pulley. These are the variants:

⎛
t ⎞
P (t ) = P0 ⋅ ⎜⎜1 − ⎟⎟ - a soft driving regime
⎝ t1 ⎠

 Defining a function of changing the number of electric
motor rotations (through extensive velocity of driving
pulley),

⎛
t2 ⎞
P (t ) = P0 ⋅ ⎜⎜ 1 − 2 ⎟⎟ - a middle driving regime
t1 ⎠
⎝

 Defining acceleration at driving pulley,

⎛ t4 ⎞
P(t ) = P0 ⋅ ⎜⎜1 − 4 ⎟⎟ - a rigid driving regime
⎝ t1 ⎠
Besides the beforementioned ways of providing a driving
force, driving can also be defined through ''static
characteristics'' of the driving moment of electric motor –
P=f(v).
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 Modelling a driving moment on a rotor of an electric
motor.
In this paper the case with modelling of driving moment
through a rotor of an electric motor has been represented.
Driving moment was assigned on a electric motor rotor
through a defined spline, which suits to static
charachteristic of electric motors. In order to keep it
simpify and possible reduction of errors, the driving
moment on a electric motor rotor was transformed into a

driving force at driving pulley, and as such it was in the
software as it follows:
DRIVING_FORCE = CUBSPL(VY(MARKER_ON_THE
ROPE, MARKER_10m,
MARKER_10m, 0), 0, FORCE, 0)-3400
In the expression for driving force ”FORCE“ marks
spline (a driving force in the function of extensive
velocity of driving pulley), given in Fig. 7. A detached
value in the uppper expression marks a differentce
between a driving force and force which suits static load.
That is why in the pictures which show the simulation
resultsyou it can be seen that the force, after finishing
with acceleration of cabin, equals zero, but actually she is
approximately equal to static load.

masses, acceleration time is greatly affected, as well as
the size of maximum cabin acceleration, and with it the
comfort of driving, too.

Fig.9. Time dependence of pulley acceleration for
different ratios of balance wheels moments of rotation
and translating
Comparing to the previous picture which shows changes
in acceleration at the pulley, Fig. 10 shows changes in the
acceleration of the cabin.

Fig.7. Driving force in the function of lifting cabins
velocity

3.1. Results of the simlation
Fig. 8 shows time dependence of basic kinematic velues
during the simulation for the case of driving force, which
is given in Fig. 7. In the picture you can see that for the
selected electric motor, the cabin moves at velocity of 1
m/s, and that simulation time is chosen in such a way so
that the cabin is lifted approximately 10 m.
The size of balance wheel is chosen so that the cabin
acceleration does not exceed certain standardized values.
If the accelerations may be bigger than the boundary
values, a certain correction can be done by choosing a
balance wheel with a bigger balance wheel moment,
which improves the comfort of driving. The role of
balance wheel is to influence the ratio of balance wheel
moments of rotating and translating masses.
Acceleration changes of the pulley and cabin for different
ratios of balance wheel moments of rotating and
translating masses are given in Fig. 9 and Fig. 10.

Fig.10. Time dependence of cabin acceleration of
different ratios of balance wheels moments of rotation
and translating masses
Fig. 11 represents the change of cabin acceleration in two
cases (when drive rope is observed as an ideal elastic
body, and as Calvin’s model).
Fig. 12 shows, besides the change of cabin position and
velocity, a change in rope stiffness during the elevation of
the cabin.

Fig.8. Diagram of time dependence of basic kinematic
cabin parameters
One can deduce from Fig. 9 that with a preferable ratio of
balance wheels moments of rotating and translating

Fig.11. Diagram of change in cabin and rope
acceleration at a place of winding on a driving pulley
197

REFERENCES

Fig.12. Diagram of change in position and velocity of the
cabin and stiffness of carrying ropes

4. CONCLUSION
In the analysis of dynamic elevator behaviour in the case
when movement is limited with providing the driving
force at driving pulley (moment at the rotor of electric
motor), the following conclusion can be stated:
 With defined models one can analyze influences of
cabin weight, cabin loads, elevation height, reological
characteristics of the ropes (E, A, b, c….), critical
velocity of cabin rising,
 Simulations have shown that for the same values of
driving moment, for different work regimes,
depending on the way of assigning driving force in the
time function (soft, middle and rigid elevator work
regime), different sizes of oscillation amplitudes are
obtained, which can be sufficiently precisely defined
in quantity.
 as an important and a little bit surprising conclusion,
which was not noted in the analyzed literature and
researches, and based on conducted analysis, it can be
stated that in the case of assigning a driving
characteristic of an motor through spline, (a static
characteristic of the motor), the cabin oscillations
affect the oscillations of driving pulley, and
consequently the suitable “driving marker”, which
indirectly affects “pacifying” reduction of
oscillation system amplitudes (it seems similar to
prigusenje in the ropes), which is completely opposite
to the case when we define the elevator movement
through managing the number of the rotating the
pulley.
Apart from the above mentioned constatation, it should be
taken into consideration that a good choice of integration
step has a significant influence on the results of a dynamic
simulation. With the choice of a bigger number of
integration steps, one gets diagrams in which character of
movement can be recognized, but we also big and sudden
changes of kinematic sizes, so unstable results are got,
because certain system states, because of the great time
increment, are simply “jumped over” and they do not
appear on a diagram. On the other hand, with the choice
of a “small” step of integration, a numeric mistake is
greatly increased, and it can be bigger for “quicker
processes” than the mistake with choosing “a great step”.
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SHAPING MACHINERY ELEMENTS
EXPOSED TO CYCLIC LOAD
Svetislav Lj. MARKOVIĆ
Aleksandar MARINKOVIĆ
Nada BOJIĆ
Abstract: On the grounds of previous research it can be
concluded that any change in shape causes disturbance in
the stress state of the strained element and the
concentration of stress due to the diversion and
densification of stress lines. As a rule, the concentration
of stress leads to an increase in the actual stress
compared to nominal. Slight changes in shape or cross
section; create a slight concentration of stress, often
negligible, but the extreme-severe form of change leads to
a strong concentration of stress, which must be taken into
account. The actual stresses are the greatest in places of
concentration sources, where sometimes, depending on
the geometric proportions of elements, the big differences
between actual and nominal stresses are noticeable. But
the difference between the actual and nominal stress
becomes less at a relatively small distance from the stress
concentration source.
Concentration of stress is not caused only by the shapes
determined by structural needs, but also by flaws and
gaps in the material, or by external damage. They are
particularly harmful, even dangerous, when it comes to
sharp cuts that create unexpected, but often very high
concentration of stress. The risk increases when the cuts
are placed on the outer fibers of the elements, usually
exposed to the greatest stress due to their position.
Machinery elements almost always have geometric shapes
of variable cross-section - at least in some places. The
shapes of the elements vary and depend on their function;
they are often very irregular, or asymmetric, and
therefore hard to classify. Since the stress concentration
depends on the shape, it is logical that the most closely
examined shapes are those commonly found in machines.
These are the types with stepped transitions (shafts,
spindles, bolts, levers...), shapes with outer grooves,
shapes with openings...
In addition to the stress concentration due to shape there
is a stress concentration due to contact (“contact stress
concentration”), which occurs in the material under the
influence of mutual pressure of the touching elements. It
depends on the way in which the contact pressure is
transmitted.
Simultaneous
influence
of
stress

concentration due to shape and due to contact can
sometimes have very negative consequences on the stress
state of elements.
The consequence of stress concentration phenomenon is
uneven distribution of stress. Some fibers are often much
stronger than the others. In such a case the material is
not evenly strained, and therefore not evenly used. Mass
transfer of material from the less strained into areas
exposed to greater strain can substantially reduce the
unevenness of the stress state and thereby reduce the
weight of some construction elements, and the structure
as a whole. It ensues that successful resolution of the
problem of stress equalization implies both knowing
where the greatest stress occurs and what the quantity of
stress at each point is.
Key words: machinery parts, cyclic loads, shaping,
construction.

1. INTRODUCTION
The vital elements of mechanical systems (machines) are
exposed to changing strains during operation. The nature
of the strain variability depends on the role of specific
elements in the general function of the machine.
Dynamic toughness. Machinery elements break when
exposed to stresses they can not withstand. The stress size
that causes fracture of the elements depends on the type of
stress (tension, bending, twisting...), the type and degree
of strain variability and other factors (temperature,
duration of load...). ‘Static’ fracture and ‘fatigue’ fracture
have the most general importance in the calculation check
of the security of elements against the breakage. Static
fracture is caused by the gradual increase in stress to
which the element is exposed until fracture occurs. The
static fracture may occur during exploitation when a stress
caused by unexpected overload or shock exceeds the
toughness of the material. Static fracture is called the
'violent' fracture. Fatigue fracture (“dynamic” break) may
occur when the element is exposed to changing strain
which gradually fatigues material. The fracture occurs
after a while if the greatest stress exceeds the resistance of
the material in variable strain, or when the greatest
variable stress exceeds the toughness limit.
Influence of surface quality. The rougher the surface, the
less the toughness, for unevenness - as a form of
roughness - provides a series of small external sources of
stress concentration. That concentration of stress comes
from external micro geometric shapes. In order to avoid
stress concentration machinery elements need to be
processed as delicately as possible, especially if they are
made of a more quality material, i.e. of a material with
better mechanical properties, without significantly
reducing their toughness. Corrosion is particularly
harmful to toughness. The traces of corrosion appear on
the outer surfaces of elements, exposed to the greatest
stresses. Therefore, the impact of corrosion on the
toughness of machinery elements belongs to the category
of influences coming from a very rough quality of surface
processing. The decrease in toughness due to corrosion,
which can be very noticeable, depends on the corrosion
degree, i.e. the period of exposure to corrosion, the type
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of corrosion cause (e.g. sea water is more dangerous than
tap water), the type of materials and coupling, the type of
strain-the least damage is caused by pressure strain and
the most by torsion and tension strain. High strength steel
is particularly susceptible to corrosion, so it should not be
applied when there is a risk of corrosion, with the
exemption of special alloy steel resistant to corrosion.
The influence of the cross section size. The investigation
of the toughness of elements of different cross-section
size brought about the conclusion that the elements of a
larger cross-section, subjected to bending or twisting are
less durable than the elements of a small cross section.
There are several assumptions that account for this
phenomenon:
 thinner elements of smaller cross-sections have a
relatively more homogenous composition of material
than the thick elements which leads to a somewhat
slower process of creating fatigue in thinner elements;
 thinner elements have fewer defective sites (voids,
inclusions, inhomogeneity...);
 the influence of deformation processing is consistent
throughout the cross-section when it comes to thin
elements.
The influence of temperature. The basic toughness of
materials is determined at the temperature of 20°C.
However, elements of a large number of machines, either
by virtue of their function, or by the exploitation site or
season, may be exposed to the impact of considerably
higher or lower temperatures or variable temperatures (for
example, elements of gas turbines, internal combustion
engines, cooling engines, cars, locomotives, field
cranes...). The toughness of steel changes slightly at the
temperature of 300÷400°C - it is somewhat reduced in the
beginning, reaches its maximum at the temperature of
350°C and then decreases abruptly. Therefore,
temperatures below 350°C have no significant effect on
the toughness of steel and are not taken into account. The
temperatures exceeding 350÷400°C are used with special
types of steel, which are resistant to higher temperatures.
At temperatures below 0°C the toughness of steel is
increasing, along with its brittleness and susceptibility to
stress concentration. Simultaneous influence of elevated
temperatures and corrosion is very harmful and causes an
abrupt decrease in the toughness of steel. The aluminium
and copper alloys also show a decrease in toughness at
high temperatures. Significant decrease in toughness of
such alloys starts at temperatures lower than in case of
steel, but sometimes even at temperatures above 100°C.
The influence of frequency. The investigations have
shown that the rate at which strain cycles change
practically does not affect the toughness of materials - up
to the frequency of ~500 s-1 = 30000 min-1. The
frequencies higher than that are rarely used in mechanical
engineering. An increase in toughness is observed in the
field of higher frequencies - especially when it comes to
elements exposed to a very strong stress concentration,
such as caused by corrosion, for example.
The influence of heat and mechanical processing. Heat
treatment (annealing, cementation, nitrating) can
significantly increase (sometimes by over 30%) the
toughness of elements, because the most heavily strained
outer fibers create the capability to subdue the stress
concentration by changing the structure of the material.
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However, poorly conducted heat treatment process can
significantly reduce the toughness of materials. In
practice, there are many cases of fatigue and violent
fracture resulting from poorly conducted heat treatment.
Mechanical processing by deformation (forging, rolling)
can significantly increase the toughness of materials (by
20÷30%, and more). This increase is due to compaction
of materials (plastic deformation) and the creation of the
previous pressure stresses in some layers, which in
combination with the working tensile stresses, reduce the
overall fiber strain, which mitigates the impact of stress
concentration [2].

2. RECOMMENDATIONS FOR SHAPING
THE PARTS EXPOSED TO CYCLIC LOAD
When designing and constructing mechanical parts
exposed to cyclic loads during exploitation, it should be
taken into account to reduce the impact of the stress
concentration source. If it is impossible to remove the
stress concentration sources completely, the powerful
sources should be replaced by moderate (weak) ones. For
example, the thread openings, which are considered to be
the most powerful sources of stress concentration, should
be replaced by smooth openings, whose negative effect is
much less, and it can be further reduced by a number of
structural measures.
Stress concentrators should be placed at a distance from
the most heavily loaded parts and, if permitted by the
construction, relocated in the area of the least load. The
cross-sections of the parts in places of stress concentrators
should be enlarged in order to reduce the nominal stress.
Figure 1 shows the matching of the stress concentrators
(the external transition a and the internal channel b) on
the shaft. Much more constructive solution is shown in
Figure 2. The weakened part is reinforced by relocating
stress concentrators [1].

Fig.1. The stress
concentrators on the shaft

Fig.3. The stress
concentrators on the
gear

Fig.2. The relocated
stress concentrators

Fig.4. Stress concentration
removed by reinforcing the
girth gear

The matching of the stress concentrators on the gears is
achieved at the transition between the tooth roots (a) and
sharp frontal edges (b) (Figure 3). Therefore, the proposed
change in structure with the reinforced girth gear is shown
in Figure 4.

3. SHAPING THE TRANSITIONAL RADII ON
THE PARTS EXPOSED TO CYCLIC LOAD
The stress concentration on the transitional parts of
stepped machinery elements, such as shafts of variable
cross-section, is possible to reduce considerably by the
rational shape of the neighbouring steps.
The acute entrance angles on the transitional parts (Figure
5, example 1 and 2) cause a significant concentration of
stress. The conical junctions (Figure 5, example 3)
increase the strength of parts, but shorten the length of the
cylindrical surface of small diameter. They are applied
only to the free transitions where the part is not connected
with neighbouring areas.
The commonest way to reduce the stress concentration is
to introduce transitional radii at transitional parts (Figure
5, examples 4 and 7).

embedding the parts or placing the shaft journal into the
slide bearing.
Shortening the length of cylindrical part of the shaft can
be avoided with the application of internal transitions
(Figure 5, example 7), whose effectiveness is
approximately the same as that of the round transitions
with the same parameter R/d. They should also be applied
in cases of joining cylindrical shafts with prismatic parts
when there is no space available for placing a transition
with a sufficiently large radius.
Figure 6 shows the examples of making transitions at
wedge joints and grooved joints and joints with flat flanks
and evolvent profile (1, 3, 5 - irregular, 2, 4, 6 - proper
construction).

Fig.6. Making the transition
Defining the recesses between the teeth of the suitable
radius provides the greatest cyclic strength when it comes
to gear couplings: for milled teeth (Figure 7, left), and the
ground ones (Figure 7, right) [1].
Fig.5. Reducing the stress concentration at the
transitional parts of the stepped shaft
If the step is used to support an embedded piece and has a
flat part h, then the maximum radius of the round is

⎛ D 2h ⎞
Rmax = 0,5⎜ −
− 1⎟
⎠
⎝d d

and with the usual ratio

D/d=1,2÷1,3 and h/d=0,03, can not be greater than R≈0,1
mm.
Elliptical transitions (Figure 5, example 6) provide
relatively larger strength when the diameter transitions are
equal (by about 20%). The effectiveness of such rounds
depends on the ratio between the semi-major axis of the
ellipse b and the shaft diameter d. When b=(0,4÷0,45)d
and a/b=0,4, the stress concentration coefficient does not
exceed 1,5.
The lack of the elliptic transitions implies shortening the
cylindrical part of the shaft. It is not desirable when either

Fig.7. The stress concentration in gear couplings

4. SHAPING THE OPENINGS ON THE PARTS
EXPOSED TO CYCLIC LOAD
Components weakened by the openings are reinforced by
increasing cross-section in the zone of distribution of
openings, rounding the edges of openings, strengthening
their surfaces, axial alignment of openings and other
means.
Figure 8 shows the sequence of operations for processing
the openings in heavily loaded parts (the relieving
openings of turbine disks): 1) boring, 2) edge removal, 3)
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engaging, 4) reaming, 5) rounding edges, 6) reinforcing
the rounds, 7) opening enlargement (ball calibration) [1].

The approximate ratio Rmax=0,5(D+0,7d), where D and d
are the largest and the smallest opening diameter
respectively can be used to determine the maximum
radius of technologically acceptable fillet on the internal
surfaces [1].
Processing the stepped internal surfaces of massive pipe
half-products brings about the cutting of fibers in the
loaded transition areas between the steps.

6. SHAPING JOINTS EXPOSED TO CYCLIC
LOAD

Fig.8. Processing the openings exposed to cyclic load

5. SHAPING HOLLOW SHAFTS EXPOSED
TO CYCLIC LOAD
The inner shaft surfaces, which are subject to great cyclic
loads, should be treated with the slightest, economically
acceptable unevenness until polishing and subjected to
reinforcement in order to increase toughness (thinning,
calibration, compacting, stretching, smoothing...). Sharp
edges, threads and other stress concentrators should be
avoided on the inner surfaces. Arc transitions should be
made between the steps in the stepped openings.
Sharp transitions around the steps (Figure 9, examples 1
and 2) cause stress concentration and considerably reduce
the shaft durability. In structures 3 and 4 durability is
increased by introducing fillets. Figure 9, examples 5÷9,
shows the shafts with vat-shaped openings.

Figure 9. Stepped transitions in the hollow shaft
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At the joints that are subject to variable workloads or
receive pulsating torque, special forms of permanent
damage occur, such as: friction corrosion, cold plastic
deformation – riveting and welding.
The main cause of this damage is the multiple repetition
of circular or longitudinal movement and micromovements of joined surfaces which cause heating of
metals.
Friction corrosion implies the oxidation of metal surfaces.
The iron oxides (primarily Fe2O3) appear on the steel and
cast surfaces in the form of rust spots, and an
accumulation of rust coloured dust appears in the case of
deep corrosion. The green oxidation spots appear on the
bronze surfaces, while the white spots of Al2O3 appear on
aluminium surfaces. Friction corrosion, as any other type
of corrosion, significantly reduces the cyclic durability.
The joints operating in difficult conditions are locally
heated to temperatures of 400÷500°C. Short-term
temperature climaxes in the contact areas (“heat strokes”)
reach 800÷1000°C. The local softening sets in and
therewith reduces the hardness of the material. The
friction riveting occurs in these circumstances, reflected
in compressed surfaces, the occurrence of unevenness and
occasional metal removal from the surfaces in contact. In
the last stage the joint is welded.
Welding may occur at temperatures much lower than the
usual welding temperatures. In normal conditions metal
surfaces are covered with solid absorbent stains of grease,
oxidation, moisture and accumulation, which prevent the
contact between the metals. The increase in temperature
and pressure, especially at points of contact between
micro-protuberances, damage the stains. Metal particles
are drawn closer at the distance where the forces of
molecular and crystalline interaction occur. The separate
bridges, welds, are formed in the beginning, which
subsequently affect the larger pieces. At that point it is
impossible to separate the welded parts without
destruction.
The most welding-prone metals are those which are the
same or of the similar atomic-crystalline composition,
which form hard solutions one with another. Welding is
prevented by structural inhomogeneity, the presence of
several phases in the metal, especially non-metallic ones
(carbide, silicon...). The hardened steel has proved good
against welding (on condition that there is no steel
tempering due to overheating).
The main means of preventing such occurrences are:
 Reduction of movement and micro-movements of the
contact surfaces (increasing the construction strength,
the continuity of joining force, the continuity of
torque);

 Channeling the heat generated at micro-joints (the
application of coasters of heat conducting materials,
and the introduction of the cooling oil in the gap
joints);
 Setting the bronze or brass coupling rings between the
contact surfaces;
 The application of the separating plates (phosphateplating, copper-plating...);
 The introduction of hard plates based on molybdenum
disulfide, colloidal graphite, and others;
 The creation of surface layer structures, resistant to
corrosion and welding, through sulphating,
siliconisation, selenating...
The main structural way to prevent riveting and welding
is to create an overlap on the contact surfaces, radial (on
cylindrical surfaces) or axial (in frontal areas), which
considerably increases the toughness of the joint as a
whole, reduces the elastic deformation of the system and
effectively slow down the mutual coupling of contact
surfaces.
Fixing the surface-mounted parts without the overlap
(Figure 10, left) or with a small overlap (Figure 10, in the
middle) is not appropriate for solid joints. When the nave
is fitted to the shaft arm (Figure 10, right) the size of the
radial overlap depends on the type of the fit.

Fig.10. Fixing the nave on the shaft without overlap
The central bolt plates are applied in the border (edge)
joints (Figure 11, left) or a stronger plate with an internal
thread (Figure 11, right).

Fig.11. Fixing the nave at the end of the shaft
The pure radial overlap provides compression (Figure 12,
left). The introduction of conical pins (Figure 12, in the
middle) allows achieving a virtually continuous
transmission of torque and prevents the angular micromovement of the contact surfaces. The joint, however,
becomes inseparable.
A cone opening provides a good joint (Figure 12, right).
The size of the radial gap is regulated by tightening the

nut with the appropriate torque or (which is better) by
making certain axial movement of the nave (axial
overlap).

Fig.12. Reinforcing the joints exposed to cyclic load
The ring nut is necessary in the grooved joints with slide
movement (either along the centring diameter or the
working surfaces of the grooves) (Figure 13). The fits
H7/n6 along the centring diameter and F8/js7 along the
working surfaces are applied in inseparable or rarely
separated joints (Figure 14).

Fig.13. Reinforcing the
grooved joints with ring
nuts

Fig.14. Reinforcing the
grooved joints by a tight
fit

The radial overlap is made by pressing the stopper (plug)
to the inner surface of shaft (Figure 15). The joint is
inseparable. The overlap in separable joints is
accomplished with the conical thread stopper (Figure 16)
or cone, which is tightened with the central bolt (Figure
17). In this case, the plug must contain the remover thread
[1].

Fig.15.
Reinforcing the
grooved joints
with the
cylindrical plug

Fig.16.
Reinforcing the
grooved joints
with the conical
thread plug

Fig.17.
Reinforcing the
grooved joints
with the conical
plug

Heavily loaded grooved joints are bound to the cones, set
at one (Figure 18, left) or both (Figure 18, right) sides of
the nave.
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Fig.22. Improper reinforcing with the clamps
Fig.18. Reinforcing the grooved joints with the cones
When connecting cylindrical parts with prismatic ones
(for example, the journals with the sides of dismountable
crankshafts) the fit H7/r6, H7/s6 is applied (Figure 19,
left); to the cone (Figure 19, in the middle) to the conical
shell (Figure 19, right).

Fig.19. Joining cylindrical and prismatic parts
The same effect can be achieved by reinforcing with the
conical stopper (Figure 20). A thin wall bronze shell, or a
shell made of brass strip is placed between the contact
surfaces to avoid riveting. Clamp reinforcing is also
applied (Figure 21).

Fig.20. Reinforcing with
the conical stopper

Fig.23. Correctly
shaped clamp-braced
joint

Fig.24. Correctly made
clamp-braced joint

The basic task of of bracing pressed joints is to reduce
pressure on the surfaces and stresses on the comprised
and comprising parts. This is achieved by the rational
choice of joining parameters: the diameter, the length and
the thickness of walls of joined parts.
The general rule is that the fit surface diameter (D) should
exceed the shaft diameter (D0), by 5÷10% in the ultimate
case (Figure 25) and be connected with it by a round
R=(0,2÷0,25)D. Stress leaps at the ends of joints are
reduced with the introduction of chamfered nave end
edges (Figure 26), as well as skewing the nave toward the
frontal sections (Figure 27) or rounding the shaft in the
joining area (Figure 28) [1].

Fig.21. Reinforcing with
the clamps

When constructing clamp- braced joints it is necessary to
ensure uniform clamping, along the entire surface of the
clamps. Figure 22 shows an example of incorrect
construction (left). The two outlets carry the torque from
the journal to the walls. When attaching the clamps, the
upper outlet branches rely on the groove walls (right).
Part AA remains unclamped, riveting – cold deformation
inevitably occurs there.
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The proper construction (Figure 23) outlet is located on
the symmetry axis of the clamps. Uniform binding is also
provided by the construction shown in Figure 24,
achieved by using a bolt, embedded in the journal. The
above mentioned reasons account for the inapplicability
of clamp - binding to the grooved joints exposed to cyclic
load.

Fig.25. Pressed joint

Fig.26. Increasing the
cyclic toughness of the
pressed joint

A good way to prevent the increased pressure from
occurring on the edges is making the teeth slightly
elliptical with simultaneous rounding of the cross- section
(Figure 30, example 3). Considering the possible
inaccuracies and distortions, this method provides the best
distribution of contacts towards the tooth centre [1].

8. INSTEAD OF CONCLUSION – THE
POSSIBILITY OF CREATING DURABLE
ELEMENTS
Fig.27. Increasing the
cyclic toughness of the
pressed joint by shaping
the nave

Fig.28. Increasing the
cyclic toughness of the
pressed joint by shaping
the shaft journal

Making the entire surface by rolling allows a significant
increase in toughness. The application of rolling with the
boundary ring parts in the frontal sections is not
recommendable (Figure 29), because stress leaps occur on
the edges of these parts.

Fig.29. Increasing the cyclic toughness of the pressed
joint by rolling
The reinforcement of contact surfaces by chemical and
heat processing represents an efficient way of increasing
the toughness of pressed joints [1].

7. ELIMINATING LOAD CONCENTRATION
The important rule of constructing parts exposed to cyclic
load is the elimination of internal stress leaps, which
occur at points of directed load action.
Tooth deviation,the incorrect inclination angle of the
helical teeth, the distortion of gear axis, can all cause
build-up load on the edges of gears and, as a consequence,
increase in the load of bending and compression. It is
necessary to chamfer the edges or round the tooth angles
(Figure 30, example 1). It is useful to increase the tooth
elasticity by minimizing the rim strength in the crosssectional direction (Figure 30, example 2).

Fig.30. Image Eliminating the concentration of load on
the tooth edges

The durability of machinery components exposed to
cyclic load can be increased by a rational shape
construction, by the choice of technologically suitable
processing procedures or by the combination of these two
possibilities.
Durability of elements primarily depends on the stress
concentration caused by their shape. Special attention
should be paid to the concentration of stress and choice of
such geometric proportions which create a mild form of
stress concentration, particularly in disadvantaged areas
(“dangerous sections”). The relief cuts can often be of
considerable help there. Rationally chosen shapes allow
the increase in the durability of elements by 20÷25%, and
even more.
Technological processing procedures can contribute to
increasing the durability of machinery elements [2]:
1. Mechanical processing by chip removal. The better
the surface processing quality, the greater the
durability;
2. Heat treatment. Proper heat treatment can
significantly increase the durability of elements sometimes by more than 30%;
3. Training materials. Dynamic training of materials is
achieved when, for example, an element is initially
exposed to variable strain which does not exceed the
toughness, and subsequent gradual increase in strain.
Thus the actual durability can approximately increase
by up to 20%, and by over 40%, in some cases.
Therefore, the machine should not be strained to the
full extent of load at the beginning of exploitation –
not only because of durability (but because of working
up the bearings, among other things, for example);
4. Creation of previous stresses by stretching materials.
Previous pressure stresses should be created inside the
element exposed to stress concentration and tightened
beyond the stretching limit;
5. Creation of previous stresses by compacting
materials. Strengthening the materials by the local
plastic deformation brings about the creation of
previous pressure stresses in the external compacted
layer. The compaction of materials can be achieved
by, for example, steel ball pounding, wheel rolling,
pressing with the appropriate tools and subsequent
processing. Compaction increases the durability by
30÷40%, while rolling achieves even greater increase
in durability.
All of these measures to increase durability are significant
only for those elements, or for those parts of the
machinery elements, which are exposed to strong variable
strains.
For weakly strained elements or their parts the above
mentioned measures are not relevant. The most important
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thing for a construction engineer is to know the place of
the highest stress, that is, the stress concentration factors.
Stress concentration factor can be calculated using
mathematical equations of elasticity theory. Mathematical
determination of stress concentration factors can not be
achieved for each shape of the element, and is often
linked to very complex calculations, which are not
accessible to the constructor. Therefore the attention is
focused on experimental determination of the stress
concentration factors, which can be performed in several
different ways, for example, by measuring the
deformation with a very sensitive strain gauge, and
determining the deformation-causing stress, or by
measuring the changes in electrical resistance of thin
wires, glued to the tested element, which deform in
proportion to the deformation of the investigated elements
and in other ways.

[7] MARKOVIĆ S.: Shaping of the forgings, „Machine
design”, Faculty of technical sciences Novi Sad,
ADEKO – Association for design, elements and
constructions, Novi Sad, 2009.
[8] MARKOVIĆ S., JOSIFOVIĆ D., TANASIJEVIĆ S.,
JOVIČIĆ S.: Tehnološki ispravno oblikovanje delova
od plastičnih masa / Technologically correct shaping
of the plastic parts, XXXIII Savetovanje proizvodnog
mašinstva Srbije 2009. sa međunarodnim učešćem,
Proceedings, Beograd, 16÷17. jun 2009.
[9] MARKOVIĆ S., VELIČKOVIĆ D., ERIĆ D.:
Tehnologičnost oblikovanja livenih mašinskih delova
/ Technological suitability of shaping cast machinery
parts, XXXIII Savetovanje proizvodnog mašinstva
Srbije
2009.
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 Importance
The crucial attribute of a project is that it must be
important enough in the eyes of senior management to
justify setting up a special organizational unit outside the
routine structure of the organization.
 Performance
A project is usually an one-time activity with a welldefined set of desired end results. The project is complex
enough that the subtasks, that must be accomplished in
order to achieve the project goals, require careful
coordination and control in terms of timing, precedence,
cost and performance.

THE LIFE CYCLE
OF PROJECTS

 Life cycle with a finite due date
Like organic units, projects have life cycles. From a slow
beginning, they progress to a buildup of size, then peak,
begin a decline and finally must be terminated by some
due date.

Livia HUIDAN
Abstract: A project is a temporary work undertaken to
achieve a unique product, service or result. It is
temporary because it has a precise start date and a
definite date of completion; it is unique because the result
is not the same as anything else created before.
Starting with the characteristics that define all kinds of
projects – importance, performance, life cycle,
interdependencies, uniqueness, resources, conflict –, the
paper presents the project stages, defined as life cycle,
from the perspective of project completion and level of
effort.
The project life cycle might be viewed as a control system,
as a mechanism to supervise quality, as a way of
organizing the management of risk and as a collection of
small projects within larger ones.
The ever-present goals of meeting performance, time and
cost are the major considerations throughout the projects
life cycle.
The paper also refers to the risk during the life cycle
concerning the estimate of project cost.
It is the responsibility of the project manager to organize,
direct, plan and control the project, for tracking quality,
time and cost to achieve the project goals.

 Interdependencies

Key words: life cycle, performance,
resources, conflict, project stages, risk

2. THE PROJECT STAGES

uniqueness,

1. INTRODUCTION
The Project Management Institute in the United States has
defined a project as “a temporary endeavour undertaken
to create a unique product or service” [5]. In the broadest
sense, a project is a specific, finite task to be
accomplished.
Whether large- or small-scale, or whether long- or shortrun is not particularly relevant.
What is important is that the project must be seen as a
unit.
The variety of projects to be found in society is rich, but,
however, there are some attributes that characterize all
kind of projects:

Projects often interact with other projects being carried
out simultaneously by their parent organization.
Typically, these interactions take the form of competition
for scarce resources between projects.
 Uniqueness
Though the desired end results may have been achieved
elsewhere, they are unique to the organization and every
project has some elements that are unique.
 Resources
Projects have limited budgets, both for personnel, as well
as other resources. Often, the budget is implied rather
than detailed, particularly concerning personnel, but it is
strictly limited.
 Conflict
Projects compete with functional departments for
resources and personnel. The members of the project team
are in an almost constant conflict for the project’s
resources and for leadership roles in solving the problems.

Most projects go through similar stages on the path from
origin to completion. These stages, shown in Figure 1, are
defined as the project’s life cycle.
The project is born and a manager is selected, the project
team and initial resources are assembled and the work
program is organized. Then, work gets underway and
momentum quickly builds, progress is made. This
continues until the end is in sight. But, completing the
final tasks seems to take an inordinate amount of time,
partly because there are often a number of parts that must
come together and partly because team members avoid
the final steps.
The pattern of slow-rapid-slow progress toward the
project goal is common. For the most part, it is a result of
the changing levels of resources used during the
successive stages of the life cycle.
207

performance, often beyond the levels required by the
original specifications. This search for better performance
delays the schedule and pushes up the costs.

Fig.1. The project life-cycle
Figure 2 shows project effort, usually in terms of personhours or resources expended per unit of time (or number
of people working on the project) plotted against time,
where time is broken up into the several phases of project
life. Minimal effort is required at the beginning, when the
project concept is being developed and subjected to
project selection processes.
Normally, there is a strong correlation between the life
cycle progress curve of Figure 1 and the effort curve of
Figure 2 because effort usually results in corresponding
progress [4]. Since the effort curve is generally
nonsymmetrical, the progress curve will in general not be
symmetrical either.
Activity increases as planning is completed and the real
work of the project gets underway. This rises to a peak
and then begins to taper off as the project nears
completion, finally ceasing when evaluation is complete
and the project is finished.
While this rise and effort always occurs, there is no
particular pattern that seems to typify all projects, nor any
reason for the slowdown at the end of the project to
resemble the buildup at its beginning. Some projects end
without being dragged out, as shown in Figure 2. Others
end gradually slowing down until one is almost surprised
to discover that project activity has ceased. In some cases,
the effort may never fall to zero because the project team,
or at least a cadre group, may be maintained for the next
project that comes along.
The ever-present goals of meeting performance, time and
cost are the major considerations throughout the project’s
life cycle.
It was generally thought that performance took
precedence early in the project’s life cycle. This is the
time when planners focus on finding the specific methods
required to meet the project’s performance goals.
When the major “how” problems are solved, project
workers sometimes become preoccupied with improving
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Fig.2. Time distribution of project effort
At the same time that the methods of the project are
defined, the project schedule is designed and the project
costs are estimated. Just as it was thought that
performance took precedence over schedule and cost
early in the life cycle, cost was thought to be of prime
importance during the periods of high activity. Recent
research indicates that performance and schedule are
more important than cost during all stages.
Figure 1 presents the conventional view of the project life
cycle. There are many projects that have a life cycle quite
different from that shown in Figure 1, where the “percent
project completion” is a function of “time”. The life cycle
function is essentially unchanged if, for the horizontal
axis, we use “resources” instead of time. In effect, the life
cycle shows the amount of project completion resulting
from inputs of time and resources.
Figure 3 presents a life cycle that often exists for projects
in which the output is composed or constructed of several
subunits (or subroutines) that have little use in and of
themselves, but are quite useful when put together. A
great deal of information must be collected, a great deal
of rewriting must be done and new materials gathered, but
there is no visible result until everything is assembled.
Figure 1 shows that, as the project nears completion,
continued inputs of time or resources result in
successively smaller increments of completion,
diminishing marginal returns. Figure 3 shows the
opposite. As these projects near completion, additional
inputs result in successively larger increments of progress,
increasing marginal returns. The distinction between these
types of life cycles plays a very important role in
developing budgets and schedules for projects. It is not
necessary for the project manager to estimate the precise

shape of the life cycle curve, but the project manager
must know which type of project life cycle applies to the
project at hand.

Fig.3. Another possible project life cycle

technological milestones are reached. In any case, the
more progress made on the project, the less uncertainty
there is about achieving the final goal [3].

Fig.4. Estimate of project cost made at project start

There is another comparison between the two types of
project life cycles.
For the S-shaped life cycle in Figure 1, the percentage of
project completion is closely correlated with cost or the
use of resources. In fact, this is the basis for the use of
“earned value”, a technique for monitoring project
progress [4]. For the exponential progress curve in Figure
3, the expenditure of resources has little correlation with
progress, at least in terms of final benefit.
The project life cycle might be viewed as a control
system, as a mechanism to control quality, as a way of
organizing the management of risk and as a collection of
small projects within larger projects [1, 2]. Each of these
views of a project’s life cycle is useful to the project
manager.

3. RISK DURING THE LIFE CYCLE
The way in which performance, time at cost would be met
cannot be predicted with certainty at the start of a project.
In a few cases, we can generate reasonably accurate
predictions, but often we cannot. There may be
considerable uncertainty about our ability to meet project
goals.
Figure 4 shows the uncertainty as seen at beginning of the
project.
Figure 5 shows how the uncertainty decreases as the
project moves toward completion. From project start time,
t0, the band of uncertainty grows until it is quite wide by
the estimated end of the project. As the project actually
develops, the degree of uncertainty about the final
outcome is reduced – see the estimate made at t1, for
example. A later forecast, made at t2, reduces the
uncertainty further. It is common to make new forecasts
about project performance, time and cost either at fixed
intervals in the life of the project, or when specific

Fig.5. Estimates of project cost
The focus in Figures 4 and 5 is on uncertainty associated
with project cost, precisely, the uncertainty of project cost
at specific points in time. Without significantly altering
the shapes of the curves, we could exchange titles on the
axes.
The figures would then show the uncertainty associated
with estimates of the project schedule, given specific
levels of expenditure. The relationship between time and
cost (and performance) is very important in project
management. Dealing with the uncertainty surrounding
this relationship is a major responsibility of the project
manager.
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4. CONCLUSION
The life cycle of a project is organized in stages and the
project moves ahead as each stage feeds into the next. The
goals of meeting performance, time and cost are the major
considerations throughout the project’s life cycle. Effort
and performance go hand in hand because effort usually
results in corresponding progress, through their evolution
curves are generally nonsymmetrical.
It is the responsibility of the project manager to organize,
direct, plan and control the project. The project manager
takes responsibility for tracking quality, time and cost to
achieve the project’s goals.

[3] GREY, C.F., LARSON, E.W., Project Management:
The Managerial Process, McGraw-Hill/Irwin, New
York, 2005.
[4] MEREDITH, J.R., MANTEL, S.J. Jr., Project
Management. A Management Approach, Fourth
Edition, John Wiley & Sons Inc., New York, 1999.
[5] Project Management Institute, A Guide to the Project
Management Body of Knowledge, 3rd ed., Project
Management Institute, 2004.
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RESEARCH FOR WORK TIME
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ENTERPRISES
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Abstract: In the past few years, more targeted research
has been done in a selected sample of enterprises in
industrial production. Companies were selected
predominantly from areas of secondary or manufacturing
industry, the following business sectors: aeronautical,
production of equipment for machinery and equipment
from the industry, production tools and machine tools for
production of transport and logistics systems, with
associated production programs.
In order to investigate the structure of working time in
companies selected for the analysis, more parameters
were selected, primarily the following: designed and
manufactured type of structure of working time, method,
technique and procedures research (WDF / WDR and / or
RDS / WSM), and the others.
The basic elements of research purposes, among others,
are: possible comparison between structure parameters of
time working with companies of the same or different
branch of industry and its production programs, and
creating a base of influential parameters on the structure
of working time for the rationalization of existing and for
the design and innovation of new systems and processes.
Key words: work time structure, structure parameters,
industrial production

1. INTRODUCTION
In the past few years, more targeted research has been
done in a selected sample of enterprises in industrial
production. Companies were selected predominantly from
areas of secondary or manufacturing industry, the

following business sectors: aeronautical, production of
equipment for machinery and equipment from the
industry, production tools and machine tools for
production of the transport and logistics systems, with
associated production programs.
In order to investigate the structure of working time in
companies selected for the analysis, more parameters
were selected, primarily the following: designed and
manufactured type of structure of working time, method,
technique and procedures research (WDF / WDR and / or
RDS / WSM), and branch production program of
secondary or manufacturing industry, the level of the
basic elements of the structure (single activity, Subgroup,
Group, Layer), the level of organizational structures and
processes (single work place and / or operation, Subgroup
of work places and / or technological operations, group of
technological operations, facilities, departments, units
dislocated, enterprise), the level of time measurement unit
or the measurement period (the work hours, the work day,
the work week, total measurement period ), the mode of
showing (analytically and / or graphically), and others.
The basic elements of research purposes, among others,
are: possible comparison between the structure parameters
of time working with companies of the same or a different
branch of industry and its production programs, and
creating a base of influential parameters on the structure
of working time for the rationalization of existing and for
the design and innovation of new systems and processes.

2. THEORETICAL STRUCTURE OF WORK
TIME WTS, [1, 2, 3, 4, 5, 6, 7, 8]
2.1. Basic characteristics of WTS
About the start of the previously stated definitions of
WTS also witness the works of some of the most familiar
researchers work study area, of which, for instance, it has
been shown: "During work (shift), the workers spend time
on different jobs, on the break, on the delays that appear
for different reasons, etc. Research of the WTS is a
Necessity, because of different purposes, of which the
most important are shown here. For the previous purposes
to be realized, all forms of spending has to be classified
according to the same-typed groups (categories), in
Harmony With the same objective Characteristics, to
systematize them and then also analyze it, "[2].
Beyond starting the previous definition of WTS, but in
accordance with the basic characteristics necessary in
definition content, his own suggested definition was
given, with the following form and content: "The WTS
represents the belonging kind of individual, sub-kind or
the type, or their combination, projecting structure with
established permanent or changeable work time (static
part of the structure), which is expressed in a percentile
time or amount, for the chosen (non) activity of the
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worker and / or the equipment, expressed by means of
corresponding components of the ratio of physical and
mental acting in the prevalent material modification and /
or prevalent in the information / administration
modification, along with adequate individual form, or
their combination, the usage (elements of technology,
dynamics, etc.. ) of the available equipment capacity and /
or time worker for the fund belonging to the projecting
type of structure (dynamic part of the structure) in the
conditions of existence of watched systems and processes
without significant deviations, and all because of the
accomplishment of the proposed aims and purposes.
Results of individual and / or interactive influences of the
mentioned factors are expressed for periods of the basic
calendar or business / work unit terminal. Measuring unit
is working one shift and / or one work day, where the
average sum of components proportion of structure
amount to 100%, and the sum amounts of time are
duration time of shift work and / or work day. The
situation of more work shifts in one work day is solved
theoretically and practically in different ways and
different situation than with those shift as a starting and
basic measure to see, most often four, different shifts and
alternative forms, taking into consideration the
mathematical-statistical, physiological, sociological,
psychological, economic and other requested and realized
hypotheses and conditions [8].
Aims and purpose, relatively applying possibilities, of the
work of this structure really represent WTS reasons
needed for WTS application, application areas and there
are, at least, ten of those: impact / influence of structure
and elements belonging on business success, impact of
higher prioritized parts of the structure on business
success, impact of the chosen part of the structure on
appearance of adequate investment amount, impact of
using capacity and fund structure of work time on
employment, inflation and some of other business
parameters, importance of Structure in Work Study tasks,
impact priority on finding causes of losses in work,
influence on uncovering reserves of capacity and / or this
fund, expressing of realized production by adequate
indicators, design of the backgrounds of comparison for
different structures, position and importance of work time
in system structure and processes of work study.

2.2. Basic methods, techniques and procedures
and measurement of WTS
2.2.1. Features of WDF / WDR
Definition: WDF is a method of measuring time duration
of individual activities in the order they appear during the
entire shift.
Technology: Work place and / or worker to individual
activities, and time analyst, who spends his entire shift
beside mentioned entities, follows, notes and measures
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the time duration of entities by means of a Chronometer /
stopwatch, a watch or some similar instrument for
measuring time, using the flux method without the
performance rating and writes the results down into the
measuring sheet.
Picture day WDS provides an overview of activities and
corresponding time measured in one workplace, where the
worker measures the whole working day or shift, except
during the prescribed rest, records the activities and
measures their respective time instruments or device.
Metrological list of entries is the number of individual
activities, its commencement, duration and type of
activity, and its affiliation with the group’s activities. To
obtain the average, data must be measured for several
days (15-20) and more jobs, which requires a lot of time
for the obligatory presence of the entire day on the job,
but also creates a bad environment for employees because
of dissatisfaction with being all day measured. The
procedure includes four stages / levels, with
corresponding subphases and activities adapted to a
deterministic process of timing devices and conversion
into shares in the shift or day. With some advantages,
WDS has some disadvantages due to the long duration of
measurement, can be applied to a job or a maximum of a
few of them, but to obtain average data must be measured
at least 15-20 days;. unfavorably, it creates a bad climate,
discomfort and dissatisfaction of workers due to the long
presence of officials.
2.2.2. Features of RDS / WSM
Definition: RDS / WSM is a method of mathematicalstatistical overseeing of the phenomenon by means of
their frequency, which is based on the sampling theory by
counting from the two-layered discontinued groups, for
which the random variable can receive only integer
values.
Mathematical-statistical basis: the result of the
phenomenon overseeing, mathematically defined, belongs
to the discontinued random variable, whose integer values
belong to the discontinued series of numbers. A typical
representative of the discontinued distribution is the
binomial distribution.
WSM is a mathematical-statistical method of observing
phenomena using their frequency, applying the theory of
the samples and counting the two-tier set of (workaverse), or multiple sampling from the observed process.
Therefore, the random variable can assume only
integer values that are subject to binomial distribution.
This method does not solve problems but only shows
them to allow access to their solution. The probability that
an activity occurs in a particular sample is calculated by
or under the usual formula, or according to the recursive
formula, both in the theory of probability. For the
application, at least three conditions must be completed: it
must be performed a sufficient number of repeat samples,

sampling must be performed at random times of day or
shift, observing and recording must be done immediately.
The process includes four phases / levels, with
corresponding subphases and activities, adjusted to the
conditions, and the law of mathematical statistics and
probability theory.
2.2.3. Projecting hypotheses comparison of both
procedures
Basic components of procedures for WSM / WDP
methods and techniques are phases, subphases and
activities. In the design process of both methods, and then
in the application, the usual four phases appear, some of
which contain subphases, and both contain the
corresponding activities. Number and order both contain
the same procedure and work as subphases, but some of
them, according to some characteristics, vary
significantly. The project procedure usually includes the
following subphases and activities, which are described in
parallel in order to determine coincidence or diversity of
individual parts and the advantages and disadvantages
thereof. The basic components of procedures and their
most important features are:
1) Prepare measurement of WTS
Normally contains the following activities with
accompanying text:
a) Establish the goals, there are more than one;
The aim is to create a basis for rationalization of
existing state and innovation;
b) trained metrology state WTS,
c) inform all interested and influential participants in
determination of the WTS,
d) to determine the category of the measured entity
(job / machine operator or both) and the layout of
entities with trajectories / routes selected touring
entity origin to destination.
e) identify the preliminary list and description of
activities
The list was one of the main basis for determining
the correct activity. It is necessary for making the
achievement of WSM the implementation of the
method. In accomplishing this, WDS is not even
necessary and can be implemented only as a
proper orientation for the beginning of the
measurement method. The main reason is
methodological in nature: there is a constant and
equal to a list and description of activities for the
entire period of measurement, but measurement of
this method in each of the next day's work
represents a current rule, a different list and
description of activities, in any period of
measurement there are as many different and how
many working days of measurement. All current
listings and descriptions of activities, different
order perception, measurement and registration
activities in the metrological certificates, but in the
end are constant and the average list and
description of activities;
The measurement method of WDS, methodology
necessary is to ensure the first observation of
activities that appear in serial order, and then

measuring their enrollment in the metrological
sheets.
f) determine the program of visits
In the measurement, using the WSM is necessary
because of metodology of using this method, the
characteristics of immediate observations and a
sufficiently large or representative sample provide
measurements and observations provided as a
random event activities to ensure the use of
random numbers in formulating the plans for
visits. Usually, it creates a program of visits to the
days of one working week from Monday to Friday,
which is then given to other working weeks to
measure its permutations only. Basic two sizes in
formulating plans for visits are a constant number
of rounds per hour and the sequence of the random
visits per hour and the work day.
The measurement method of WDS is the
methodology necessary to ensure the first
observation of activities that appear in serial order,
then their measurement and registration on the
metrological sheets.
g) to design Metrology list
Metrology sheets for both methods are part of the
same data (basic information: name of company
and organizational unit names, and measures the
number of jobs or machines and operators
surnames and first names, date and time of
measurement, and metrology name) and a part of
different, related to or dependent on applied
methods and related methodology. For both
methods, different variants of the record can be
applied, as to the desired range of measurement
sheets, the multiplication of large amounts of data
on the volume list metrology (using multiple
characters and their combinations, etc..), Starting
from one end variants with setting "1 Metrology
list = 1 position, the machine or operator" to the
other extreme variations "1 Metrology list = more
jobs, machines or operators.
The underlying concept of the record of FWD,
usually below the header with the basic
information is an inscribed serial number, name of
the measured activities (full name or abbreviation)
and measured flow (and subsequently calculated as
a unit) time.
The underlying concept of the record for most, in
the WSM header has the basic information and
activities that make up the measured structure
(individual and / or with the division into groups
and subgroups);
2) Measurement conditions
It performs one of the two methods described above or
both, but each one with different methodology.
The method of FWD / RWD time is measured with a
device for measuring time without an evaluation of the
entire work shift effort background work on the
workplace and recording data in Metrology list, and
can be measured in the regular rest period of 30
minutes.
RSD clock method is used to plan visits to the fixed
positions of rounds specified path / trajectory, taking
the current data in Metrology list, virtue during
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Regular rest WMS is not enforced. The described
measurement procedure is valid for both methods,
until the suspension or interruption appears, that is
conditioned by different causes. It is performed in
two subphases:
a) experimental measurements
The goals for both methods are: checking and
correcting of data preparation and measurement of
getting used to each other's metrology and
operators. The third element, the calculation of a
representative sample is carried out for RSD /
WMS, obliged to accept the FWD / RWD known
sample size estimate of 15-20 days of
measurements in order to obtain satisfactory
results. It is performed under terms of the
procedures described above;
b) the principal measurements
It is performed under terms of the procedures
described above, the performance of large enough
sample measurements;
3) data processing and analysis of results
After performing the measurements and data collected
approach to the analysis of measured data, which is
performed in three subphases /steps: data processing
and analysis of selected criteria, then the analytical
and graphical representation of processed data and,
finally, the analysis of processed data and results are
performed; Data processing and analysis of selected
data and results;
4) Project Report
Project Report should include three essential parts and
they are: suggestions and short-term measures losses
decreasing, conclusions on the achieved results and
complete documentation of measurements conducted
within the project;
2.2.4. Sorting WDS activities and objects selected by
the criteria and standard, along with associated
categorization
There are a number of criteria that can be sorted into
individual criteria, the same described by the accepted
criteria, and then for them to make appropriate
categorization. From a series, these three groups were
selected for analysis in this paper. These are:
 The first set of criteria and benchmarks: sorting by
level of activity WTS and the formation of the first
group of conditional categorization


The second set of criteria and benchmarks: level
research facility (the system and production process,
or manual jobs and machining jobs / machines and
operators, and operations; period or unit of
measurement, and others) and forming the second
group of suspended categorization.



The third set of criteria and benchmarks: WTS and
indicators of working time (supplementary coefficient
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of additional time, and others).
According to the first group of criteria, classification of
activities implemented according to the following
individual criteria and standards, and the activity level
formulates the following categories in the first group of
conditional categorization:
a) the level of class activities:
work layer W-layer negligent NW / Loss L,
b) the level of a group / groups of activities:
Working W-Planned Unplanned losses LP-LU-loss
discipline no-no for the shift NWIS,
Core classes and the group / groups, but were presented in
more previous reference, starting from [9] on, and here
only briefly recalls the essential features of the same
losses Planned Unplanned losses LP-LU-discipline ND.
Work W is the layer, that contains the WTS group work
activities to develop product and service achievements.
NW unwilling or losses L are divided by three separate
criteria:
(1) criteria of (non)work in shifts: the first part of the
WTS which is largely or fully implemented in
prescribed shift work and the other part that is largely
achieved outside the prescribed shift work. In
principle, the first part contains the first four groups of
WTS, Work W, and three groups of negligent / loss:
Estimated loss LE, LU Unplanned losses and lack of
discipline NO. The second part is entirely group that
does not work in shifts NWIS;
(2) criteria justification of existence in the production
process: they are divided on making reasonable
Planned and Unplanned losses LP LU losses and on
the unjust discipline that make NO and partially does
not work in shifts NWIS,
(3) criteria (opportunities and needs) of planning in the
manufacturing process: the nature of planning it:
Projected losses LP, and completely Unplanned losses
of LU and nondiscipline NO and partially does not
work in shifts NWIS;
c) the level of the constituent elements of temporal
norms
Integral elements of the structure of each work and
idleness, and the corresponding time are:
1) prepare the final work WPF, with associated
preliminary-final time TPF,
2) Technological article Wt, with an appropriate
technological time tt,
3) Wp extra work, extra time with an appropriate
time, tp,
4) extra
"work"
(technology,
manufacturing,
organizational and other losses and resting of the
contractor), "Wd" with corresponding additional
time td;
d) sub-groups / sub activity
The preliminary final work WPF, with associated
preliminary final time - Personal Time - Information

about work - regulate and maintain job - maintaining
environment - shortage.
e) individual activities
Official Talk-Information Sharing in operationmaintenance
tools
for
maintenance
laborenvironmental job-media-Shortage of energy-radicalpersonal-needs.
According to another set of criteria, sorting of objects is
achieved by the following two subgroups corresponding
to individual criteria and measures, which are formed in
following categories of other groups suspended in the
categorization:
(1) the level of the production process:
(A) manual or machine position / machine and / or
operator,
(B) subgroups of manual or machine jobs
(C) a group of manual or machine jobs
(D) T units with sub-groups, and manual or machine
jobs
(E) organizational units and sub-groups of manual or
machine jobs
(F) parts company with sub-groups, and manual or
machine jobs
(G) a company with sub-groups, and manual or
machine jobs
(2) level of units of measurement or measurement period
(A) hour day in the workplace,
(B) a day in the work week,
(C) Work Week
(D) a complete measurement period;
According to the third group of criteria, there are
indicators of results of WTS and working hours, an
additional coefficient Kd extra time, and others.
On the basis of criteria set forth and the individual criteria
and standards, possible by a large number of tests, there
are a combination of two or more groups and individual
criteria and benchmarks. Among the large number of
analysis, the often used one with a combination of the
following criteria and analysis (for both WDS and WSM)
are:
A) individual activities for all workplaces,
B) individual actions by days of the work week,
C) individual activities on technological units,
D) individual activities on technological areas and days
of the work week,
E) activities by individual technological units and hours
in the work day,
F) individual activities on technological areas and hours
in the work day
G) constituent elements of the time standards for all jobs,
H) component elements of the time standard hours per
day in the workplace,
I) building blocks of time standards in workplace by
weekday
J) group activities for all workplaces,

K) group activities by working days of the week
L) group activities at the working hours of the day for all
jobs,
M) group activities in technological areas and days of the
work week,
N) group activities at technological areas and hours in the
work week,
O) the calculation of additional coefficients Kd extra
time.
Because of the limited scope of applied research, only a
few hatched groups will be used.
After performed measurements and data collection
approach to the criteria of measured data, they can be
included in the following criteria (and for RWD):
(1) group activities for all workplaces
(2) group activities during working days of the week
(3) group activities in work hours in the day for all
workplaces
(4) group activities and technological areas and days of
the week
(5) group activities and technological areas and working
hours per week
(6) individual activities for all workplaces
(7) individual activities by working days of the week
(8) individual actions by the technological units
(9) individual actions by the technological areas and
days of the week
(10) individual actions by the technological areas and the
working hours of the day
(11) individual actions by the technological areas and the
working hours of the day
(12) calculation of additional extra time coefficient Kd.

3. INVESTIGATION OF FEATURES IN WTS,
[9, 10, 11, 12]
3.1. Access to the choice of building research and
fundamental features of application of the
research
Possible approaches and models of research paper
companies, that make up the research facility with
associated characteristics, and which examines the
hypothesis in this study a simplified model of the
approach and the selected one company in which they
performed three covers, are submitted in the article and
research. The object of research is the company, where the
most important activities are: maintenance and overhaul
of aircraft and helicopters, repair of aircraft and
helicopters and equipment, high complexity, intervention
and helping out on aircraft, helicopters and aircraft
modernization, installation and servicing of aircraft and
engines, as well as two dozen other activities. Among
several organizational units, levels of service in the
organizational structure of enterprises, service production,
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among other things, performs tasks related to the
structural-technological development, preparation of the
(repair) of spare parts, special tools and equipment. The
same were adopted and represent the technologies:
turning, milling, grinding, thread rolling, engraving,
special welding arc and CO welding, heat treatment of
materials air quality, the vulcanization of rubber products,
punching, shearing, cutting, planning, joining, and
production of flexible hose aircraft and the protection of
metals with galvanic and chemical coatings. Technologies
are realized within the established three departments, the
Department production preparation, hardware and
galvanization of the Department and the Department of
machining, which, among others, performs the operations
of turning, milling, and cylindrical and surface grinding in
the preparation of new spare parts over three Subsections:
Subsection turning, Subsection milling and grinding
Subsection. Another study: milling, which consists of one
machine, classic milling machine, with one worker.

3.2. Researching WDS by selected criteria in the
research facility
Data processing and analysis of results was conducted in
two subphases: data processing and analysis of results.
First subphase, data processing, contains a procedure with
more activities, of which the first determines the concepts
of research design view with complete tables of results,
and an access to classification of parameters and their
values in the rows and columns. The initial left-shaped
Figure 1 is a typical list of five groups / group activities,
eleven subgroup activities and twenty-four individual
activities, and the same criteria and represents a unique
standard for comparison with data from the three studies.
In the same Figure 1., the Research is presented from left
to right alphabetically by the initial letter of the surname
co.
Each survey contains data classified according to some of
the criteria and the criteria described in 2.2.4.: They are
divided according to the methods, first for the WDS, and
then to WSM, and then for each column data on
individual values and group / collective values, both with
the corresponding proportions / percentages. Both types
of WDS values are expressed in time units, and the WSM
in notes.
Fields left blank, no value, represent measurements
undetermined by combination of criteria and benchmarks.
Another subphase analyzes the results with the following
rules established for all three surveys: from a group /
collective activity is the biggest impact on work, the
values for which the WDS is in range 64-67%, whereas
the WSM established more values that are in the range of
68-77%. The Work is the largest technological impact of
time for WDS ranged 25-50% and the WSM in the range
of 48-55%, less the extra time and lowest preliminary216

final time. The second largest group is the impact of LP,
where WDS varies in the range of 22-24%, while the
WSM is in the range of 18-23%. Within the group, the
biggest influence of two activities for both methods was
found, maintenance of the workplace and objectives of
the work and taking and returning tools, gadgets, tools
and standards.
The third largest group is the impact of LU to the WDS,
which varies in the range 7-12%, while the WSM is in the
range 5-13%. As part of the largest impact, with different
order of methods and research activities waiting to:
documentation, tools, materials and components, quality
control and quantity on the job.
Data Group nondiscipline NO was determined several
times, but is not registered in it, but according to the
instructions of the company and their practices
(incorrectly), it is registered in the LU group.
Data groups are not working in shifts NWIS and are not
registered, because for all three studies, the measuring
only lasted three days and the same events they reached
happen in such a short period.

4. CONCLUSION
Exposed to the theoretical structure of working time, in
particular the fundamental characteristics of WDS, are the
basic methods and techniques of WDS and comparing
their actions with features of WTS and WSM, the
comparison of the characteristics of the design process of
both methods and WSM WDS and WTS sort of activities
and facilities to the selected criteria and measures and
associated categorization.
For each subsection of the Department of machining, 12
equal standard machine jobs were chosen. The
measurement was made over the period of three working
days in each of the methods, WDS and WSM the object
for selected operators on machines.
Figure 1. contains a matrix display, in which the elements
of the concept of typed words list form the field for
twenty-four values of individual activities and for five
groups / group activities (because of the scope of Figure
1, the field of sub-activities is not formed), and the last
row contains totals of data for each column. The
intersection of columns with rows is formed by the fields
to enter data specified parameters for all three studies.
Each of these three studies has eight columns, of which
four are for WDS and four for WSM, each method
containing columns and fields for individual and group /
collective values as well as the corresponding shares.
Calculated values are required parameters and, according
to the pattern classification and the planning, the
intersection of rows and columns registers in the
established fields of Figure 1.

Fig. 1. Research results with classic list and task description

Fig. 1. Research results with classic list and task description
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DESIGN FOR PRODUCT VARIETY

depending on model, exterior and interior witch are
chosen [14]. This does now even include Fords “global
brand family” (Lincoln, Mercury, Mazda, Volvo, Jaguar,
Land Rover and Aston Martin). Ford is not alone in his
offer. The offer of other car manufacturers is very similar
to Fords. Further more car industry is not the only one
coping with the wider and wider varieties of products.
Bicycle, motorbike, house appliances, computer, audio
and video equipment, clothes, food, drink and drugs
industry share the same fate.
"The emergence of global markets has fundamentally altered
competition as many firms have known it"[1] leading to
shortening of product lifecycles (Figure 2)[2] and need to
bring the variety of products (Figure 3)[2] to the market
instead of launching one or few variants of the product.

Nikola SUZIĆ
Milovan LAZAREVIĆ
Nemanja SREMČEV
Abstract: The paper before you will address design of
products from several aspects. First of all the modern
market and its development will be discussed as the
starting point of the paper. Product platforms and
product families are presented in second part of the
paper. Design and development of products in traditional
and modular way are analyzed in third part of paper
followed by discussion about modular based design in
fourth part. Advantages of product platform, product
family and modular design are given in the conclusions or
the paper.

Fig.2. Product lifecycle and shortening of product
lifecycle generated by market changes [2]

Key words: product platforms, product families, modular
design

1. INTRODUCTION
Until the end of 20th century mass production was the
solution for fast and cheap fulfillment of needs.
Nowadays, there is not only one product, but the variety
of products that could satisfy a specific need of a
customer. The time when you could buy only one car and
customer could “have a car painted any color that he
wants so long as it is black” is behind us (Figure 1).

Fig.3. Average demands of market buy product variant,
with parallel rising of number of variants [2]
The market has definitely changed - Figure 4 [3]. Nowadays
it is not the question of is the customized production an
option, but rather what can we do to make steps toward it.

Fig.1. Fords mass production line - assembling of T model

Fig.4. Market development [3]

Today even cars come in really big varieties. The car
painted in black was now famous Fords T model. Today
Ford makes 3,8 million of different car variants,

Traditionally the methodology of product development has
been focusing on single product development. There is now
an rising awareness in industry that only trough the
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development of product programs, models and variants, it
is possible to achieve the desired efficiency internally in the
company as well as success in the marketplace [4].
Increasing segmentation of global market [3] forces
companies to meet high expectation in customization of
products. In response to these trends companies are
realizing the need to embrace platform thinking and
modularization of products and implementing them into
the bases of their strategies.

Fig.5. Philips electric shaves – a case of modular product
family [15]

2. PRODUCT PLATFORMS AND PRODUCT
FAMILIES
A product program is a result of series of decisions concerning
product mix, project prioritization, resource allocation and
technology selection. Production as well as market capacities
should be considered when designing such programs.
Aiming to obtain product variation in relatively easy way
and with lower costs in design the company should consider
applying product platforms and product families design.

2.1. Product Platforms

Fig.6. Rolls Royce’s aircraft engine family – a case of
scale-based product family [9]

In general terms, a product family is a group of related products
that is derived from a product platform to satisfy a variety of
market niches. A product platform can be defined as:
 “a set of common components, modules, or parts from
witch a stream of derivative products can be
efficiently developed and launched” [5]
 “a collection of the common elements, especially the
underlying core technology, implemented across a
range of products” [6]
 “the collection of assets [i.e., components, processes,
knowledge, people and relationships] that are shared
by a set of products” [7]
“By sharing components and production processes across
a platform of products, companies can develop
differentiated products efficiently, increase the flexibility
and responsiveness of their manufacturing processes, and
take market share away form competitors that develop
only one product at a time”[7].

Engineering approaches are split evenly between modulebased and scale-based product families. More than half of
the approaches use multi-objective optimization, and
three assumptions are often made when using multiobjective optimization [10, chapter 10]:
 maximizing each product’s performance maximizes
it’s demand,
 maximizing commonality among products minimizes
costs, and
 resolving the tradeoff between performance and
commonality yields the most profitable product family
In next segment of the paper the advantages of
commonality and development of products based on
product platforms and product families will be discussed.

2.2. Product families

3.1. Time for product development

There are two basic approaches in product family design[8]:
 top-down approach (proactive platform) – in which
company strategically manages and develops a family
of products based on a product platform and its
derivates
 bottom-up approach (reactive redesign) – in which a
company redesigns or consolidates a group of distinct
products to standardize components to improve the
economies of scale
No matter which of these approaches is used the product
families can be divided into two types:
 module based product family – where product family
members are generated by adding, substituting, and/or
removing one or more functional modules from the
platform [Figure 5]
 scale-based product family – where one or more
scaling variables are used to “stretch” or “shrink” the
platform in one or more dimensions to satisfy the
variety of market niches [Figure 6]
These two types of product families are also referred as
configurable (modular) and parametric (scale-based)
product family designs.

The time of developing individual products is
significantly longer in comparison to developing the
product which is a member of product family. We will
show this on example of motor development.
Individual motor development process can bee seen on
Figure 7.
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3. COST AND TIME FOR PRODUCT
DEVELOPMENT

Fig. 7 Gantt chart for single motor development
[10, chapter 15]

Activity hierarchy was gathered from designers and
engineers. The individual spindle motor development
process was then modified by engineers and designers to
approximate development activities required for initial
platform and subsequent spindle motor family members.
The activity hierarchy and the initial motor development
process and individual motor development process
(without platform) were determined to be same. Activities
in developing subsequent spindle motors from the
platform are shown in Figure 8.
Fig.9. Lifecycle cost of complex high-tech products
(traditional and configured to order-modular design)[11]

4. MODULAR DESIGN

Fig.8. Gantt chart for motor product family member
development [10, chapter 15]
As an example for the product family member
development we can see that most of the activities
performed in each phase are being concurrent. In the
Production phase , Factory test of drives starts one week
after Initial production, Modification start one week after
Factory test, as problems arise. Ramp up of production
begins half week after Initial production ends.
In the result complete development process for product
family member is finished in 2 months, while an individually
developed motor takes 5 months of development. The ratio is
2,5 times in favor of product family member.

Modular design is the case where building blocks with
specific interfaces are used to customize a product trough
assembly into various combinations. Modularization is
not the same as standardization in the sense of reducing
the customer’s choice[12]. Instead, modularization means
managing and controlling variance by establishing an
intelligently shaped product structure.
Important aspect of modules is the interface mechanism
or the manner in which the components are linked
together. Also there is a question of number of functions.
Will the module have only one function or more than one.
Ways of implementing modules into product structure can
bee seen in Figure 10.

3.2. Cost of product development
Increasing the number of product variants and reducing
the time of development are not the only aims. If we look
at the original product and coping with changing
requirements over time upgrades and reconfiguration are
equally important for long time share of customer.
Adding new variants is done with as less redesign as
possible in order to improve the standard process
parameters (i.e. lead time, cost and quality/reliability).
The cost of deploying configuration changes will differ
between industrial sectors (from relatively high in
manufacturing, to low in telecom switching or services, to
extremely low in a pure software products). We will keep
in mind primarily the manufacturing industries.
Having in mind complex high tech products [Figure 9] we
can see that upgrade versions tend to have exponential
pace of cost growth for traditional product design.
Component-based (modularized) offering on other hand
can keep the project costs of any new version predictable,
manageable and preferably constant.
This cost difference is lower for simpler products, but
never the less it exists and it should always be taken into
consideration.

Fig.10. Modularity categories inspired by production [13]
In Figure 10 we can see a six category division of module
architecture [13]:
1) a common component – the same component type
employed in several products (now typical of
automotive & manufacturing, electronics &
computers, and many other industries)
2) a common kernel – a basis combined with various
components in various products (like VW-platform A2 in
Skoda Octavia, Audi A3 and Golf/Rabbit/Bora 4)
3) variable component-dimension in various products
4) bus – a common standard basis, easily connected to any
other component types supporting its standard interfaces
(today typical of PCs or of automotive electronics)
5) section modularity (like Lego-bricks) – an
architecture interconnecting any component with any
others, in an ever-growing number of combinations.
This requires hard homework in design (and most
often an industry standard) but it pays off in terms of
maximum robustness, i.e. resilience to heterogeneous
or volatile requirements. Here, the trick is the versatile
221

standardized interface between components, which fits
in, whatever the component's shape, functionality or
inside – like in Lego, or railway carriages in most of
Europe.
6) mix modularity - easily combined with the other five
points (for example in paint/finish/coating, raw
material blends, additives).
In the end of this segment we must mention a danger of
“over-modularizing”. With a consistent cross-product or
cross-brand co-modularization, there is a risk of some market
segments perceiving products from very different pricecategories as too similar. In B2B, this is seldom a big issue;
obviously, the costs and long-term benefits of a truck (i.e.
lorry) are analyzed much more thoroughly by customers than
its looks; this customer attitude is more common in B2B.
With consumers however (B2C), similarity is a real issue
in many industries: Why buy an Audi instead of two
Škodas, or why go to an expensive high profile bank,
instead of a website providing exactly the same service
package at a fraction of the price (and sometimes, even
co-owned by the very same bank)? Parameterized or
modifiable components, or those designed specifically for
a product category, are often superficial and are placed on
the surface in order to distinguish the look-and-feel
between brands. In that way producer is giving the
customer the feeling of difference and uniqueness of the
product he is buying.

5. CONCLUSION
Summarized advantages of applying product platforms,
product families and modular design are:
 more effective product- and process-development.
 more profitable repair/maintenance and better
recycling.
 shorter lead time and higher percentage of active time
in lead-time.
 lower costs of development and production.
 improved product configuring (due to efficiency in
product structure, as well as in the way of using
configurators).
 component-based product development methods
enable parallel teams and concurrent engineering
 sales and marketing:
 quicker launches.
 product customization to various market segments
and to individual customer needs.
 distinct, easy-to-define variants introduced quickly.
 variance as late in the production/deployment
process as possible, provides quick responses to
changes with minimal lead-time impact.
 additional functionality added immediately as soon
as the market indicates new needs.
 continuous upgrades on the component level extend
the model-lifetime of each product generation.
The other advantages, not attended in the paper, may
include:
 more efficient administration.
 more efficient purchasing, logistics, better supplierrelationships and rationalization of suppliers.
 better managing the production stocks and warehouse stocks
 easier providing the customers loyalty to the company.
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In the conclusion of the paper we can even be bold
enough to say that companies that continue to develop
their products in traditional ways will not even have a
chance competing with their rivals. The cost of
developing single products will simply prove itself too
high and the development of the product too long giving
no chance for competing with concurrent companies.
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particularly on visual appearance, that is, on those
qualities that evoke consumer pleasure through simply the
look of the product.

2. TYPES AND CHARACTERISTICS OF
PLEASURABLE PRODUCTS

AESTHETIC DEMANDS IN
INDUSTRIAL DESIGN
Klara RAFA

Abstract: In modern global economy, companies are
forced to continuously come up with new innovative
products to improve, or even maintain, their market
position. Due to appearance of a great number of
companies producing the same types of products,
aesthetic demands are becoming more significant as
designers try to get advantage over competition by adding
emotional values to products. The external look of the
product is very important since customers using the
product want to get some satisfaction also. The emphasis
on aesthetic demands are not the same for all products,
even their existance is always obvious. However, products
should always have a nice and elegant visual appearance.
Key words: product, aesthetic demands, emotion, CAD

1. INTRODUCTION
Incorporating emotional value into products has become
an essential strategy for increasing a product’s
competitive edge in the consumer market. It is therefore
important for product manufacturers to understand how
products affect consumers’ emotions.
According to Marzano [3], products are objects that can
make people happy or angry, proud or ashamed, secure or
anxious.
In product design, Desmet and Overbeeke [4] believed
that positive emotion can add extra value to a product.
Thus, one of the most important considerations in modern
industry is to satisfy the emotional demands of consumers
with regard to products. Hence, a designer should create
relevant emotional connections among ideas, products,
services and brands.
Product emotions influence both the decisions to purchase
the product and the pleasure of owning and using it after
the purchase. For designers it is important to design
products that “fit” the emotions of the users, that is,
products that elicit the emotions that user would like to
experience.
This paper describes the types and characteristics of
products that elicit pleasurable responses. The focus is

We can define a pleasurable product as one that elicits
consumer pleasure simply by its visual appearance. The
consumer may feel pleasure on perceiving a product with
an interesting appearance, and furthermore may also
experience another level of pleasure on understanding the
context of the product’s appearance. The entire process
involves a consumer’s perceptions towards explicit and
implicit product information. Hence, to understand
customer pleasure it is necessary to discover what
information consumers perceive from product appearance
and its concealed meaning .
What will we notice first when we look at the product:
beautiful materials, attractive colors, delightful shape
maybe? These words illustrate pleasure related to the
beauty of a product and they can be associated with
aesthetic qualities.
Regard to product form, three basic elements can be
considered: line, surface and volume [1].
Lines appear as edges (contour) on each construction and
as elements on surface. The basic aesthetic demand for
lines is their continuity. Today, almost all products have
refined contours and forms, because designers tend to
create plesurable look, regardless of the type of the
product and market for which the product is intended.
Lines create surface which has a great influence on
product’s appearance. The shape of a product can elicit
emotions through elements that convey a soft and curved
surface, a big radius, nice proportions, an aerodynamic
surface, a symmetrical shape, a simple shape, or surface
detail. Furthermore, we cannot forget one of the most
significant factors of the shape which has a great effect on
a nice visual appearance: the proportions of the shape.
For instance, a car designed with rounded forms and in
warm colors may evoke a warm, friendly and protective
character (Fig. 1).

Fig.1. Nice design
Beside the shape, every surface has its own texture. The
quality of the texture can elicit different associations and
emotions. To achieve attractive appearance, textures
should be fine, soft and smooth (Fig. 2b).
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a) Colors and smooth surfaces

b) Colors and nice textured surfaces
Fig.2. Product properties
Regarding materials, customers appreciate products that
are made using unique and creative materials that create a
soft, clear and modern look, and they feel that such
materials elicit surprise and pleasure. Accoording to
results of researches which refers to interviewing
consumers about products, people like semi-transparent
and transparent materials because of their clear, glossy,
high-tech and lightweight look. A material with a ‘seethrough look’ allows users to appreciate the beauty of the
inside components or structure, which creates an
interesting visual impact (Fig. 3).

Product color is the quality that can make the first
impression on a consumer and can elicit emotion.
Customers obtaine pleasure by perceiving colors in many
aspects. Color is in particular important element of
designer’s expression. Beside for improving visual
appearance of the product, color is used to draw attention
to the function of some product elements as well as to
point to possible dangers from them. Since color has a
great emotional – psychological effect on costumers, it
can influence the decisions to purchase a product. Proper
colors can enhance productivity (for instance, work with
properly coloured machines). Furthermore, colors can
produce better working atmosphere and enhance safety on
work. Concerning colors, we can talk about cold (blue,
green) and warm (red, orange, yellow) colors, but we can
characterize colors as natural colors, bright and glamorous
colors. An abundance of colors on some products can be
delightful, too.
With colors designers can have influence on a number of
other product properties such as harmony, compactness,
proportions, rhythm, balance and even size of the product.
Product forms mimicking animals, human figures,
objects, or natural elements tended to interest and
fascinate the viewers. These forms tended to connect with
the viewer’s imagination and sense of inspiration and
were seen as a source of humor and interest that evoked
pleasure (Fig. 5).

Fig.5. A humorous idea for a mouse design (kids will
admire it)

Fig.3. Materials with a ‘see-through look’
The combination of materials can also be a great idea to
achieve nice look of the product. Figure 4 shows two
examples of good combination of different materials in a
product. The TV is constructed from wood chips and
plastic panels and is beautiful due to the quality created
by the mixed materials. The other example, the coffee
maker is created from stainless steel and wooden handle
(which doesn’t get hot) and it looks really nice.

Product shapes identified as realistically mimicking
animals, humans, objects, and nature could evoke
pleasure. For example, toothbrushes on figure 6 are very
interesting; the idea of transformation of humans and
animals into a functional object always shows extensive
imagination and these products certainly elicit pleasure.

Fig.6. Interesting product shapes
Fig.4. Combination of different materials in a product
Hence, materials can play a major role in determining
how pleasurable a product is or is not.
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Watering cans on figure 7 represent plasureable products
due to interesting shapes, materials with textures and nice
colors. Here again, the product forms were created using
animal forms. It is obvious that animal images are often
used in design to give inspiration.

Fig.7. Product forms created using animal forms
Products with more than a functional purpose could play
an extra role in customer’s living environment. Hence, a
good product as the one shown on figure 8 can be used as
a part of the user’s home decoration. At first sight, it is
not sure that everyone can recognize the kitchen product.
It looks like a lamp, but it is really - a juicer. This juicer
could serve a dual purpose, as a functional juicer (it looks
very practical) and as a decoration on the dining table.
Hence, pleasure could be derived through the enjoyment
of making juice and, simultaneously, through the
appreciation of the object itself.

Fig.8. Product with more than a functional purpose
Novelty is a product characteristic that places unique
emphasis on concept, form, and methods of feedback.
Certainly, consumers are always curious about or
attracted to products with novelty value (Fig. 9). This
involves factors such as creative material, unique shape,
special color, new mechanism, and new concept. These
factors can be grouped into three characteristics: unique
appearance, structural innovation and creative concept.

Fig.10. Using an interesting form in a new way

3. THE ROLE OF CAD
If a designer strives to design products that satisfy the
emotional needs, he needs to know the intended user’s
specific. Hence, to understand these concerns, the
designer must communicate with the user. This can be
done through direct communication, but is done in the
most cases indirectly through research reports. Since it
seems troublesome to discuss emotional responses with
users because they find it very difficult to express what
they feel and why they feel it, current CAD systems can
be an appropriate help. CAD (Computer Aided Design)
systems can serve as a common language used by both
designers and users.
CAD systems offer the possibility to create 3D models of
existing and new industrial products (Fig. 11). There is a
plenty of tools to satisfy all aesthetics demands
concerning a product. The geometric model shows all
important characteristics of the product, such as the
structure of the product, its shape, color and material.
CAD softwares have material libraries so the offered
materials can easily be attached to the created product
models. It is possible to attach transparency to the models
and to see the inside of the future product.

Fig.9. Unique appearance and creative concept
Today, to be able to compete on market, designers must
constantly work on finding new solutions to a product’s
operation or function. Finding and offering new solutions
for old objects is always a challenging task. The creation
of new product structure is also important. Users
appreciate products that have a clever structure and they
enjoy using ones that perform clever functions.
The design of the coffee maker on figure 10, demonstrates
a clever idea of using an interesting form in a new way,
this is something that surprises the viewers. This idea is
really fascinating and it also elicit pleasure.

Fig.11. Model created in CATIA software [2]
(attached transparency)
To achieve more real appearance, light effects can be
inserted, too. Some CAD softwares allow even to put
decals on models (Fig. 12).
Model can be translated and rotated to see all its sides.
Furthermore, details on model can be enlarged.
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In most cases, efforts needed to satisfy aesthetic demands
can be neglected compared to the resulting effects and
that is why it is always important to pay attention to them.
Since products with perceived pleasantness are used more
regularly or purchased more frequently than those
without, to create a pleasurable product, emotional value
should be a starting point in design.

Fig.12. Decal on product model created in SolidWorks
Created product models should be used in
communications with intended users, so they can see the
models and they can express their likings or unlikings.
Pictures are worth more than a thousand words but
models worth more than thousand pictures. According to
costumer’s opinions and demands, designers can set
product properties very easily and quickly and they can
variate and change them until all the requirements are
satisfied.

4. CONCLUSIONS
The ability of a product to produce pleasure is an
important concept in the competitive marketing of
consumer products. This paper describes the most
significant product properties which have to be
considered when developing pleasurable products. The
emphasis is on pleasure gained through visual perception
only.
To create a pleasurable product, designers need to work
on creation of new shapes, new structures, unique colors,
and creative materials. Users expected to be surprised
when perceiving something different or new.
It is not possible to design a product that has added
emotional value for all intended users. Emotions are
essentially personal: different people will experience
different emotions towards the same product. Whereas
one person might feel attracted to some product, another
might find it boring. Because of this personal nature, it
seems difficult, if not impossible, to find general
relationships between product appearance and emotional
responses.
The first step in designing products with added emotional
value is to examine goals, standards and attitudes of the
intended user. We appraise products as desirable when we
anticipate that they will facilitate our goals, they are
undesirable when they interfere with our goals. Standards
are our beliefs, norms or conventions of how we think
things ought to be. Products that comply with our
standards will elicit pleasant emotions whereas products
that conflict with our standards will elicit unpleasant
emotions. Attitudes are our dispositional likings or
unlikings. As long as the designer understands the
specific concerns of the target group, he can influence the
emotional value of his design. To understand all these
concerns, the designer must communicate with the user.
In this communication, current CAD systems can serve as
a great help.
Aesthetic demands are not equally emphasized for all
industrial products, even if they always exist. Aesthetic
demands are particularly emphasized for products
intended for personal use.
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SHAPING AND DESIGN OF GRAPHIC
PRODUCTS
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Dobrila VESKOVIĆ

 market, tastes and culture of a specific social
environment and its financial possibilities,
 production technology (limitations connected to the
printing process) and materials,
 financial possibilities,
 time and deadlines for the realization of individual
tasks and
 legal aspects.
Graphic design as a creative field of study can be viewed
through the frame of two general fields: 2D and 3D
graphic design.
Two-dimensional graphic design is characterized by
graphic expression on the surface, that is in two
dimensions. This area of graphic design includes most
means of economic propaganda such as posters,
billboards,
advertisements,
leaflets,
catalogues,
trademarks, visual and graphic design of books,
newspapers and magazines (figure 1).

Abstract: While shaping a graphic design product, be it
packaging, book, poster or some other products, graphic
design is a very important factor. For a creation of a
product to be given an epithet of being good that requires
a lot of knowledge, experience and talent, a harmonious
team of competent experts, modern technology and social
environment that will provide all these conditions.
Key words: shaping, design, graphic, production.

1. INTRODUCTION
Graphic design is a creative activity that has a goal of
achieving certain quality of contemporary visual
communication through artistic and graphic expression
and with appropriate technical equipment. The concept of
visual communication means creation in different fields
of graphic design. This creation with its overall quality,
form and content successfully communicates with
individuals and social environment to which it targeted.
To that effect, visual communication represents any
transfer of information through visual signs, symbols,
text, drawings and pictures or, in other words, any transfer
of thought through graphic, electronic, photographic, TV
or any other way [1].

2. THE CONCEPT AND ESSENCE OF
GRAPHIC DESIGN
When it is said that a product has a good design solution
that means that the product is created in a good way not
only from visual, graphic and aesthetic standpoint but that
it also contains elements and fulfills requirements which
make a unified and harmonious entity. Graphic product
has a good design if it satisfies aesthetic requirements and
if it achieved good financial results. While creating a
graphic products there are limitations which put strain on
designer’s creativity, expertise and experience. Those
include:

Fig.1. Visual and graphic design of a book and catalogue
Tridimensional graphic design represents special
graphics. In this area the most represented field of design
is design of packaging and graphic presentation of
products (figure 2).
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Fig.2. Examples of packaging design
Apart from this area of graphic design a significant place
is taken by graphic design in the area of audio-visual
means of communication such as animation, web sites…
It often happens that individual areas of graphic design
overlap and therefore it is difficult to set a clear and
precise border in this division.

quality can be estimated and analyzed. These indicators
can be general (informational expression, rationality of
the solution, unity and composition) and individual
(visual expression, originality, unity of shapes, fashion,
usefulness…).
Originality of the creation of graphic design as a creative
work includes such aesthetic quality which is, by
character, authentic, new and not known till that time.
Original content and message must be clear enough and
understandable to a wider range of users. They shouldn’t
enable coming to wrong conclusions about basic features
and qualities of the products which are presented in the
specific act of communication.
Being current (fashion). The general characteristic of
fashion is that it is a short-term and transient belief and
taste at the moment in time but it can also reach high
aesthetic value. The increasing representation of fashion
can be explained with big pressure the industry is putting
on the market because the production is higher and higher
and all those products need to be put on the market with
harsh competition. Under those conditions the products
must look attractive and up to date (current).
Basic visual and graphic elements of graphic design are:
point, line, position, surface, size and texture. A collection
of all these elements represents a related whole that by
applying aesthetic principles of form and appropriate
means of expression makes a visual harmony which
determines the function and aesthetic of graphic design.

3. VISUAL AND GRAPHIC ELEMENTS AND
PRINCIPLES OF GRAPHIC DESIGN

Fig.3. Examples of posters
The value of graphic design is measured by how it
satisfies the overall needs, that is to which extent is it
functional. The design of a graphic product should be
such as to leave an impression on the observers because
that is the only way to achieve its goal and function.
Figure 3 represents examples of posters which leave an
impression on observers and in that way fulfill their
function.
Visual and aesthetic quality in graphic design also
represents one of the most important parameters and
quality markers considering the fact that graphic design
establishes visual communication with individuals and
social environment through visual and graphic expression.
There are markers and elements based on which aesthetic
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Basic principles of form, which can be seen with any type
of graphic design as forms of visual and graphic
expression, are contrast, balance and symmetry,
proportion, rhythm and accent.
Contrast as one of the most important principles of
graphic design can be seen in the following variants:
 contrast of size (format),
 contrast of shape (surface),
 contrast of color,
 contrast of direction.
Contrast of size means that in the creation of graphic
design solution contrast (opposites) of size of different
graphic elements (i.e. text boxes, illustrations, symbols…)
are being applied. Figure 4 shows examples of contrast
where the text of greater importance is shown in bigger
font size when compared to the text of lower importance
(description) in smaller font size. In this way the text
carrying a specific verbal message is more emphasized
and more visible.

Fig.4. Example of contrast of text size

Contrast of shape has a goal to avoid monotony of visual
and graphic solution, that is if the graphic solution
contains more illustrations it is desirable to show one
illustration in different shape than others so that the entire
visual and graphic solution would get an attractive look
and thus fulfill its goal and function. A good contrast of
shape is achieved when an illustration of shape different
than the shape of the graphic solution itself is used or
when the illustrations that are emphasized are shown in an
irregular shape. When it comes to graphic solutions with
plenty of text one part of the text should be shown in a
different shape, different size, spacing or letter style.
Figure 5 shows examples of contrast of shape.
Fig.7. Contrast of direction – arrangement of elements of
illustration
When contrasting opposite values one must pay attention
not to disturb the whole. If the contrasts are especially
strong like big and very little or very light and very dark,
one of the elements can disturb the balance.
Balance means even distribution of specific elements
(text and illustration) in the frame of the given surface in
order to achieve balance between size, shape, color and
other factors in relation to the imagined optical center...
Figure 8 shows a poster where the illustrations have been
symmetrically distributed in relation to the center [6].
Fig.5. Contrast of shape
Contrast of colour encompasses application of different
shades of colors which achieves a better effect. It often
happens that in the overall visual and graphic arrangement
of space and the solution itself a subtle contrast of color
can revive and emphasize the effect, attract attention and
increase interest. Figure 6. The best contract is achieved
by using complementary colors, the colors that are in
direct opposition such as red and green or blue.

Fig.8. Example of balance and symmetry of the elements
of the poster

Fig.6. Example of achieved effect by applying contrast of
color
Contrast of direction means that in the visual and graphic
solution as a whole one can notice a specific direction
which some elements and parts are heading. It is a general
rule that the elements of visual and graphic solution
should be placed in such a way to express unity and visual
harmony. Thus, for example, in Figure 7 a horizontal
direction of advertisement elements can be noticed [9].

Proportion is a relationship which exists between the size
of one part in comparison to the other. Proportion is very
important for achieving a well shaped product. The
division of surfaces, if done properly and if it contains a
specific proportion, represents a harmonious and effective
whole. An important rule for achieving positive
proportion is to avoid all those dimensions and relations
which are obvious and visible. For example, proportion
1:2 is obvious and clear and thus not interesting. The
division of surface in the proportion of 1:3 and 2:3 are
considered more successful while proportions of 2:5 or
3:5 can be considered ideal in graphic design. The famous
5:8 proportion comes from the classical low of „golden
section” [9].
Rhythm – Repetition of one motif, shape or element size
in the graphic design solution gives this solution a
character of pleasant and gentle rhythm. There is a
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different type of rhythm not related to repetition and it is
called rhythm of gradation. That means that the motifs are
used by changing color and the shades to achieve a
specific gradation in rhythm [7]. Apart from graphic
solutions that contain illustrations, rhythm is being used
in typography, figure 9.

Fig.9. Using rhythm in typography
Accent is expressed by emphasizing specific parts of
graphic solution and its elements. That is achieved by
color shades or by applying contrast, shape, position, etc.
Figure 10.

а)
b)
Fig.10. Accent in graphic design solutions of book covers:
а) text dominant, b) photograph dominant

4. EXPRESSIVE MEANS OF GRAPHIC
DESIGN
Basic means of expression in graphic design include
illustration, text, color, production technology and
material.
Illustration as one of the basic components of any
graphic design and creation in general can be expressed
through drawings or through photography (figure 11).

Fig.11. Drawing and photography
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Illustration has a very big role in attracting attention of the
viewers, creating interest and making decisions.
Illustration is the first thing an observer notices when he
or she looks at an advertisement or a poster or any other
type of graphic design. It is in the nature of every human
being to express its emotions and moods through
drawings. The drawing was the first mean of written
communication among people and today it is accepted
through appropriate symbols as a universal language of
communication among people Creation of graphic design
cannot be imagined without using illustrations.
Photography has many advantages when compared to
drawing. First of all it is precise and thus it represents a
more persuasive source of information. Photography is
more realistic and authentic and that confirms the value of
the product itself. There are entire areas of products and
services that require usage of photography such as
advertising of foods, furniture, various appliances,
computer equipment... Photography as an illustration is
especially used in the field of tourist propaganda. Figure
12 shows an example of using photography as an
illustration. In this case illustration is indispensible and
using a drawing wouldn’t achieve the desired effect.

Fig.12. Using photography as illustration in graphic
solution
Free drawing as an illustration possesses artistic
characteristics. Free drawing in graphic design creates a
pleasant - mild atmosphere and it often acts immediately
and intimately. A drawing permits certain characteristics
and qualities of an object used as an illustration to be
embellished, to be more expressive with various shading
effects, contrast, colours, shadows... Figure 13gives an
example of using a free drawing as an illustration in
graphic design.

Fig.13. Using a drawing as an illustration in graphic
design

A free drawing is often used in combination with
photography. In those cases photography is always more
emphasised while the details are set with drawings as
illustrations (example figure 14).

Fig.14. Graphic design solutions that resulted in
combining photography and drawing
Text. As a part of graphic design and creation in general
text as the basic means of expression that is suposed to
better explain the meaning of the message by words,
sense and connection between the title and subtitle and
the text body. In order to put together a good text it is
necessary that the author has reliable information about
the product as well as about the user of the product. Text
has to be informative, clear, understandable, persuasive
and short and it has to create interest and to be easily
memorable. To that effect, for example, figure 15 shows a
poser for the Graphics Fair. In this example the text „Let
the colours flow” is short, clear and it fulfills the
illustration because without text illustration wouldn’t be
so slear.

what makes a difference between them in the first place.
That is a quality that separates green from red, blue from
yellow… Value represents the degree of light or dark in a
specific colour. Those are the so called shades or
differences between light and dark shades a coulour has in
comparison to the basic shade of the colour it belongs to.
Chromatic quality or intensity relates to the the intensity
of the colour. This quality varies from neutral gray to very
intensive colours of any kind [1].
Due to the associations related to fire some colours such
as red, orange and yellow are called warm colours while
green or purple, because of their associations to water,
sky or sea, are called cold colours. It has been determined
that the most visible colour during the day are yellow or
green and in the dark green or blue. All colous look more
yellow than they really are in the light and during dark
more purple. Scientific researches have shown that the
orange colour attracts the most attention from
theobservers and purple the least.
In graphic design it is very important to know the
characteristics and importance of specific colours. The
meaning of colours is greatly determined by the culture
one is growing up in. Also, the importance of colour
depends on age and gender.
Red signifies strength, liveliness, dynamics, masculinity.
It can give an impression of roughness and sharpness as
well as charm and well-being. It is a warm colour that
signifies activity, strength, a moment of passionate
desire... It is a symbol of danger, courage, wrath,
excitement and fight. Red goes very well with orange,
brown and yellow. Figure 16 gives an example of using
red colour in design solutions.

Fig.16. Examples of using red in graphic solutions
Orange colour expresses radiation and communication. It
is a symbol of plentitude, result, fertility, attention and
action (example figure 17).

Fig.15. Example of posters
Colour is of great importance in graphic design and it is
supposed to attract observers as a potential users and
contribute to memorising the message and creation more
easily, to make the text clearer and more legible and that
the entire solution has a harmonious visual and aesthetic
value.
Colour has three basic qualities and attributes and those
are: colour, value and chromatic quality. Colour is a
quality that separates one colour from another and that is

Fig.17. Examples of using orange in graphic solutions
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Yellow is the brightest, most visible and loudest color.
Yellow is a warm color and is a symbol of optimism
(example figure 18).

Purple leads to thinking, mysticism, jelousy, secrets and
it creates strong feelings. It expresses dignity and wealth,
strength, loyalty and humanity. Examples of using purple
in graphic design are given in figure 21.

Fig.18. Examples of using yellow in graphic solutions
Green is a symbol of hope, it expresses imaturity, youth,
nature and symbolises freedom (figure 19). In any case it
represents loyalty and intelligence and it is great in
combination with red.

Fig.19. Examples of using green in graphic solutions

Fig.21. Examples of using purple in graphic solutions
Gray is a symbol of indecision and lack of energy. It
expresses monotony and depression (figure 22).

Fig.22. Examples of using gray in graphic solutions

Blue is cold and feminine colour that has a soothing
effect. It expresses loyalty, truth, faithfullness, naivette,
virginity, honour but also mysticism, melancholy and
depression. It is considered a royal colour. Examples of
using blue in graphic design are shown in figure 20.

White denotes cleenleness, creates an impression of
voidness and infinity. It expresses virginity, truth and
perfection (figure 23).

Fig.20. Examoles of using blue in graphic solutions

Fig.23. Examples of using white in graphic solutions
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Pink is sweet and shy with romantic and gentle content. It
is an expression of femininity and love. Pink makes an
impression and it connotes softness and intimacy (figure
24).

represent style. In the period of manual production the
styles were very much expresed, nowadays when the
production is mechanized, forms are adapted to simple
machine production, so the styles are less expressed,
mostly through forms of contours and product details.
Fashion factor has great importance in graphical shaping.
Fashion can reach a very high estetical value. One of
conditions for that is that graphic design is orginial in its
visual estethic quality. Fashion is very important,
especially today when its production has gone up, because
products have to look atractive and current in order to
catch buyers attention. In figure 26 we represent examples
of packaging which are visualy very modern [2].

Fig.24. Examples of using pink in graphic solutions
Black color represents an expresion of gloom, darkness,
symbol of hopelesness. It expresess refinment and
elegance, bad mood, sadness, sickness, missfortune and
dead. The examples of use in graphic design are shown in
figure 25.

Fig.26. Examples of packaging which are visualy very
modern

6. PACKAGE DESIGN
Fig.25. Examples of black color use in graphic
design

5. ESTETHICS IN SHAPING
Each well shaped object must be pleasing to the eye. Such
object must seem likable and pretty to occupy interest
with stronger ties. Contemporary shaping aims provide
pretty and atractive form to each detail and whole of an
industrialy manufactured objectst.
Estethic factor is very important in graphic industry.
Nicely and pleasently shaped book, poster. packaging,....
show the level of spiritual culture of each nation and their
level of tehnical civilization.
Two basic factors that influence the estetics in graphical
shaping are style factor and fashion factor.
Specific forms of individual design elements, which are
caracteristic for individual periods and artistic fields

For the product to reach a certain market placement it
must be attractively contemporary, functionaly and
estethicaly shaped and presented. Quality graphical
solution of packaging can increase sales and at the same
time nurture sense of beauty, taste and practicality.
Packaging must be attractive and likable, functional not
only for consumer but also for retailer or distributer.It
must „sell” the merchandise.
Demands and tasks that need tobe met and fulfilled by a
quality design of packaging and entire graphical
prezentation of a product are [3]:
 packaging should provide a satisfactory safety for the
product it contains .
 the task of packaging is to enable the use of product
and to be fully functional - to fit its purpose. This
means that the packaging should, for example, be easy
to open, to carry, to have proper size....( examples are
on photo 27).
233

 Packaging should be economical and not to increase
the price of basic product, which would reduce its
market placement.
 Packaging design should be adapted to demands of
contemporary industrial production.
 Using certain standards, technical normatives, norms
of product quality control.

Fig.27. Example of packaging that is pracatical, and easy
to open and close

market and in that way achieve its basic goal and that is to
increase the sales of the product.
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Text within graphicalsolution and entire typography
should contain the following basic information:
 basic name of the product ( visible in more places
depending on the shape of the packaging),
 name and address of the production company,
 names of content components of packaged product
(especially when it is food, pharmaceutical or
chemical product),
 weight, size and amount,
 warning on use of the product,
 warranty information,
 manual...
In creating succesful packaging photography has an
important place in graphical presentation. Taking that the
photograph’s primeral role is to show realistic look of the
object or motiv, consumer gains more trust in the product,
thanks to the graphical solution on the packaging. Well
chosen and edited photograph will always have a better
effect then a bad and non-convincing ilustration [5].
It is very important to take care that the packaging is
recognizable, that is stands out from other products of the
same kind and that it provides all the neccesary
information on the product.
Being recognised is an important advantage for every
product taking in consideration that it meets every day
with several thousands of different products with similar
goals. Then, packaging has a goal to single out one
product among many other similar products.
Researsh has shown that appropriate packaging can
suggest a type and characteristics of a product packaged
[4].

7. CONCLUSION
Thanks to good an high quality graphic design a product
will stand out in the plentitude of similar products on the
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2.2. “Module library”
“Module library” is the result of grouping and
classification of large number of predefined shapes and
sizes of packaging modules in a single database. It
provides the base for the rapid creation and improvement
of the design process. In addition to the shape and size,
other design elements of packaging, such as ways of
opening the packaging or it’s decoration, are pre-defined
and classified into groups - library modules

2.3. Designing

PRINCIPLES OF MODULE BASED
DESIGN OF WOODEN PACKING
Sonja BRSTINA
Dragoljub NOVAKOVIĆ

Abstract: Current trends and level of competition not only
affect the appearance of packaging, but also result in
need for constant acceleration of packaging designing
and production processes. Accelerating the process of
getting as many shape solutions as possible is provided by
using combinations of predefined modules that make
available large number of possible final appearances.
For this reason, the basic principle of packaging design
presented in this paper is the modular design principle.
The design based on module is simplified package design
process, friendly to the average user.
Key words: module, designing, packaging

1. INTRODUCTION
Approaching the design of wooden packaging to
manufacturers is the main goal of module method of
packaging construction. Robert Small-Stevens in 1924
notes that design is in essence "geometric art" or "the art
of geometry." Belief that everything is based on elements
and their mutual relationships was in view of K. N.
Schultz, so he analyzed each form through describing its
elements and their relationships, and creating process (in
our case designing) by combinations of elements and their
relationships. By operating geometrical morphology, a
library of modules (forms) was created to be used during
packaging design and construction. The "modular design"
procedures significantly speed up getting a large number
of possible solutions.

2. THEORETIC ANALYSIS
2.1. Module
By definition, the module (Latin) is a term that describes
the established form and size. In this paper we will treat it
as a major element of packaging design.

The expression „design”, in the widest sense, involves the
creation of something new. Design always takes place
after the research, and leads the construction. It represents
reaching the reasonable engineering solutions, which are
technically achievable and economical.

2.4. Modular design
Design of packaging forms is the process that requires a
considerable amount of information and knowledge
acquired over many years of experience in field. The
modular design is brought in to improve the design
process and reduce the time required for the procedure.
Modules and group forms allow easy addition and
subtraction, development and evolution, and adjustment
to socio-economic realities. This is also the base of the
quality of a modular design concept.

2.5. Algorithm
Algorithm represents a series of judgments and operations
which gives the solution of certain problem. The whole
process of modular design is represented by an algorithm
based on obtaining and combining basic geometric shapes
and their combinations, collected into the “library of
modules”. Convenience is the possibility of extending the
algorithm and simple including of new modules to the
library".

3. PRINCIPLES OF MODULAR DESIGN
Acquiring a large number of possible solutions by
combining existing components is the theory that has
already been used in a lot of practice in architectural
design. Numerous national architectures are based on the
principles of modules and modular construction. This is
the case with Japanese tatami (modular element made of
rice-straw sized 90x180 cm). Modular network of tatami
always been and remains an essential element (module) of
Japanese architectural planning.
Also, the entire modern architecture is dominated by
examples of architecture designed and built on the
principle of independence of parts and components,
primarily in the movements of constructivism and
functionalism. The ideas based on simple geometric forms
will become one of the main means of work in modern
architecture. Le Corbusier insisted on the "primary forms"
and design that is based on the compliance of primary
(pre-defined / pre-fabricated) cells form of housing.
Complex Habitat in Montreal by architect Moshe Safdi
(shown in Figure 1) is result of the principle of modular
engineering.
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for holding containers) or may be pure esthetical details
or decoration method. The aim is that the most of the
possible forms are to be analyzed and collected in a
common "module library”. This library is to be offered to
the user when choosing a form of packaging. Small
number of forms of "library" defined modules, together
with parameters that define it’s size, is shown in the table
(Fig.3.). Please note that some combinations of size
parameters are predefined, but the algorithm allows
entering of free size of packaging designed.

Fig.1. Practice of modular design in architecture

4. MODULAR DESIGN FLOW
Process (flow) of the modular design of the wooden
packing material was represented by the algorithm
(Fig.2.). Packed product defines the size and shape of
packaging. Personal taste will affect the way the designer
will decorate or select the type of wood. All together will
affect the final price of the packaging. Result is the final
form of packaging. The algorithm is created in a way that
it can be expanded through later detailed analysis of the
design process.
Module based design of the packaging is simplified
process near to non-professional user. Algorithm of wood
packaging determination process is shown in the Figure 2
and consists of the following levels:

4.1. Defining the product
The shape of packaging depends on physical parameters
of product packed. For this reason it is necessary first to
define basic data on the product. Data entered are
aggregate state, shape and size (volume) of the product, or
it’s primary packing.

4.2. Defining packaging shape based on “module
library”
For packaging, it is important to emphasize that form
follows the function, ie. the form of packaging is
conditioned by the kind of goods for which the package is
intended, its shape and homogeneity (data entered at the
beginning of the algorithm), but also by the other aspects,
such as the suitability of form for the population to which
the product was designed, cost of transport and cost of
development of some form. The form of packaging
directly leads to the method of its opening, handling and
usage of content. The form of packaging should be a
symbol that carries the message of the product itself, but
also to be the most rational packaging solution.
Every form or shape is consisted of it’s base and
guidelines. By corrections to the initial (primary) form
(shape) of base or by changing the direction and shape of
guidelines (leaders), other (derived, secondary) forms in
the library module were obtained. Besides these two
(primary and derived forms), forms created by merging
with an additional (mostly irregular) forms also exist.
These additional forms may have it’s function (eg. handle
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Fig.2. Algorithm of modular design of wooden packaging

4.3. Defining the size of packaging predefined in
the “module library”
Every shape module is offered with predefined outer
dimensions. Cuboid is defined by three dimensions:
length, width and height. Cylinder with two: radius and
height. However some derivative forms are defined by
four, five or more sizes, and all of them need to be
available to the design (Figure 3).

4.5. Define a package opening
One of potentially interesting elements of the packaging,
which can be represented as a module, is the way of its
opening. For this reason, different ways of opening were
pre-defined. Opening can be an interesting detail that may
attract customers in great level. Fig.4. shows one segment
of solutions of opening/closing of packaging.

Fig.4. Fraction of module library of package openings

4.6. Defining the type of wood

Fig.3. Fraction of module library of shapes and sizes

4.4. Notice of effectiveness
Pricing of a product is very complex and variable point,
which depends on many variables that are not subject of
this paper. What is related to the theme of this thesis is
influence of packaging shape on the overall cost of
packed products considered with two aspects, namely:
 Relationship between shape and size of product and
packaging shapes and sizes, and the quantity of empty
and unused space in the box
 Influence of packaging forms on transport
When product with defined shape (whose parameters
were entered into the algorithm in section A) is packed
into the wooden packaging, information about the size of
unused space in the box should be noted and package
module with a minimum of "air transportation" should be
selected. Based on the above named two parameters,
designer can be informed about the profitability of the
selected solution, and he can have the opportunity to
change his choice. This feedback is very useful for
selection of economically efficient solution.

Selection of material for production of packaging has an
important impact on the consumer's perception of the
product itself. Wooden packaging should be clean, light
and strong enough to preserve the product of damaging
during transport and storage. It is desirable that it is made
of light wood in order to reduce transport costs and make
handling easy. To reduce costs of production, wood also
has to be easy to process. Additional requirements exist
for food packaging materials, such as that wood is with
out any smell, well dried and safe. As a protection against
moisture and dirt, wood is treated with water-based glaze,
which is completely non-harmful and can be used for
food products packaging. The part of algorithm for wood
defining offers some of authentic species types of wood.
Choosing a type of wood is also closely related to the way
the way packaging is to be decorated. If it will be
decorated by laser engraving, it is better to choose the
wood from maple tree than from the beech tree for several
reasons: the edge of gravure will not change the color,
purity of product is greater and texture of wood is more
expressed. These differences occur because of the wood
hardness. It can be concluded that for the laser processing
it is better to wood of greater strength.

4.7. Defining a packaging decoration
Basic methods of decoration of wood packaging are
treated as the individual part of the algorithm. Offered
options are the following pre-defined decoration
processes:
a. Graphics and illustration - performed by a machine
(laser or milling machines) or manually (unique)
b. Carving text, typography on wood – by the milling
machine or laser
c. Digging – by a milling machine or laser
d. The combination of several methods
For the wooden packaging, color is hardly ever used for
larger surfaces. The main reason for this is to preserve the
basic advantage of wooden packaging: presentation of
this type of packaging (and thus the product packed) as a
natural, unaltered by modern technologies, by saving the
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natural texture of wood. When used, paint must not be
washed in water and should be with out any smell.

4.8. Presentation of three-dimensional model
While passing through the algorithm, every individual
designed packaging is joined by unique code. This code is
generated by selecting the packaging characteristics: form
gives the code "X", choosing the size gives "Y", the way
of opening defines code "Z", material code "A" and
decorating code "B". At the end, the packaging has
unique code in form "X.Y.Z.A.B". For example:
Packaging 1.2.3.4.5 is different from the packaging
1.2.3.9.5 by material out of which it is made.
Developed Visual Basic application automates the
drawing of three-dimensional packaging in the
"AutoCAD" software, based on the parameters defined by
the user.

is prefered. An example of the use of algorithms in the
design process is shown through a simple example of
designing the wooden box. Packaging is progressively
created by choosing pre-defined elements from a module
library. Rich "module library", with a high number of
different modules, allows us to have enormous number of
possible combinations. In this way the design would be
closer to each user, by giving a large number of possible
solutions in short time. However, once more we must
highlight the necessity of having professional designer’s
knowledge for complex and significant designing
projects.
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5. CONCLUSION
Modular packaging design offers number of advantages,
particulary when quick and simple solution of packaging
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1. INTRODUCTION

CUSTOMISATION OF MODULAR
PRODUCTS BY INTERNET-BASED
APPLICATION, APPLIED TO THE PET
BOTTLE DESIGN
Gojko VLADIĆ
Nemanja KAŠIKOVIĆ

Abstract: Customisation of products is a subject of many
discussions, every day more and more manufacturers are
considering
this
approach.
By
customisation
manufacturer offers additional quality of the products by
adapting it to specific needs of a costumer. It is possible
to achieve customisation and to produce a variety of

products that satisfy various customer requirements

without big additional costs in a design process.
Introduction of possible variations to customers is one of
key elements for customizationin application. Some
products can be designed and constructed in such a way
that it's possible for the costumers to be involved in the
design process from the beginning and even to assemble
the final product themselves in ideal case. Internet as a
widely accepted medium offers the potential tools for
improvement of communication between manufacturers
and costumers. The goal of this paper is to present
possibilities for utilisation of internet-based technologies
for better and easier communication between
manufacturer and customer. Modular approach to the
design of a PET bottle is used. Pet bottle is divided in to
modules that are designed separately, but in such a way
that insures possibility of combination in order to
assemble final product. Result of this research is web
application for communication between manufacturer and
costumer. Main objective of the application is to include
costumer in early stages of design process without need
for human interaction, thus saving the time and recourses
to both side involved, offering better overview of customer
demands and manufacturers abilities to meet those
demands. This kind of communication solution offers
quicker presentation of possibilities on manufacturer side
and improvement in decision-making time on costumer
side.
Key words: customization, communication, module, PET
packaging

There is great need for product customization also there is
great need to develop new methods of ensuring shorter
design cycle, shorter time to market, demands for
flexibility and ever growing competition is forcing
manufacturers to rethink whole design and production
process with a goal to achieve agile manufacturing.
Optimization of communication process between
manufacturer and costumers is one way to be ahead of
competition. Techniques explained in this paper are
applicable on any modular product but main objective of
this paper is the PET packaging with its wide application.
Concept of modularity and its application in PET bottle
design process, advantages of modular architecture in
comparison to integrated architecture, offer new approach
to interaction on relation manufacturer - costumer.
Limited communication and misunderstandings in a
design development process are one of the reasons for
additional costs. Development of software applications
that support customer participation in product design and
final realization of a product is very important for
productive design
process.
By
comprehensive
introduction of design possibilities to a customer in early
stages of design development it is possible to optimize
design process achieve capability of high flexibility and
speed thus minimizing expenses. Thanks to the continue
advances in CAD and CAM software solutions and
WWW communications technologies, the contributions of
customer in the design process is made possible and is
more important every day. An XML language, graphical
user interface, interactivity of action script based flash
application is employed for product representation.
Graphical approach is implemented in a platform that
offers active participation of customer in the design
process of a product in this case PET bottle.
Automatization on a manufacturers end is possible with a
further development of application and incorporation in
production process.

2. MODULAR DESIGN CONCEPT AND
CUSTOMISATION
Modular architecture opposes monolithic (integrated)
architecture that refers to something that is created in a
single piece, therefore modular means assembled from a
number of separate parts (modules). Modules interact
with one another on a weak basis known as “loose
coupling.” Since interdependence between subsystems is
minimal, the system as a whole will not suffer if some
subsystems are changed or are being upgraded [1]. Term
modular product refers to products, assemblies and
components that fulfill various functions through the
combination of distinct building blocks (modules) [2]. A
Module is a self-contained component of a system, which
has a well-defined interface to the other components. By
using up-to-date CAD applications it's possible to make
virtual tryouts of system assembly and module interfaces
without a need to produce prototypes in material form,
hence the modularization is easier. Opportunity to design
and review modules in virtual environment is used to
present vide range of possibilities to customer without
building actual modules and products until the costumer
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decides on the final design. Simultaneous work on the
product design is also possible. Real time data exchange
is possible by any means of computer communication
LAN or internet. Involving costumers in early stages of
product development is very important and eliminates
misunderstandings in the communication on relation
designer client. Thru the ever expanding World Wide
Web and development of graphical user interfaces even
the personal customization is possible. Customers are
enabled do build their own products based on the
individual needs. There is vide need for other approach do
the design process that offers highly responsive replay to
a clients demands in short time, producing large number
of solutions for client to select form. Short time dictates
some cutbacks, communication with the client is limited
and does not offer much needed input and iterative
revisions of the design.
Modular approach to the design process meets the
demands for quick solutions and minimal client input in
the design process time vise, but information vise input is
greater. Client could be enabled to participate in the
design process by choosing modules to his liking and
assembling bottle as a final design or as a guide for
further design process. Communication with client can be
done by graphical user interface over the internet,
providing quick preview of final product.

bottle. To insure correct assembly with defined end
results interfaces and properties of each part must be
defined. In case of modular PET bottle design module
interfaces are the places where two modules join. To
ensure correct assembly defining fixed diameter in the
joining part is crucial. Other thing to consider is overall
volume of the bottle. To ensure constant overall volume
of the bottle the fixed volume of each module must be
defined
[3].
CAD/CAM
software
such
as
DessaultSystems CATIA offer automatic calculation of
volume and possibility of dimensional constraints which
is useful in interface definition.

2.1. Modular design concept applied to the PET
bottle design
Modular design can be applied to the variety of products.
Usually modular design is used for products that are
assembled form more parts. Each part can be treated as a
module and by combination of parts different products
can be assembled. Bottles are monolithic structures and
usual practice in complex process of designing PET
bottles is to approach the tasks of defining a shape and
overall design as one monolith structure, respecting
technological limitations. Bottle can also be designed as a
modular structure. This is achieved by decomposing PET
bottle in five parts and designing each part separately in
advance as shown in Figure 1. Some constraints must be
taken in to the consideration when applying modular
design principles to monolithic structure such as PET

Fig.1. PET bottle divided to modules (CATIA software)
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Fig.2. Decomposition of PET bottle
Neck area and base area are highly dependable on a type
of fluid that is going to be packaged dictating the type of
the neck and base used. When packaging carbonated
drinks design of the bottle must follow standards and
recommendations and do not leave much possibilities for
design intervention. Neck is defined in perform design
process according to type of fluid that is going to be
bottled, base too should not be a subject of design in case
of carbonated fluids, the use of a petaloid shape for the
base design for carbonated PET bottles is widespread,
while packaging of non-carbonated fluids leaves some
possibilities for designers intervention. The modules of
the bottle that offer most room for creativity are shoulder
area, label area (panel), lower part of the bottle. Having in
mind constraints, three parts of the PET bottle with
addition of base design for non-carbonated fluids can be
designed independently to each other and offered as
modules to clients to choose from Figure 3.
For example designing only 3 variants of each module
and considering there is 4 modules built in each bottle it is
possible to make 81 combination. Not all of combinations
are applicable and aesthetically pleasing [3].

current trends in industry. Even if customer knows what
he want, they are often not capable to express their ideas
and requirements for a product and easy access to pre
designed modules can help make decision or closer
explain the needs of a customer. The internet-based
customization system must provide the following
characteristics [7]:

Fig.3. Decomposition of PET bottle

3. INTERNET - BASED PET BOTTLE
CUSTOMIZATION
The opportunity for customers to develop new products
adapted to their needs is possible due to the advances of
information technology. Thanks to the advances in
computer and communications technologies, the
contributions of users are growing rapidly. The advances
of information technologies also lead to a cost efficient
custom product design. Customization becomes an
increasingly viable model for a broad range of different
industries. This has resulted in more companies are
battling for providing what customer need/want [4]. New
interactive technologies allow customers to interact with a
manufacturers and specify their requirements using a
internet tools, this is calld Internet-based customization
systems（ICMs). ICMs allow customers to specify their
requirements by selecting and configuring products on the
Internet, which in turn is produced by the manufacturer
[4].
This
concept
of
manufacturer-customer
communication enables manufacturers to meet with
customers’ requirements and bring products to the market
more effectively and quickly. The idea of integrating
users in the design and production process is a promising
strategy for companies being forced to react to the
growing individualization of demand [5]. Users rather
than suppliers are the actual designers of the application
specific portion of a product [6]. By offering the
possibility to the customer to interact and collaborate in
product design in order to co-create new product
manufacturer is able to cut design costs. Internet-based
customization refers to customer co-designing products
with regard to certain product features and limitations
defined in application. By implementing internet-based
customization in to the PET bottle design process
manufacturer is able to define and translate the customer
needs and desires into a concrete product easier than just
by using design briefs. Thanks to the internet with its
multimedia rich, interactive possibilities and low cost
communication it is possible to interact with a large
number consumers and get the overview of needs and

 User-friendly operation: the system must provide offer
easy-to-understand, intuitive menu driven along with
friendly interface for user to operate.
 Libraries: This allows users to create idea in an
effectively way, therefore, by using the ready made
designs, user can easily added any new element on
basic design.
 Trial and Error functionality: providing user some test
runs functions let them evaluate the design result.
 Solution space: a predefined solution space which
allow user to ensure the program is executable.
The customer design activities must be immediately
visible as a final result (a simulation that incorporates
each design decision). The trial-and-error process must be
foreseen. Application should offer a wide variety of
design possibilities. PET bottle design can be customized
by selecting and combining pre-defined modules. Users
can start by choosing one of the basic categories, it can be
the volume of the bottle, intended usage etc. Free
sequence of bottle assembly is possible with possibilities
of changes. It must be possible to compare designs or to
begin the design process over by returning to the start.

3.1. Web application for PET bottle
customization
Web application for PET bottle customization demands
managing great number of modules and possibility of
combining those modules in order to create preview of
final product. In order to make functional web application
for user enabled customization of modular designed PET
bottles accessible and expandable storage of module
models must be made. XML is a simple, flexible, and
structured text format markup language. XML is playing
an increasingly important role in the exchange of wide
varieties of data over the Internet. It is becoming the
backbone of electronic information exchange. XML is
looked as the future of web technology. Building a user
friendly graphical user interface is most important
element of application design. Adobe Flash application
with its Action script programming language is powerful
tool for creating web applications. Possibility of
combination with XML an rich multimedia capabilities is
crucial for building easy to use, intuitive web application.
Overview of modules offered and presentation of final
assembly is possible by utilization of Flash multimedia
files imbedded in the web page or distributed as a
standalone application. Step one of the application is for
users to be registered so the basic information could be
collected and stored in to data base. Step two is selection
of basic bottle parameters such as volume, purpose etc. In
step three user is offered to chose and combine modules
to his own liking and needs. In the real time preview of
the assembled bottle is presented so the user could see
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final result and make further changes if needed. Final step
is sending the design to manufacturer where the CAD
model is assembled according to customers specifications
and can be used for production. Application can be used
for communication with the manufacturer if the model is
to be used as a reference for design work that will take
place later.

4. CONCLUSION
Modular approach to the PET bottle design process and
Internet-based customization enables manufacturers to
meet with customers specific requirements more
effectively by providing quick and ease overview of predesigned modules and combination of those modules and
assembly of final product, thus offering more productive,
time efficient and cost reducing design process. By using
latest technologies it is possible to make considerable
savings in design process either by enabling customer to
make the final design from by using offered modules
themselves or by acquiring better information about
customers needs thru analysis of customers designs. This
kind of system will benefit for both customers and
manufacturers.
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PACKAGING ELEMENTS FOR
IDENTIFICATION AND CONFIRMATION
OF AUTHENTICITY OF PRODUCTS
Dragoljub NOVAKOVIĆ
Gojko VLADIĆ
Nemanja KAŠIKOVIĆ
Abstract: The product that's available on open market is
exposed to possibility of unauthorized copying. To protect
the product from unauthorized copying means making it
unique and easily recognizable in his original shape.
Packaging as one of key elements of final product beside
its physical protection and informative role can be used
for achieving better protection by utilizing unique
elements. In fight against unauthorized copying
packaging plays important role not only by defining
specific visual identity of a product but also by
implementing modern security and identification
technologies. Goal of this paper is to give overview of
available technologies that can be used for product
protection from unauthorized copying. Paper presents
characteristic technologies for identification, security
elements that can be applied to packaging, holograms, IR
printing, special rasterization techniques etc. By
implementing some or all of presented technologies it is
possible to achieve easier identification and protection of
unauthorized copying.
Key words: product protection, packaging, security,
RFID, IR print

1. INTRODUCTION
From the beginnings of producing items for trade and sale
the practice was to mark the produced item so it could be
indentified and made known who made it. Some
manufacturers become well known and appreciated, their
mark on a product meant a certain quality. Forgery
followed, offering copy of a product for lesser price and
often lesser quality. Manufacturers and authorities coped
with the problem of forgery in different ways
(trademarks, copyright laws, etc.) but only one method
truly worked "Make the product unique". Today problems
with forgery are even greater due to the fact that once
product is available on open market it is exposed to the

whole world. Different counties have different laws about
forgery and it is not possible to have control over the
many different factors that make forgery possible.
Today's technological development of production
methods offers great possibilities for reverse engineering
and production of almost identical copies of product
without the development costs. Since the progress of
technology is so fast there is an everyday for more
sophisticated methods of protection. It can be concluded
that today it's virtually impossible to make unique product
for a longer period of time. It is of extreme importance to
be one step ahead of plagiarist. Changing product to stay
ahead of plagiarist is one way to go, but it's expensive
way and not too many manufacturers can afford it.
Having in mind that almost all products are packaged,
packaging could be used for the purpose of protection.
Almost important as a product itself is a packaging in
which the product is incased. Product packaging is an
important to marketing and product presentation. In
addition to its purely practical protective functions, it also
indicates a manufacturer and the origin of the product.
The appearance of the products packaging attracts
consumers’ attention, affects their decision to purchase.
The increasing importance of packaging in competition
makes it subject to imitation also. One difference between
packaging and a product is usually cost. Packaging in
most cases is far less expensive to change than product
itself. One must have in mind that changes on packaging
can't be significant, if so it could confuse a loyal
costumer. Best case is if protective elements are invisible
and could not be reproduced even if noticed by plagiarist.
All the packaging is printed with some printing technique
and printed elements on a packaging can be used to
protect the product cost efficiently. Usage of holograms,
texture, special spot colors or inks with special
characteristics easily noticeable to human senses is one
way of protection. Other way is invisible protection
ultraviolet (UV) or infra red colors where the print is
invisible unless viewed under special UV or IR light.
Using technological developments in printing is a good
relatively inexpensive way of product protection.
Although plagiarists also follow trends in printing
technologies applying latest technologies makes forgery a
little more difficult. Identification of a product is very
important since the manufacturing all the way thru
distribution chain and in the end it can offer the consumer
some vital information. Identification can be achieved
thru great number of ways; this paper is dealing with a
computer readable identification. Today usual type of
computer readable identification is optical scanning of bar
codes. Conventional linear barcode or one dimensional
bar codes is widely used and accepted as a reliable mean
of computer readable identification but quantity of
information is limited by one dimensional data storage
and thus the application is limited. Matrix data code or
two dimensional code offer much greater data storage
possibility. With grater data storage application of this
kind of barcode is much greater. Technology that offers
similar capabilities as bar code that doesn’t require optical
scanning is RFID (radio frequency identification). RFID
offers much quicker and easier identification, with great
possibilities in data storage and wide application. The
advantage of RFID is that it uses a memory storage device
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to store a certain amount of data such as the product
identification number, manufacture date, location, etc.
This information can quickly be read by a wireless
scanner, so RFID can process large volumes of data at the
same time and improve efficiency of operations. It is very
important to stay in touch with a latest advancement in a
field of Graphic technologies and to by one step in front
of plagiarist. This paper offers comprehensive overview
of available technologies that can be used for product
identification and protection from unauthorized copying .

2. PRINTED SECURITY ELEMENTS
APPLYABLE TO PACKAGING
Printed security elements are usually applied on a bank
notes, diplomas, etc. where the value is abstract.
Packaging of a product is has much more real value and
the cost of printing must be taken in to consideration.
There are some techniques that add security without of
adding cost to production process. Almost all packaging
is printed and it's possible to add security elements in a
prepress faze of production that do not require special
printing processes or additional cost in a print or post
print faze of production. The security elements can be
divided to human visible and invisible security elements.
Human visible elements are easier to reproduce and
notice, while human invisible elements are far more
sophisticated and harder to reproduce. Manipulation on a
raster level of print is one of the possibilities to achieve
unique prints that are impossible to reproduce without of
source code by which they have been created. this kind of
security can be created so it's visible by the naked eye or
by magnification glass. Human invisible elements on the
other hand demand special devices that must be used so
that security element is noticeable.

Beside protective purpose usage of this kind of elements
can contribute to attractive design which is highly
personalized. Postscript defines an image that will be
interpreted through a sequence of numbers and the
interpreter do the rendering from left to right and top to
bottom. Device that interprets the image seeks data about
number of pixels, columns, size and shape of the pixel
and the position on the page [2]. All of those parameters
can be influenced and changed in order to achieve unique
security graphics. Various types of screen elements, angle
and frequency can be applied to raster or vector graphics.
Figure 1. shows application of stochastic generated raster
on textual elements.

Fig.1. Stochastic generation raster applied to text
Additional security can be achieved by using copyrighted
material as raster elements, logo could be used or a font.
This kind of protection can't be reproduced by scanning,
to reproduce it original font is needed. Having in mind
that fonts are copyrighted it could be considered as a
double protection. Image is reproduced by using font as
raster element in monotone low resolution so the raster
elements are visible is shown in figure 2.

2.1. Security elements achieved by raster and
pixel manipulation
Prepress process offers wide range of imaginative security
applications. The protection against forgery can be
achieved by choosing special type of rater and introducing
stochastic processes in to programming [1]. Introduction
of pseudorandom numbers final results are controlled and
can be reproduced, while the way by which repetition can
be achieved is known only to author of that particular type
of protective element. A pseudorandom number generator
(PRNG), also known as a deterministic random bit
generator, is an algorithm for generating a sequence of
numbers that approximates the properties of random
numbers. The sequence is not truly random in that it is
completely determined by a relatively small set of initial
values, called the PRNG's state. That way security
elements are highly diverse and can't be reproduced
without knowing the initial values and having a library of
used elements. The central question to the theory and
practice of cryptography, whether there is any way to
distinguish the output of a high-quality PRNG from a
truly random sequence without knowing the algorithm
used and the state with which it was initialized.
Introduction of new raster shape and usage of pictograms
and fonts enhance possibilities of protection. Combination
of different elements further enhances security features.
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Fig.2. Example of image reproduced with character
elements

Characters can be used to reproduce a color images,
screening can be amplitude or frequency modulated
screening as shown in Figure 3.

response in the range of 700 to 1000 nm wavelengths it's
possible to control visible and invisible part of an image
thus inserting security elements in invisible image
elements. CMYKIR separation method means addition of
a new variable in combining process printing inks that
will carry information on provoking reaction to Infrared
radiation.
RGB - CMYK with infrared control - CMYKIR

Fig.3. Example of color image reproduced with four color
frequency modulated screening

2.2. Infrared design CMYKIR
Conventional graphic theory of color printing has in focus
a reproduction in the spectrum visible to human eyes daylight. Reproduction in invisible part of the spectrum is
more interesting to security element printing. Human eye
is sensitive to a visible light which is represented by
electromagnetic waves in area approximately 380 to 760
nm. Outside that area light can be seen only by special
devices. Ultraviolet (UV) area is area next to purple edge
and wave lengths shorter of 380 nm. Infrared (IR) light
begins above 760 nm next to red part of the spectrum,
shown in a Figure 4.

The CMYKIR idea is based on facts that the same tone
color can be achieved at the infinite variety of ways.
CMY and K respond differently in infrared light. It is
possible to replace CMY printing inks with carbon K
printing ink for the same hue / tone of color. This allows
programming targeted CMYKIR separations. Black color
can be achieved in two different ways resulting in a
similar appearance. Black which is generated by mixing
CMY components which is not visible in IR wavelengths
and black color "K" called «carbon black» which is
visible under Infrared radiation. Figure 5. shows the
difference in rendering different black in daylight and
infrared light.

Daylight

Infrared

Fig.5. Two blacks: Black: CMY = not visible in Infrared
light, Black: K = visible in Infrared light
The planning of visibility and invisibility of IR area
enables the protection of all graphic color products.
Figure 6. shows some examples of CMYKIR in security
prints.

Fig.4. Ultraviolet, visible, infrared wavelength areas
Those areas of a spectrum can be used for security
features. UV inks can be used to print graphical elements
that are invisible to naked human eye but can be observed
bi special devices. UV security elements require special
inks and therefore influence the final price and are usually
used for security prints on documents and bank notes. IR
security elements can be achieved with no additional cost
in printing process, this can be achieved by programming
color separation in prepress process [3]. Separation RGB CMYK with GCR, UCR, UCA control is developed only
for visible colors 400 - 700 nm. Cyan is visible up to 750
nm. Magenta is invisible above 600 nm. Yellow is
invisible above 650 nm. Black is visible up to 1000 nm.
By combining printing inks with managing the infrared

Daylight

Infrared

Fig.6. Color image visible in daylight and image visible
in infrared light.
This method of color separation planning can be applied
to graphics of any content such as personal pictures with
reproduction of grayscale originals visible in infrared area
as shown in Figure 7.
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Fig.8. Linear bar code (code 128), example of expanding
size by adding data

Fig.7. Color image visible in daylight and image visible
in infrared light.
By scanning this kind of prints all the information about
color separation and so it can't be reproduced. For
reproduction of this kind of security graphics both of
original images are needed and they can't be extracted in
good enough quality from a printed product to be used
again in reproduction. Main differences between UV and
IR security prints are in application costs and hardware
needed for detection of security elements. IR security
prints can be produced by usage of standard inks and
simply by adding a filter to digital camera hidden
elements can be noticed thus making this technology very
affordable and easy to adopt as one of protection
measures.

Barcodes can encode both alpha and numeric characters.
If alpha characters are included in the barcode its size
increases by about 50%. Two dimensional barcodes
contain more information than conventional one
dimensional linear barcodes. Conventional barcodes get
wider as more data is encoded. 2D barcodes make use of
the vertical dimension to pack in more data. 2D barcodes
have become possible to read as auto scanning CCD and
laser scanners. At this time most conventional CCD
camera in mobile phone can capture 2D barcode and by
installing right software 2D bar code content can be read
by any camera equipped mobile device. Barcode, as
PDF417 do not offer advantage over conventional
barcodes with small amount of data. The point where 2D
barcodes should be used rather than 1D occurs
somewhere between 10 and 20 data characters depending
on particular circumstances. Figure 9. shows the PDF417
barcode encode a) ten characters, b) all the characters in
alphabet in capital and small letters and ten digits, c) 249
characters of text.

3. PACKAGING ELEMENTS FOR PRODUCT
IDENTIFICATION
Computer readable identification can be achieved by
conventional one dimensional (linear barcode), two
dimensional (matrix data) code or RFID (radio frequency
identification). Two dimensional codes and RFID
technologies can be used to offer additional information's.
By offering the additional information to the consumer
and all the participants in supply chain product can be
easily identified as an original. Conceptually, bar coding
and RFID are quite similar; both are intended to provide
rapid and reliable item identification capabilities. The
primary difference between the two technologies is that
bar coding scans a printed label with optical laser or
imaging technology, while RFID scans, or interrogates, a
tag using radio frequency signals. Because of the low cost
of bar code labels, established standards, and global
deployment, bar coding is widely accepted. Just as there
are different bar code symbologies in use today, there are
different RFID standards for RF communications
protocols [4].

3.1. Printed elements for product identification
Linear barcode is widely used as a reliable mean of
computer readable identification but quantity of
information is limited by one dimensional data storage.
Quantity of information in liner bar codes are limited by
the type of bar code and the space required, adding
information is expanding the dimensions of a bar code as
shown in Figure 8.
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a)

b)

c)
Fig.9. Two dimensional Barcode, as PDF417, example of
expanding size by adding data
This is much more than can be achieved with a
conventional barcode while still retaining a manageable
barcode size. Whilst it is prudent to minimize the number
of data characters encoded in the barcode this example

shows what can be achieved with PDF417 [5]. There are
different symbols (standards) for producing 2D barcode
some offering high performance such as paper disc high
density code, used for data heavy applications (10K – 1
MB) developed and patented by Cobblestone Software.
Information offered to a consumer by 2D bar code can be
useful to product identification, marketing, protection,
and if the possibility of general internet access is taken in
the consideration than possibilities are limitless. By
offering more information about a product consumers are
better informed and will be better equipped to make a
difference between original and plagiarized products.
Ability to check authenticity of a product on line limits
the possibility of purchasing a copy of the product.

3.2. Product identification by RFID
RFID stands for radio frequency identification. It is an
automatic identification technology whereby digital data
encoded in an RFID tag or “smart label” is captured by a
reader using radio waves [6]. Put simply, RFID is similar
to bar code technology but uses radio waves to capture
data from tags, rather than optically scanning the bar
codes on a label. “Smart labels” go beyond simple tag
functionality by combining human-readable information
and bar code technology with RFID. A smart label
consists of an adhesive label that is embedded with an
ultra-thin RFID tag “inlay” (which is a tag—IC plus
antenna—mounted on a substrate). Smart labels also can
be pre-printed and pre-coded for use. In on-demand
applications, the tag inlay can be encoded with fixed or
variable data and tested before the label is printed, and the
label can retain all existing formats and layouts that are
required to support bar codes, text, and graphics used in
established applications. A read/write smart label also can
be programmed and reprogrammed in use, following
initial coding during the label production process.
Information is sent to and read from RFID tags by a
reader using radio waves. In passive systems, which are
the most common, an RFID reader transmits an energy
field that “wakes up” the tag and provides the power for
the tag to respond to the reader. In active systems, a
battery in the tag is used to boost the effective operating
range of the tag and to support additional features over
passive tags, such as temperature sensing. Data collected
from tags is then passed through communication
interfaces (cable or wireless) to host computer systems in
the same manner that data scanned from bar code labels is
captured and passed to computer systems for
interpretation, storage, and action as shown in Figure 10.

require line-of-site scanners for operation. Allow stored
data to be altered during sorting or allow workflow
process information to be captured with the data. Work
effectively even in harsh environments. With a response
time of less than 100 ms, an RFID reader can read many
(several hundred) tags virtually instantaneously [7]. Tags
coupled with sensors can provide important information
on the state of the goods. For example, refrigerated goods
can be monitored for temperature, problem areas
identified and alarms raised. Protective possibilities of
this technology are just starting to be realized. The
European Central Bank has embedded RFID tags into
high-denomination bank notes as an anti- counterfeiting
measure. The bank notes already incorporate such
measures as holograms, foil strips, special threads, special
inks, watermarks and RFID is consider to be good
addition to security. There are other applications that
being considered for example: the incorporation of RFID
tags into important documents such as birth certificates,
driver licenses, educational certificates, manuscripts,
medical registrations and so on. This kind of protection
can be added to already wide excepted usage of RFID to
product identification and tracking in the supply chains.
Handheld device, such as mobile phone, embedded with
RFID reader modules will be available soon and operated
with many RFID tags in various RFID application
systems.

4. CONCLUSION
In this paper we address issues of product protection by
using advancements in printing and packaging
technology. We have presented the possibilities of using
manipulation of raster elements and separation of image
colors with a purpose of product protection by creating
unique packaging that can't be reproduce without having
access to original used to create originals. No protection is
perfect but using low cost prepress manipulation.
Programming pseudorandom changes of raster elements
shapes is resulting in protection on raster level.
Imbedding the hidden image visible only in infrared light
is also protection applied in prepress process without
additional cost in everyday production process. Product
identification by computer readable tags can also be used
as a form of a protection by offering additional
information's
to
consumer
about
authenticity
confirmation. Both Printed 2D barcodes and RFID offer
possibilities of imbedding easily accessible data useful for
authenticity confirmation and product protection.
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properties depending on the type and amount of fiber
used, the way the fibers are processed in paper and
paperboard manufacture [1-3].

2. DEFINITION OF THE PROBLEM

ANALYSIS OF HALFTONE DOTS
DEFORMATION IN THE PROCESS OF
PACKAGING AND
EXPLOITATION OF CARDBOARD
PACKAGE
Ivan PINĆJER
Magdolna APRO
Abstract: The aim of this study is to determine the
possibility of changes in the halftone dot due to the
exploitation of printed materials. The changes can
happen due to stretching of the material and produce
problems after such inaccuracy, in the preparation of
printed package, filling package, transport and so on.
Also, in the exploitation of the package unit, the base
material can be exposed to some additional mechanical
loads (like cardboard bags) where it is necessary to
determine whether there is a change in the staining
material.For analyzing the deformation of halftone dot on
the printed package the packaging operation was
performed by analyzing the material in process of
production, after the printing process in the course of
tension acting on printed material. This analysis gave an
insight into the behavior of halftone dots in the course of
exploitation and their level of physical activity during the
tension force on the material on which they are located.
Key words: cardboard, packaging, halftone, tension

1. INTRODUCTION
Paper and cardboard, often called paperboard, are the
basic raw material for producing all types of packaging,
therefore in modern packaging special attention should be
paid to the choice of paper and paperboard. Advantages of
paper-based package are: it is light, stable enough for
packaging of many products, it is very well suited for
graphic processing (printing, cutting, creasing, gluing,
etc.), environmentally clean and 100% recyclable [1].
Visual appearance of final package unit, field of
application, its lifetime and technology of production
depends on the choice of the appropriate raw materials.
There are many different types of paper and paperboard.
They vary in appearance, strength and many other

The packaging papers and cardboards which are suitable
for high quality printing are today in the focus of many
investigation. One of the main fields of research is the
quality control of colour reproduction. Since the type and
shape of the halftone dots are fundamental, therefore it is
necessary to investigate the factors which can be related
with the colour changes during the production process or
exploitation of the printed product. The aim of this
research was to analyze the deformations of the halftone
dots during the tensile loading. This kind of mechanical
stress can be related with many processing operations and
exploitation phases, such as creasing, folding, carrying
high weight load, etc [4-7].

3. METHODS AND MATERIALS
3.1. Materials
In the experiments three different types of cardboard were
used that are commonly used in the manufacture of multicolour printed package. In the table 1 is presented the
main field of usage of the chosen cardboards.
Table 1. Main field of usage of the cardboards
Type of
cardboard

Field of usage

White-lined
chipboard

package for food industry,
beverage and multipacks, chemical
industry (detergent and household
products)

Zenith

greeting cards, book covers,
package for chocolate and
cosmetics products, skin care
products, medical products and
drugs

Kunstdruck

high quality printed package for
luxury products, cosmetics, cover
of books, brochures

White-lined chipboard is a recycled multilayer board with
fully coated top and pigmented grey reverse, made in
weights of 210-500 g/m2. Because of coated top layer, the
white-lined chipboard is suitable for print reproduction in
multicolour printing [1]. Other characteristics provide the
perfect graphics finishing process: providing suitable
conditions for scoring, suitable for cutting into various
shapes, there is no rupture in tension and provides the
possibility of additional processing after printing [3]. The
second used cardboard, Zenith, is a high quality board
particularly suitable for folding with a white top layer
consisting of virgin fibers. It is characterized by his
strength. Zenith consists of seven layers. The top coat is
composed of pure cellulose with high stiffness and
whiteness, making it suitable for high-quality multi249

coloured printing. Pre-coat has a barrier function between
darker layers of cardboard and the top coat, allowing him
to keep the desired whiteness. The top layer is composed
of NBKP layer consisting of fibers from solid wood and
LBKP fibers composed of deciduous trees that provide
the required softness. Under layer is sawdust treated with
sodium carbonate, sodium hydroxide and sodium sulphite
and other chemicals before processing continues in
mechanical mills. Such a process is providing chemical
thermo-mechanical pulp. Chemical thermo mechanical
treatment is more milder (lower temperature, shorter time,
lower pH value) then chemical treatment because the goal
is to make the fibers easier to process but not to remove
lignin as it is the case in the chemical treatment. Filler
layer provides a volume to cardboard. As can be seen on
the Figure 1 back layer and single coat complete the
sandwich construction of the Zenith cardboard, and
enables a bothside-printing [3].

Table 2. Thickness of cardboard investigated in the
experiment
Thickness of the cardboard [mm]

No. of
measuri
ng

White-lined
chipboard

Zenith

Kunstruck

1

0,372

0,439

0,276

2

0,378

0,442

0,278

3

0,368

0,438

0,275

4

0,371

0,440

0,278

5

0,365

0,440

0,279

aver.

0.371

0.440

0.277

3.2. Equipment
The tensile test for all cardboard samples was performed
on Lorentzen & Wettre SE 060 tensile testing machine.
The machine was configured for every type of cardboard
according to its thickness and basic weight, with
additional adjustment of the clamp moving speed, which
was set to 2mm/min. The test was carried out at 23°C and
50% humidity.
Fig. 1. Structure of Zenith cardboard
The third type of cardboard, called kunstdruck is usually
used for the finest multi-color printed package with the
possibility to print 84 lines per cm. Kunstdruck cardboard
is produced with basic weight from 200 up to 400 g/m2
from chemical pulp with a small addition of mechanical
pulp. At a special machine the board is coated from both
sides with white or colored pigment and binder, like:
kaolin, blanc fix, barium sulfate and others. Its surface
can be highly glossy, glossy, semi-matt and matt [1, 3].
As the cardboards consist of several layers with the same
or different composition, different behavior can be
expected of each of these layers during the tension test.
The experiment involved measuring of the cardboard
thickness. Measured thicknesses of cardboards are the
input parameters for measuring their strength to rupture,
and is also good indicator of its quality. Uneven thickness
result in uneven prints and reduces the mechanical
properties.
From the values (see Table 2) of the measured thicknesses
of the cardboards can be concluded that the white-lined
chipboard has most uneven thickness and therefore it is
given the lowest-grade, because it can be expected that it
has the lowest breacking force of these three cardboards.
Cardboard Zenith is the thickest board, because of the
layer of fill and therefore it stands for a very solid
cardboard.
From all offset printed cardboards 5 pieces of tensile test
strips have been prepared in both grain direction (MD machine direction and CD – cross direction) according to
the JUS H.N8.214 standard [8].
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For the monitoring and recording of the changes on the
stripes surfaces the SIBRES PIT USB microscope has
been used with magnification of 140X. During the tensile
loading of test strips a picture has been taken in every 10
seconds, which was sufficient to record the main stages of
the surface changes and halftone dots deformation.

4. RESULTS AND DISCUSSION
During the analysis of the recorded material it was
determined, that there was no deformation in the midst of
the halftone dots due to increase of tension loading. Since
the cardboard consists of several layers, within layers of
cardboard are starting to spread. The top coat layer has
been moved in the longitudinal direction of tensile strips
instead to extension. By analyzing the halftone dots, it
was determined, that there was no deformation, but only
movement in the direction of tension. After it achieves
maximum shear length of about 2% the top layer is
cracking. As in the pictures a-h in Figure 2 can be seen,
the cracks are formed on the material and only the
halftone dots that are located directly on the breaking line
alter their dimensions due to the appearance of cracks.
Halftone dots nearest to the cracks are unchanged, since
the appearance of cracks reduced surface tension, and
there was no deformation, but increase of the split within
the material, until complete breaking of the materials.
Although the force required for a complete break of the
material in the case of white-lined chipboard are smaller,
the process of breaking of the material takes place in the
same way as with the Zenith cardboard.
Elongation is more definite because there is a rupture of
material in various locations and a complete break occurs
less violently because the fibers are slowly drawn from
the structure of the paper due the weak connections
between the fibers.

a

b

c

d

e

f

g

h

Fig 2. States of performed tension test of printed cardboard (Zenit)
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Halftone dots that were not directly in the line of breaking
of the material remain unchanged. Cracks reduce material
surface tension and thereby prevent deformation of the
printed halftone dots. Analysis of kunstdruck cardboard
has showed the same states that have been seen in the
case of white-lined chipboard and Zenith cardboard. If the
needed loading force is lower than the stress which leads
to rupture of the material it can be concluded that the
halftone dot will not deform. Even when the tension
increase and reaches the threshold of loading for complete
rupture of cardboard, halftone dots which are not located
directly on the line of breaking will not deform under the
influence of tension force, because the cracks occurring in
the top layer of material are reducing surface tension and
thus prevent deformation of the halftone dots.

5. CONCLUSION
Analysis showed that the structure of the investigated
material disables deformation of the printed top layer.
High-quality printing uses the top layer of the cardboard,
which is usually very stiff and therefore its elongation is
minimal and the tension loading causes a material
breaking. Deformation of the halftone dots is not visible,
except in places where there is a rupture of the surface of
material. It can be concluded that the halftone dots would
not be changed as long as the tension stresses are within
the limits that will not lead to rupture of the material.
Analyses were also conducted on that the test strips in
which the direction of fibers follow the direction of
tension. This case also leads to the shear of top coat
which is manifested by moving the halftone structures in
the direction of tension acting on the strips. A sudden
interruption of the material occurs when the top coat stop
to shear. Due to the increasing strength of materials if the
force acting in the direction of fibers, there is no split
between fibers that appeared when the force was
perpendicular to the direction fibers, rather than a sudden
rupture of the upper layer when it is on overload. We
emphasize that the forces required to interrupt cardboard
when the tension acting in the direction of fibers greater
than the force necessary to get a interruption when the
tension acting transversely to the direction fibers inside
the cardboard, while the material stretches half less which
again confirms the conclusions imposed.
For further research in the area of halftone dots
deformation during the exploitation is possible to focus
on flexible substrates for printing, such as polymer film,
aluminum foil, aluminum sheets. Insight into the changes
that occur in the process of packaging and the end-use of
package are related to changes in the dimension of
halftone dots, can lead to correction of the input
parameters in prepress production.
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PARAMETRIC MODELING APPLIED IN
WOOD FURNITURE MANUFACTURING
Milan RADOJEVIĆ
Dragan MILČIĆ
Miroslav MIJAJLOVIĆ
Abstract: Product shaping is an important phase of the
design process. Theory of product shaping is scientific
discipline which studies approaches and methods applied
in product development. Theory is applicable to the parts
and assemblies as well. Part and assembly modeling is
final operation of shape forming process. That is the
phase when product gets its final, defined 3D shape.
Compute Aided Design (CAD) technologies which
support parametric part modeling as a support to the
design process, give following advantages: time
necessary to design family of similar parts is significantly
shorter and quality of products is the same or better than
during design part by part. This paper gives a glance on
parametric modeling and its application in wooden
furniture manufacturing.
Key words: CAD, Parametric Modeling, Wood Furniture
Manufacturing

1. INTRODUCTION
Design process is a process of transformation of an idea to
a project what is a basis for production. The main goal of
the design process is to find optimal solutions considering
every aspect of a product and to fulfill all demands tied to
the manufacturing, exploitation and recycling. The
product has to be market concurrent as well.
Product shaping is an important phase of the design
process. Design and shaping theory, as applied scientific
disciplines, investigate structure and shapes of systems
and methods of optimal shape forming. Tools for shaping
process realization, computer based technologies based on
hardware and software for visualization of results is in the
scope of investigation within shaping theory, as well.
Product modeling is final phase in the shaping process. To
geometrically model a product means to define product’s
shape in 3D model.
Modeling of a product is achieved in several levels,
accordingly to its structure and complexity. If we consider

part as a primary unit of complexity, several parts,
functionally connected represent preassembly or
assembly. Several assemblies functionally and structurally
connected make a group or a machine. CAD technologies,
following the previously mentioned logic enable:
 Part modeling,
 Assembly creation
 System creation.
To create new system, modern engineers use CAD
technologies which give them 3D virtual models of
products. This completes modern design process and
eases further phases of product development. Parametric
modeling can even ease even more the product
development
process,
especially
for
similar
parts/assemblies/systems – different families of
parts/assemblies/systems.

2. PARAMETRIC MODELING
Process of realistic 3D models creation, models that are
replicas of real model, is called modeling. Modeling can
be done in any CAD applicative software. CAD models
give materiality and realistic picture of a real product. The
level of realism depends from the class of the CAD
application that is being used for modeling.
CAD applications have been introduced to the
engineering branch in the early 1970s and they were
simple replacement for the drawing boards. Further
development of CAD applications enables to engineers to
create 2D Fig.s and use previously created Fig.s as
standard elements taken from the database. In the early
1980s, fast development of computers has backed up
development of first CAD applications that were capable
to work with 3D wireframe models. These models are
first steps of modeling – virtual product design.
Higher level of modeling is parametric modeling.
Prerequisite for this parametric modeling is existence of
adequate CAD parametric kernel. Parametric form is
based on the functional dependency of dimensions
between similar parts – from the same family. Parameters
are properties directly involved in shape and size of a
product – dimensions. These parameters are called
geometrical parameters of shape. Some number of
dimensions (for example: height, width and length of the
furniture) represent undependable parameters and they do
not consider other parameters of a product. These
parametric values are calculated, chosen or demanded and
they are main constants of a product. The other group of
parameters is group of dependable or tied parameters that
are mathematically tied to some other parameters, which
might be dependable or undependable.
However, even thou parameters directly involve on
geometry and shape of a construction – product, their
existence is important for other properties of a product, as
well. This statement puts all parameters in some of the
following groups:
1. parameters tied to the functionality of a product,
2. parameters tied to the strength and stiffness of a
product,
3. parameters tied to the position of a part in a system,
4. parameters tied to the standards.
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If product development consists of work with elements
and assemblies with significant structural complexity full
parametric dimensioning of a system is very difficult and
sometimes impossible to do. Complete parametric
dependency
(and
modeling)
between
parts/assemblies/systems is then, required only with not
so complex structures. The more appropriate and much
easier to use principle is partial parametric modeling.
Application of this principle demands parametric
modeling of basic part, assemblies or subsystems that
have functional importance or they are expected to be
modified periodically. So, parametric modeling can be
defined as: complete or partial.
One of the biggest advantages of parametric modeling is
possibility of quick dimension change what mostly results
in shape change, as well. This property of parametrically
modeled parts is widely used for family of similar parts
creation. Simple change of values in one or more
parameters results with new dimensions, new shape
and/or new position in an assembly. This ability is very
useful for modeling panel furniture, as well for standard
elements quick modeling – elements like: gears, bolts,
nuts, bearings are. Modern CAD applications have
implemented modules that easily develop or implement
already modeled standard parts.

schemes is crucial in furniture design process as well.
Furniture should be home friendly and every buyer has
different taste for his living space. Parametric modeling
can provide fast adjustments and buyer can easily give
brief overview to a manufacturer what does he wants to
see in his home. 3D renderings give realistic images of
furniture. Developed models can be converted into the
STEP or IGES files and easily used in any other
application, such is 3D planner – used for living space
planning.(Fig. 2).

Fig.1. Application of 3D parametric modeling

2. MODELING IN WOOD FURNITURE
MANUFACTURING
Parametric modeling of wooden furniture is very useful
approach in furniture manufacturing since schemes and
models used in this area are similar and belong to a family
of similar parts. Wood based panels for furniture
manufacturing are delivered as 2750-2800 mm long and
2070-2120 mm wide, depending on the manufacturer of
wood panels. For further furniture manufacturing it is
necessary to prepare these panels to adequate dimensions.
Common usage of these panels is usually below 90%
what makes them more expensive then they are.
Manufacturing program of a furniture factory is usually
adjusted to a single wood panel’s manufacturer, but
unexpected contract canceling between them might be a
problem if furniture factory is not capable to quickly
transform existing documentation according to the
proposal of a new panel distributer. One way to prevent
delays in work of such a factory is parametric modeling of
parts and assemblies.
It is a powerful service for the panel-based furniture that
is typically manufactured by CNC machines. We first
build a digital 3D model with all the parts required to
build the actual product. We then use this model to
generate subsequent manufacturing data and drawings for
precise and fast production. 3D virtual models are
developed in some CAD application (Inventor,
SolidWorks etc.) and they have numerous applications
(Fig. 1). These models can give final – technological
documentation, lists of parts, and numerous details such
are: price of a product, mass, density, volume etc. For
example, furniture factory must make a business proposal
in a few hours and parametrically modeled parts and
assemblies can ease that problem and make a proposal
possible in a few minutes. Price, as a prime factor of any
proposal, is given in seconds. Development of montage
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Fig.2. Furniture from a program KIKI
In children, living and bed room primary furniture can
described as a member of a family:
 lockers,
 commode,
 show case,
 wardrobes,
 closets.
Analyzing the manufacturing program KIKI
manufacturing factory Jela, city of Jagodina, it
concluded that redesign of an existing program

be

of
is
is

necessary. Several facts have given the proof for this
conclusion:
1. decrease of selling,
2. hard manufacturing,
3. non optimal constructive decisions in products,
4. large number of different panels involved in
manufacturing process,
5. usage of démodé materials, colors etc,
6. design changes on the market.
After an analysis, list of demands has been created:
1. to redesign program KIKI but there should be no
visual change comparing to the existing program,
2. to satisfy ergonomic demands,
3. to decrease number of different panels in the program
to ease the manufacturing,
4. to find new model for edge curving and increase shock
adsorption of elements,
5. to design new type of support that will increase
stability of complete furniture even on a rough
background,
6. to include new mounting for all elements to get more
stabile furniture,
7. to equalize length between masks and floor, wings,
back, left and right panels and diverting verticals in
the closets,
8. to input corpus drawers as a replacement for 3
different panels in a drawer,
9. to ease montage, to avoid hammering of the back
sides,
10. strictly to take care about limitations in
manufacturing, logistics and manipulative packages of
furniture.

Old program fad furniture with left and right back planes.
Redesign of both planes has been done and now all of the
wardrobes have only one panel (Fig. 5). New model has
back panel drilled in raster of 32 mm with holes ∅5 mm
and depth 12 mm. They are used for mounting of clams,
sliders, drawers and side ribs. User is able to change the
shape of the furniture or remove parts of the wardrobe
that doesn’t need. Variant solutions are given in Fig. 6.
Wardrobes can have some elements that belong to the
closets or commodes and various types - drawers and
wings.

Fig.4. Floor of the element P5

3. ELEMENTS REDESIGNING
Old program had furniture which had single and different
floor panels and roof panels for every variation of
furniture. Panels were totally different – geometrically
and dimensionally. Equalization of both panels has
decreased number of different panels in manufacturing
what has resulted to increase of the manufacturing series
and productivity increase (Fig.s 3 and 4).

Fig.5. Back side of the closet

Fig.3. Ceilr of the element P5

Fig.6. Variant solutions of wardrobes
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Application of new mountings called “quick feet” has
given the increased stability of complete wardrobe and
eased montage. After this redesign, only one person in
montage is needed to complete the biggest wardrobe
(Fig.7).

a)

b)

c)
Fig.8. New material for edges, soft contour and
application to the floor panel
a)top view of the floor panel; b) soft contour on the floor
panel; c) section view of the soft contour

Fig.7. New mounting for carrying – “quick feet” applied
to the all parts of a wardrobe
Shock sensitivity of surfaces with rounded edges (with
soft material as an absorber, width 0.45 mm) is improved
with application of new material, width 3 mm (Fig. 8).
This material is made of PVC, layered with foil of décor
which is applied in corpus. It is easy to manufacture,
fabricate during furniture manufacturing. No leg for the
furniture has been developed that enables easier montage
and adjustment of parts (Fig.s 9 and 10).
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Fig. 9. Model of the leg






separating horizontals,
divisions,
wings (application with glass),
masks.

Fig.10. Complete leg
In order to ease montage, no nailing has been used for
back ribbing (Fig. 11).

Fig.12. Model of commode with 2 wings and 2 drawers

Fig.11. Back view of the element

4. PARAMETRIC MODELING OF THE
PANEL FURNITURE
There are several types of wooden panels in corpus
manufacturing program (Fig. 12):
 floor of the roof,
 back sides,
 separating verticals,

A single corpus element has corpus and color. One corpus
is considered to consist of: floor roofs, back sides,
separating verticals, separating horizontals and divisions.
All of them are made in décor of beech, light ash, oak and
sweet cherry.
Every element has its length, width and depth.
Manufacturing program considers raster between drilled
hole of 32 mm precisely defined with the distance of
masks and edges from the roof floors and separating
horizontals. For parametric modeling of these elements, it
is important to accept several standard heights of elements
that will fulfill functionality and ergonomic criteria.
Width of elements is defined with the model of furniture:
if it is one winged, two winged etc. Two winged furniture
can be a variant with separating vertical or without it. If
we use the separating verticals, that makes six possible
widths of corpus elements. If we consider the orientation
of the wood it can be said that width of the panel is the
length of the floor panel.
Depth of the furniture gives functionality. Program has
two options. So, lockers, commodes and show cases have
smaller depth while closets and wardrobes have greater
depth. Depth determines the width of the floor, back side,
divisions, separating horizontals and separating verticals.
Parametric model generation is possible on 2 different
ways. First approach uses a template of the model created
in CAD and systematic parameters are read over dll files
by the CAD application.
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Another approach uses Microsoft Excel file as a database
where parameters of the model are inserted .Previously
modeled basic models of furniture, parametrically
connected one to another are already in the M. Excel.
After start of the CAD application, in this case Autodesk
Inventor, CAD connects to the M. Excel file, starts a
template of the model and updates it according the data
from the Excel.
For parametric modeling of the furniture, it is used second
approach. Since every element has its dimensions in the
table (Excel) (Fig.13) these are the main parameters
necessary for modeling.

Checking the adequate parameters it is possible to choose
characteristic parameters of the furniture. These
parameters are responsible for further manipulation of the
furniture data. Fig. 15 gives and example how parameter
exchange involves the shape of the furniture and its
elements.

Fig.13. An example of the furniture
For quick exchange and program adjutancy with new
cutting schemes (for panels) 3 parameters are used:
length, width and depth (Fig. 14).

Fig.15. An example: element K22-S defined with
parameters given in table – width and depth

Fig.14. Basic parameters
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Parametric modeling eases the changes in technological
documentation of a certain part of the furniture what is the
main goal of parametric modeling in manufacturing of the
wood furniture.
Fig.s 16, 17, 18, 19 give examples for the lockers,
commodes, wardrobes and closets. Numerous variants are
made and converted into adequate model capable to be
inserted into 3D planner and further more used for custom
development. Buyer can create his own children’s room,
bedroom, without even coming to the factory. Parametric
modeling has enabled virtual world to improve realistic
word without increasing the price of the furniture.
After analysis of the market, management can easily
change parametric modeled furniture and adjust the
factory to the new market demands.

Fig.16. Lockers

Fig.17. Commode

Fig.18. Chases

Fig.19. Wardrobe
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5. CONCLUSIONS
Usage of CAD drastically decreases the time necessary
for the design process and direct influence on the design
process increases the quality of the system. Parametric
modeling put its advantages to the design process and
helps engineers of every class and type get better
products.
So, the biggest advantages of the parametric modeling
are:
 It saves money since there is no need for the probe
manufacturing (0 series). Errors and difficulties can be
seen on the virtual model and simulated.
 Better, easier and faster optimization of the process
and products.
 Easy and fast solution change during design process.
 Designer can easily redefine and change construction
if product manufacturing process changes.
 Easier and simpler work on technological
documentation creation.
 It is easy to create family of similar parts that differ
one from another only in dimensions,
 It is easy to determine the price of every part or an
assembly. If we pay attention to the application on the
furniture manufacturing it is important to note that
price is calculated as a price per surface. It is
important to determine the surface that has been used
what is not so easy to do without virtual models.
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Designing a successful order picking system requires
asking the right questions, analyzing the right data, and
applying the right expertise.
The design of order picking systems is often complicated,
due to a wide spectrum of external and internal factors
which impact design choices.

DESIGN OF MODERN ORDER
PICKING SYSTEMS
Dragan ŽIVANIĆ
Anto GAJIĆ
Vuk BOGDANOVIĆ
Abstract: In warehouses and distribution centers
products have to be picked from the specified storage
locations on the basis of customer orders. Order picking
is the activity by which a small number of goods are
retrieved from a warehousing system to satisfy a number
of independent customer orders. Key objectives in
designing an order picking operation include increases in
accuracy, reduction of cycle time and increases in
productivity. Cycle time is the amount of time it takes to
get an order from order entry to the shipping area
Productivity in order picking is measured by the pick rate.
Whether designing a new order picking system or
modifying an existing one, simulation makes it possible to
study, analyze, and evaluate different alternative solutions
Simulation is one of the most powerful tools available to
decision-makers responsible for the design and operation
of complex processes and systems. It makes possible the
study, analysis and evaluation of situations that would not
be otherwise possible. The paper also includes some of
the benefits of using simulation for analyzing material
flow in a order picking systems.

Fig.1. Typical functional areas and flows within
distribution centers [2]
In the literature there are many operative strategies to
improve order picking productivity. However studies
referring to the order picking system choice are very rare.
External factors that influence the order picking system
choices include marketing channels, customer demand
pattern, supplier replenishment pattern and inventory
levels, the overall demand for a product, and the state of
the economy. Internal factors include system
characteristics, organisation, and operational policies of
order-picking systems. System characteristics consist of
mechanisation level, information availability and
warehouse dimensionality. Decision problems related to
these factors are often concerned at the design stage. The
organisation and operational policies include mainly five
factors: routing, storage, batching, zoning and order
release mode. Fig. 2 shows the level of complexity of
order picking systems, measured by the distance of the
representation of this problem in the axis system to the
origin.

Key words: design, order picking, simulation

1. INTRODUCTION
Some of the major activities within a distribution centers
include the receipt of items and customer orders, storing
items, order picking, shipping, customer service and
reclamation, and control. Among these activities, order
picking has been identified as the highest priority activity
in a distribution centers for productivity improvements.
Order picking is the activity by which a small number of
goods are retrieved from a warehousing system to satisfy
a number of independent customer orders. [1] The order
picking system is the most laborious of all warehouse
processes. Figure 1 shows the typical functional areas and
flows within distribution centers.

Fig.2. Complexity of order picking systems
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While designing an order picking system, a designer must
consider the following question:
 what is the total length of picking path,
 what is the average number of picks per order,
 what is the average cubic volume of an order,
 what is the average time to perform a single pick in
seconds, not including walking,
 can current control systems handle batching of orders
(if system can handle batching orders, how many
would be in a batch),
 are there physical barriers in warehouse between
picking areas,
 is there a large variation between articles in weight,
size, or storage type,
 can operators use mechanical means to transport
multiple orders in the warehouse,
 do your operators tend to get in each other's way while
picking,
 do use conveyor in picking area,
 is there space to install takeaway conveyor in current
pick areas without interfering with the replenishment
and picking operations,
 how many different part numbers do you store and
pick.
Key objectives in designing an order picking operation
include increases in accuracy, reduction of cycle time and
increases in productivity. Accuracy will be a key
objective. Technologies that aids in picking accuracy
include pick to light systems, bar code scanners, and pick
to voice systems. Cycle time is the amount of time it takes
to get an order from order entry to the shipping area.
Productivity in order picking is measured by the pick rate.
The most common objectives of order picking designer is
required to optimize include maximizing throughput or
minimizing either cost, space, response time or error rate,
or a combination thereof. Other objectives which are
often taken into consideration in design and optimization
of order picking system are to [3]:
 minimize picker travel time and distances (there are
many concepts or methodologies and technologies that
minimize the pickers travel time during order
picking),
 minimize product touches (the number of times an
item is touched or handled from the time it is ordered
to the time it leaves the facility),
 use of golden zoning principles (process of placing the
fastest moving articles within easy reach of order
pickers),
 use dynamic work zones or flexible picking zones (for
example, at times when flow of products is slower, the
work zones can be increased to allow for fewer order
pickers),
 use of picking technology aids (choise of proper order
picking technologies - pick to light, pick to voice or
RFID).
Designers make decisions on design of order picking
systems at tactical or operational level [5]. Common
decisions at these levels are:
 layout design and dimensioning of the storage system
(tactical level),
 assigning product to storage locations (tactical and
operational level),
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 assigning orders to pick batches and forming work
zones (tactical and operational level),
 order picker routing (operational level),
 sorting picked units per order and grouping all picks
of the orders (operational level),
Fig. 3 shows the order picking time components in a
typical picker to parts system. [5]

Fig.3. Typical distribution of an order pickers time

2. METHODS OF ORDER PICKING
Many different order picking system types can be found
in distribution centers. Sometimes a combination of
picking methods is needed to handle diverse product and
other order characteristics.
Discrete - operator picks one order, one product at a time.
Typically used when order size, distance traveled, and
number of total articles is small.
Tbatch - operator picks one product for a group of orders
at the same time, this will require sortation and possible
consolidation of products for the orders. Typically used
when large numbers of orders contain the same articles.
Cluster - operator picks to pick-cart for multiple orders
and will pick a products for each order during a single
pass through the pick area. Typically used when the total
cube of multiple orders can be manually transported.
Zone - the picking is organized into zones with one
operator per zone and picking to all orders. Typically used
for high speed picking for limited articles is needed.
Wave - operator picks one order one product at a time for
a group of orders. Typically used when orders are
released to be picked during a specific time period.
Zone batch - operator is assigned a zone and picks a part
of one or more orders, depending on what products are
stored in the zone.
Zone wave - operator is assigned a zone and picks all
products for all orders stocked in the zone during a
specific time period.
Zone batch wave - operator is assigned a zone and picks
for all orders stocked in the zone, picking for more than
one order at a time and for multiple scheduling periods
during a shift.
The most distribution centers typically prefer to consider
batch or zone picking strategies [4]. In deciding whether
to employ a batch or zone picking strategy a designer has
to account for each of the four factors: pick rate, blocking,
workload imbalance, and sorting. One way to address this
problem is to estimate the effect of these four factors and

incorporate them into a model to estimate batch or zone
picking system cost. The components of the system cost
may include labor, equipment, imbalance, and sorting
costs. Labor cost includes the total annualized cost of
labor (i.e., pickers, along with pick carts, and packers) in
the system. Equipment cost includes cost of racks,
conveyors, etc. Imbalance cost is the cost incurred to
fulfill items that were not fulfilled during the scheduled
hours of operation in a day. Sorting cost is the annualized
cost of a sorting system.

2.1. Batch picking
Batch picking is a distribution center product picking
process where enough quantity is picked to satisfy the
demand for multiple orders. Two types of batch picking
strategies exist: pick and sort and sort while pick.
Pick and sort: the pickers do not sort while picking the
items into customer orders. The batch is later sorted by
order and/or delivery address. Computer’s model of this
metod is shown in fig. 4.
Advantages of this method are:
 increases pick rate of pickers as sorting not part of
picking,
 reduces chances of workload imbalance.
Disadvantages of this method are:
 requires a sorting system,
 increases probability of blocking,
 decreases pick rate of pickers as picktours are long.
Sort while pick: in sort while pick batch picking the
pickers simultaneously pick and sort the items into
customer orders.
Advantages of this method are:
 reduces chances of workload imbalance,
 does not require a sorting system.
Disadvantages of this method are:
 decreases pick rate as sorting part of picking process,
 decreases pick rate of pickers as picktours are long,
 increases probability of blocking.

2.2. Zone picking
A given order may be split across zones for picking. The
picking process across zones may occur in one of two
ways: parallel pick in zones and sequential pick across
zones.
Parallel pick in zones (zone pick): parallel pick involves
picking the order in parallel in multiple zones. The picks
from multiple zones are consolidated in staging area.
Computer’s model of this metod is shown in fig. 6.
Advantages of this method are:
 processing time is less as picks are processed in
parallel in multiple pick zones,
 no pick equipments such as conveyors or trolleys
needed,
 suitable when pick zones are far apart and require
different equipment to pick.
Disadvantages of this method are:
 travel time is high as each operator performs the round
trip to the staging area

Sequential pick across zones (pick and pass): order and
cluster pick can be performed in a pick and pass mode.
This involves picking for the same order sequentially
across multiple zones. Computer’s model of this metod is
shown in fig. 5.
Advantages of this method are:
 less travel time if equipment capacity is enough to
accommodate picks from multiple zones,
 consolidation effort is less as order is picked in one
container across all zones.
Disadvantages of this method are:
 processing time is more as picks are processed
sequentially across pick zones,
 may require conveyors or trolley for efficiency,
 travel through all pick zones is required even though
no picks exist.

3. MATERIAL FLOWS SIMULATIONS IN
THE ORDER PICKING SYSTEMS
Simulation is the imitation of the operation of a realworld process or system over time. Simulation has
become a widely used tool in material handling. Whether
designing a new order picking system or modifying an
existing one, decision-makers want to take the guesswork
out of finding the best possible solution. Simulation
makes it possible to study, analyze, and evaluate different
alternative solutions.
Most organizations that simulate material flows in order
picking systems use a commercial simulation software
product, rather than a general-purpose programming
language. Examples of simulators are Flexsim, AutoMod,
ProModel and Witness. A simulation model is developed
using a simulator by using graphics (dragging and
dropping icons), by selecting items from menus with a
mouse, and by filling in dialog boxes. The major
advantage of a simulator is that amount of time required
to develop the model may be reduced considerably. The
major disadvantage of simulators is that they are not as
flexible as simulation languages, since they do not allow
full-blown programming as in simulation languages.
Flexsim is a menu driven simulation package mainly used
in material handling, warehousing and manufacturing.
Computer’s models (Flexsim) of diferent order picking
methods is shown in fig. 4, 5 and 6.

Fig. 4. Computer’s model of the pick and sort method
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Regardless of the product handled, or the picking method
and equipment used, locating product by the frequency of
picks should be incorporated into the system design.
Simulation allows us to identify bottlenecks in
information, material and product flows and test options
for increasing the flow rates. Simulation provides cheap
insurance and a cost effective decision making tool for
managers. It allows us to minimize risks by letting us
discover the right decisions before we make the wrong
ones.
Finally, on the basis of the critical analysis of empirical
results, we propose some guidelines for optimum order
picking system selection.
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CORRESPONDENCE

Simulation is the most suitable tool to capture such
dynamic nature of operations. Material flow systems
show many common characteristics for particularly
systems that are characterized by discrete moves of a
given quantity of material with a transport unit. A
transport unit may be in a variety of forms from a human
operator to an automated vehicle but the nature of the
operation remains the same.
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4. CONCLUSION
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Designing an order picking system for a distribution
center is a very complex task. A designer is required to
make several decisions related to throughput and storage
considerations.
How should you go about selecting an optimum picking
strategy? The answer is that there is no one optimum
picking strategy. Depending upon items, type of demand,
frequency of items in order, storage and equipment used,
different strategies might be better for each situation.
Finding the correct solution or combination of
technologies is the most important factor in creating an
efficient picking system.
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STEP ORIENTATION SYSTEM
FOR A SOLAR THERMAL PLATFORM
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Abstract: The paper presents the results obtained in
developing an optimal step tracking system, for a solar
thermal platform, using a mono-axial tracking system
with different diurnal angular strokes; data are compared
with those expected in a fixed platform. The analytical
modelling and the numerical simulations shows that the
mono-axial tracking linkage, with an optimized stroke
and mounted at an elevation angle chosen according to
the location coordinates, insures a tracking efficiency
above 93%. In these conditions, using daily movements
with hourly steps, the optimum yearly elevation angle and
diurnal angular stroke are estimated, considering the
meteorological data of Brasov/Romania.

evening) and for increasing the solar energy that falls
normally on the plane STC when the system works.
Therefore, the paper analysis this case, for the geometeorological conditions from Brasov/Romania; the
modeling and numerical simulations show that the monoaxial tracking linkage with a certain angular stroke,
mounted at a fix elevation angle, depending on the
location features, is the optimal solution.
The mono-axial tracking system might be analyzed both
as an Equatorial tracking system and a Pseudo-Equatorial
system with fix elevation angle; further, the PseudoEquatorial system is preferred as model of mono-axial
tracking [1, 8].
In a Pseudo-Equatorial system (Fig.1), the sun ray is
described by its elevation (γ) and diurnal (β) angles with
the following expressions, [1]:

γ = sin −1

cos δ ⋅ cos ω ⋅ sin ϕ − sin δ ⋅ cos δ
cos β

β = sin −1 (cos δ ⋅ sin ω ) .

(1)
(2)

In these equations φ, δ and ω represent location latitude,
sun ray declination and sun ray hour angle respectively.
Unlike the sun ray, the normal ray on the plane of a STC
is described in the pseudo-equatorial system (Fig.1) by
the elevation (γ*, in a mono-axial system: constant)
and diurnal (β*) angles:

Key words: pseudo-equatorial tracking system; solar
direct radiation; solar thermal platform; tracking
efficiency

1. INTRODUCTION
There is a large variety of solar tracking systems used to
orientate photovoltaic and thermal systems [1, 5, 6, 7, 8,
9], aiming to harvest the maximum amount of solar
radiation, as a prerequisite for a large amount of output
energy.
A state of the art analysis of the solar thermal systems
shows that the mono-axial and the bi-axial tracking
linkages are frequently used in concentrating thermal
collectors, orienting the parabolic trough, the parabolic
dish and the central receiver. For the flat thermal
collectors, tracking is not usually reported, because of the
constructive restrictions: the tracking system requires
flexible pipes and complex mechatronic structures,
especially in the case of the bi-axial tracking; still, the
mono-axial tracking system is recommended to orientate
the flat solar thermal collectors (STC), both in order to
protect the equipments of the solar thermal platform
during the eventual summer vacant time (by platform
orientating to west in the morning and to east in the

Fig.1. Pseudo-Equatorial STC angles: the elevation (γ*)
and the diurnal (β*) angles for mono-axial tracking
system.

Fig.2. Mono-axial tracking system concept with the
constant elevation angle (γ*) and the diurnal move (β*)
with hourly step displacements
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The variation is considered as an hourly step
approximation of the β sunray angle (as in Fig. 4) [1].
The aim of this paper is to develop an optimal tracking
algorithm, for a plane STC, by comparing two situations:
1. Mono-axial tracking system (Figs. 1 and 2) with fixed
elevation angle (γ* remains constant at an yearly optimal
value) and with a diurnal movement in which the angular
stroke has different values (β*= +15º …-15º; +30º …-30º;
…;+90º …-90º); the β* angle approximates the β sun ray
angle by hourly steps (as in examples from Fig. 4);
according to the tracking system concept in Fig. 2, the
diurnal movement of the STC is made using a linkage of
deformable triangle type with linear actuator.
2. Fixed STC system without tracking, with fixed
elevation (γ* remains constant at the previous case value)
and with fixed daily angular position β*=0º; this system
can be considered as a particular case of the previous
system, in which the diurnal angular stroke is null.
Regarding the study case, first interest is to estimate the
yearly optimal value of γ* angle and the smallest diurnal
angular stroke with a tracking or orientation efficiency, η
> 90%, in the condition of the Brasov/Romania location
(with latitude φ=45.65ºN and yearly turbidity factor
TR≈3, [8]).

δ = 23.45° ⋅ sin⋅

360° ⋅ ( Ν − 80)
[deg],
365

(9)

Using Lambert’s law, the STC received direct radiation
can be obtained by transposing the solar direct radiation
vector on the normal of the STC plane [1]:

B* = B ⋅ cosν

(10)

The incidence angles (ν), between the sun rays and the
normal on STC plane can be calculated using equation
(9), [9]:

ν = arccos[cos β ⋅ cos β * ⋅ cos (γ − γ *) + ...
+ sin β ⋅ sin βα *]

(11)

The estimations were made both in clear sky and cloudy
sky conditions. In the case of a cloudy sky, the available
energy (E) and the received energy (E*) are modified,
with the Clouds Crossing Factor (CCF) and its one year
variation is presented in the Table 1, for the Brasov/
Romania area:
Table 1. Monthly average values of the Clouds Crossing
Factor (CCF) for Brasov/Romania area, [2]:

2. MODELING
One main objective regarding the tracking system is to
find out the optimal annual γ* angle, in order to maximize
the absolute orientation efficiency η. The annual study of
γ* was done considering values from 10° to 70° and
β*=+90° …-90°; the whole study is done in the
prerequisite that a CST with vacuum tubes is used and the
diffuse radiation’s effect is negligible.
The absolute tracking efficiency of the STC (η) is
defined as the ratio between the STC received direct solar
energy (E*) to the available direct solar energy (E) [1, 2,
8, 9]:

η=

E*
E

(3)

where E and E* [Wh/m2] are similarly calculated:
E=

[2(∑ B ) - (B
j

1

]

+ B n ) ∆t

2

(4)

in which ∆t represents the step time length and Bj is the
current ordinate of the direct solar radiation [7].
The direct solar radiation (B) is modelled, in the clear
sky conditions, by the equation used by M. Meliss [4]:
⎛
⎜−

TR

⎞
⎟

B = B0 ⋅ e ⎝ 0.9+9.4⋅sin α ⎠
B0 = 1367 ⋅ [1 + 0.334 ⋅ cos(0.09856° ⋅ N − 2.72°)]

(5)
(6)

In the previous expression, N represents the day number
in a year; TR is the turbidity factor considered for Brasov,
Romania and α is the altitudinal angle of the solar ray [5]:

α = sin −1 (sin δ sin ϕ + cos δ cos ϕ cos ω )

(7)

where [3, 4, 5, 7]:

ω = 15°(t − 12) [deg]
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(8)

3. NUMERICAL SIMULATIONS
Based on the correlations above presented, numerical
simulations were developed; the results are plotted in
Figs. 3…6 and numerical data are given in Table 2.
Based on the results in Fig. 3, the value of the yearly
optimal elevation angle γ* was estimated for the geometeorological conditions of Brasov/ Romania area: first
in the conditions of the clear sky and then in the
conditions of the cloudy sky. According to Fig. 3,
outdoor conditions (cloudy sky), the maximum tracking
efficiency corresponds to an elevation angle of γ*=38º,
and this was further considered as the optimal elevation
value.
Using the optimized γ* value, the diurnal angular
orientations (β*) with hourly step displacements and with
diurnal angular strokes of ∆β*= 0º; 30º; 60º; 90º; 120º;
150º; 180º (i.e. |β*max| = 0º; 15º; 30º; 45º; 60º; 75º and 90º)
were imposed; the variations of the solar angles, STC
platform angles, available direct solar radiation and of the
STC received direct radiation were further numerical
simulated and the results are presented in Figs. 4 and 5.
The variations of the solar radiations B and B* (as in Fig.
5) allowed to establish, for each of the previous tracking
cases, the energies E and E* for the equivalent days, for a
whole year; then, the corresponding tracking efficiencies
were calculated and are presented in Fig. 6 and in Table
2. In Table 2, a comparison between the four relevant
tracking situations (extracted from Fig. 6) was made.
According to these data, the annual tracking efficiency, in
case 1 (η=95.89%), is higher with ~2.3% than the
efficiency in case 2 (η=93.61%) which is higher than the
third case efficiency (η=88.92%) and all three are
considerable larger than the efficiency of the fixed and

tilted STC platform (η=68.7%). This data confirm that:
for the given conditions, the optimal tracing solution is a
mono-axial tracking system (as in Fig. 2) with the Case 2
data from Table 2.
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Fig.3. Variations of the yearly tracking efficiency in two
conditions: clear sky and cloudy sky
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Fig.6. Variations of the yearly tracking efficiency η
against of the diurnal angle |β*max| in two conditions:
clear sky and cloudy sky
Table 2. Energetic responses in four relevant situations
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Fig.4. Variations of the solar angles (β, γ) and the STC
angles (β*, γ*), in four relevant cases during the summer
equivalent day (N=123).

Fig.5. Variations of the available direct solar radiation B
and STC received direct solar radiation B*, in four
relevant cases during the summer equivalent day (N=123)

4. CONCLUSIONS
Based on the analytical modelling and numerical
simulations of two situations, namely mono-axial tracking
system with different values for the angular stroke and
fixed STC, four relevant cases were comparatively
analyzed with the following conclusions:
1) In case 1, the daily movement (β*=+60°…-60°) has 8
steps angular displacements, hourly made related to the
sun ray angle variation (β), the optimal annual elevation
being γ*=38°. In this case, the annual tracking efficiency
(η=95.89%) is larger with ~2.3% than the tracking
efficiency achieved in the second tracking case.
2) In the second case, where β*=+45°…-45° has 6 steps
hourly movements and the optimal annual elevation angle
is γ*=38°, the obtained orientation efficiency is
η=93.61% and the STC annual received direct solar
energy can be as high as E*=869kWh/m2 (from the
available direct solar energy E=928kWh/m2 in the cloudy
sky prerequisite). Compared to the third case, the η is
with ~4.7% higher.
3) In case 3, β*=+30°…-30°, having 4 steps hourly
movements and the same optimal annual elevation the
annual efficiency (η=88.92%) is with ~20.22% higher,
compared to the fix tilted STC.
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4) For the fourth case, when β*=0°=constant and
γ*=38°=constant, the resulting annual tracking efficiency
is η=68.70% and the maximum STC received direct solar
energy might be E*=638kWh/m2.
The optimal tracking solution must provide a compromise
between two contradictory requirements: a tracking
efficiency over 90% and a minimized diurnal angular
stroke in order to protect the flexible pipes; this can be
obtained, for the considered location, using a mono-axial
tracking system which has a fixed elevation γ*=38° and a
diurnal tracking movement with hourly step
displacements on an angular stroke β*= +45º …-45º;
when operating without interruption, a 93.61% tracking
efficiency is ensured. In the case of operation interruption
during the summer vacant time, a lower efficiency is
reached, but the protection of the solar thermal platform
can be insured.
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2. USED MATERIALS AND PROCEDURE
MEASURING
2.1. Materials
The boards LoPreFin from producer R+S Technik have
proportion 1000 x 500 x 3 mm. These boards contain 70%
PP and 30 % PES on the top surface and inside are
composition 50% proportion natural filler and PP
matrices, how show fig. 1.

DEFORMATION BEHAVIOUR OF
BOARDS LOPREFIN WITH PRESS ON
TEXTILE
Pavel BRDLÍK
Abstract: The designs of products are more and more
important in nowadays therefore the PP boards LoPreFin
are obtained a view parts. One of using material is textile.
This article deals with the expertise of press on textile
materials for boards LoPreFin on their deformation
behavior. The characteristics of deformation behavior are
valued with help of course proportion surface
deformation which is measured by contact-less measuring
system ARAMIS and ultimate strength. The deformation
was evoked by acting of uni-axial tension stress. Test
samples were taken for detection influence anisotropy
properties PP boards in different directions.
Key words: boards LoPreFin, deformation, textile, system
ARAMIS

Fig.1. Boards LoPreFin
1- PES/ PP
2- PP/ natural filler (for example: flax, hemp, kenaf)
Technology of product examined materials is by step
(fig.2). Natural and plastic fiber are mixed at first. This
fiber is compounding in closed mixing case until
homogenous blend is finished. The boards are produce on
the extruding machine which is next melting down.
Mixed fiber is impressed of neegling into boards. The
final shape is evoked with help of shaping. A recycled
material is used from part for production plastic fiber.
Production of LoPreFin

Utilization

Moulding
Adding recycled
into intermediate

Crushing
old parts

Waste
compacting

1. INTRODUCTION
The designs of products are more and more important in
nowadays therefore the PP boards LoPreFin are useful
obtained of textile for their better appearance. Except of
design is for using boards very important their
deformation behavior. The deformation behavior of
polymer materials are results of interaction many factors
(chemical composition, molecular, supra-molecular,
macroscopic structure, visco-elasticity, temperature, stress
effects, etc.).
The aim of this experiment was to evaluate the influence
of press on textile materials for boards LoPreFin on their
deformation behavior. The characteristics of deformation
behavior are valued with help of course proportion
surface deformation and ultimate strength. An important
aspect to analyze the deformation behavior of polymers is
a methodology for determining deformation. One of the
perspective methods is a non-contact 3D measuring
system ARAMIS, which allows to measure and evaluate
the progress of deformation of the loaded object. The
deformation state was derived by the action of un-iaxial
tensile stress. Test samples were taken for detection
influence anizotropy properties PP boards in different
directions.

Minced
granules
Neegling

Carding and spreading
mixed fiber

Manufacture
of plastic
fibers from
new and
recycled
materials

Blending of PP fibers and reinforcing
natural fibers

Fig. 2. Production scheme of PP boards LoPreFin
The boards LoPreFin are using above all in automotive
industry. The company which using this boards are for
example Mercedes, BMW, Volkswagen. Next usage is for
production luggage and many other products where is
important their behavior:









High temperature stability
Minimal absorption water (<15%)
Recyclability
Ecologically pertinence
High sound insulation
Economically pertinence
Odorless
High strength, toughness
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The appearance of products is very important how was
written therefore boards are obtained with textile
materials. Question is how influence textile materials the
deformation behavior of PP boards LoPreFin. For answer
on this question were presses on boards’ three different
textile materials:
 Fabric
 Knitted fabric
 Non-woven fabric

calibration was performed, which allows the
interpretation of results obtained with an accuracy of
0,01%. On the test specimens was coated irregular raster
(Fig. 5), which was scan by optical system with two
cameras during the measuring. The recorded images from
the progressive loading of test specimens were produced
by software ARAMIS v6. 1-1-5. The evaluated of
displacement raster´s point which can determine the
surface proportion deformation.

The technologic procedure of press on textile materials
for PP boards LoPreFin shows in figure 3.

Fig.5. Specimen with coated irregular raster
Test samples standard form (ČSN EN ISO 527) was taken
for detection influence anisotropy properties PP boards in
different directions:

Decorating material
Press: 1-2 Kg/cm2

Product

Fig.3. Technologic procedure of press on textile

 0°
 45°
 90°

Board
LoPreFin

Board LoPreFin

Contact with heating presser
Press: 3-6,5 Kg/cm2

The inference of uni-axial tensile loading at a constant
speed of 50 mm/ min was used blasting machine TIRA
test 2300 (fig. 6).

2.2. Procedure measuring
The characteristics of deformation behavior are valued
with help of course proportion surface deformation and
ultimate strength. The course proportion surface
deformation is measured by non-contact 3D measuring
system ARAMIS 2M (fig. 4), which allows to measure
and evaluate the progress of deformation of the loaded
object.

Fig.6. Disposition of measuring complex

3. EVALUATION RESULTS AND
DISCUSSION
Fig.4. Measuring system ARAMIS 2M
Before measuring the surface proportion deformation of
test specimens using an optical system ARAMIS 2M
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Next figures (fig. 7-10) shows course proportion surface
deformation in length of the test sample. Confer on
maximum deformation set up at the time before the
destroy of the samples. Furthermore, ultimate strength
evaluated from the tensile diagrams (fig. 11- 14).

THE BOARDS LOPREFIN WITHOUT TEXTILE

Deformation ε [%]

Ultimate strenght [MPa]

THE BOARDS LOPREFIN WITHOUT TEXTILE

Direction of took samples

Fig.7. Course proportion surface deformation of boards
LoPreFin without textile

Fig.11. Ultimate strength of boards LoPreFin without
textile

THE BOARDS LOPREFIN WITH FABRIC

THE BOARDS LOPREFIN WITH FABRIC

Deformation ε [%]

Ultimate strenght [MPa]

Sample length [mm]

Direction of took samples

Fig.8. Course proportion surface deformation of boards
LoPreFin with fabric

Fig.12. Ultimate strength of boards LoPreFin with fabric

THE BOARDS LOPREFIN WITH KNITTED
FABRIC

THE BOARDS LOPREFIN WITH KNITTED
FABRIC

Deformation ε [%]

Ultimate strenght [MPa]

Sample length [mm]

Direction of took samples

Fig.9. Course proportion surface deformation of boards
LoPreFin with knitted fabric

Fig.13. Ultimate strength of boards LoPreFin with knitted
fabric

THE BOARDS LOPREFIN WITH NON-WOVEN
FABRIC

THE BOARDS LOPREFIN WITH NON-WOVEN
FABRIC

Deformation ε [%]

Ultimate strenght [MPa]

Sample length [mm]

Sample length [mm]

Direction of took samples

Fig.10. Course proportion surface deformation of boards
LoPreFin with non-woven fabric

Fig.14. Ultimate strength of boards LoPreFin with nonwoven fabric
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Evaluation results is separate into two main parts where is
evaluated influence of pressing on textile for boards
LoPreFin and direction of took samples for detection
influence anisotropy properties boards. This deformation
behavior of boards is evaluated with help of ultimate
strength and course proportion surface deformation.
3.1. Influence of pressing on textile
Ultimate strength
Boards with pressing on textile reached higher value of
ultimate strength than boards without textile. Boards with
pressing on knitted fabric reached the lower value of
ultimate strength from all used textile.

Depending up on experiment measuring results we can
assert, that moulding of fabrics on the boards LoPreFin
was increased reach value of ultimate strength but on the
other side the value of proportion deformation decrease
with expect of using non-woven fabric. In the direction of
took samples 90° reached the samples higher values of
ultimate strength than in others directions. The value of
proportion deformation of took samples in examination
direction was for each materials different. The direction
of take samples are able to partially influence the
deformation behavior of boards. It is important etc. for
choice direction of shear or orientation boards in their
insert.

REFERENCES

Proportion deformation
The proportion deformation reached lower value for
boards with pressing on fabric and knitted fabric than for
boards without textile. The boards with non-woven fabric
keep similary proportion deformation like a boards
without textile.

3.2. Direction of took samples

[1] GAJDOŠÍK, M. Evaluation rate of stressing for PP
plates with natural fillers, Liberec, 2009.
[2] www.rstechnik.cz (leden 2010).
[3] BRYDSON, J. A. Plastics Materials, Butterworth
Scientific. London: 1989.

Ultimate strength
In the direction of took samples 90° reached the samples
higher values of ultimate strength than in others
directions.
Proportion deformation
The value of proportion deformation of took samples in
examination direction was for each materials different.

4. CONCLUSION
Boards LoPreFin (usually obtained textile - fabric, nonwoven fabric, knitted fabric, etc.) are used primarily as
interior parts in the automotive industry (fig. 15), where
they are work up by technology of mechanical shaping.
With regards to this fact are the most important
deformation behavior in processing part. There is a
several influence which have more or less effect for the
deformation behavior by mechanical shaping. This
experiment is evaluated of the influence of the moulded
textile and influence direction of took samples on
deformation behavior.

CORRESPONDENCE
Roofing slab
B-C pillov
On-board desk
Acustik insulation
Glove box

Door panel
Bottom carpet
Back desk
Floor covering of luggage space
Lateral covering of luggage space

Fig.15. Consumption of boards LoPreFin in automotive
industry
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Therefore it has been considerable interests in UFG
materials recently. Creation of UFG structure can be
achieved by severe plastic deformation (SPD) in which an
ultra-large plastic strain is introduced into a bulk metal
[2]. There are various methods to fabricate UFG metals.
Current paper gives insight into some most applied SPD
methods. Focus is placed at equal channel angular
extrusion method (ECAP).

2. SEVERE PLASTIC DEFORMATION (SPD)

ENHANCEMENT OF MATERIAL
PROPERTIES BY ECAP PROCESS
Miroslav PLANČAK
Dragiša VILOTIĆ
Milentije STEFANOVIĆ
Plavka SKAKUN
Ognjan LUŽANIN
Abstract: Main mechanical properties of metallic
materials can be enhanced by reducing grain size. Grain
size refinement can be achieved by severe plastic
deformation (SPD). One of the most promising SPD
process is equal channel angular pressing (ECAP) in
which material is punched through a die with equal
channel. During processing by ECAP pure shear takes
place, without changing of shape and dimensions of
initial material. Current paper presents some of the SPD
processes with focus on ECAP method.

Severe plastic deformation is metal forming process used
to convert CG (course grained) into UFG (ultra-fine
grained) metals and alloys. The actual mechanism
responsible for this effect is still under investigation.
In conventional metal forming operations plastic strain no
more than 2 can be achieved, whereas in SPD processes
values of plastic strains in single pass greater than 3 are
usual. In repeating SPD process accumulated plastic
strains up to 8 and more can be achieved.
In SPD there is no change in the initial shape and
dimensions of the billet during processing.
Severe plastic deformation can be achieved by different
experimental techniques.
High pressure torsion (HDT) (Fig.1.) is a process in
which two actions are performed simultaneously: a)
pressing a thin disc of material between two punches and
b) rotating of the punches. The friction between the billet
and punches ensures sufficient torque which provides
very high strains in the material. The punches are required
to provide high pressure on the disc to avoid the material
slippage.

Key words: grain size, sever plastic deformation, material
properties

1. INTRODUCTION
The main mechanical characteristics of metallic materials
are to great extend influenced by grain-size.
With reference to the grain size, there are three categories
of metals: a) coarse grained (CG) – tents to several
hundred of microns, b) ultra-fine grained (UFG) – 0.11µm and c) nano materials (NC) smaller than 0.1 µm.
Materials with ultra-fine grains (UFG) exhibit
significantly higher values of strength and yield stress
which means that conventional metallic structures made
out of UFG materials are lighter and, consequently, with
environmental harmony [2].
Dependence between grain size and yield stress is given
by analytical expression by Hall-Petch [4]

σ0 = σi +

K
d

σ0 – yield stress
σi – friction stress opposing dislocation motion
K – constant
d – mean grain size

(1)

Fig.1. High pressure torsion (HDT)
Accumulative roll bonding (ARB) involves repetition of
cutting, stacking and rolling of the sheet metal [2], Fig.2.
At the beginning sheet is cut to equal length and then
stacked on the top of another identical sheet. The
interfaces of the two sheets are surface treated in advance
in order to enhance bonding strength.
Two layers of material are joined together after passing
the rolling press. Then the length of the material is
sectioned in two halves and the ARB process is repeated.
In principle this process can be performed limitlessly and
very large values of plastic strains can be achieved.
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Fig.2. Accumulative roll bonding
Influence of number of ARB passes (cycles) on tensile
stress and elongation for aluminium is given in Fig.3.

In Cyclic close-die forging (CCDF) (Fig.5.) billet is first
compressed in the vertical direction and then in horizontal
direction. Process repeats several times. Strain
distribution is not uniform after strain accumulation.

Fig.3. Influence of number of ARB passes on tensile stress
and elongation
Incremental equal channel angular pressing (I-ECAP)
process [8] is based on incremental feeding of the
material into the deformation zone. Hereby, die
movements are synchronizes with feeding (Fig. 4).
Feeding phase takes place during withdrawal of the die
into the initial position. This process makes possible to
process infinite billets, bars and plates.

Fig.4. Schematic representation of I-ECAP
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Fig.5. Cycling close-die forging (CCDF)

3. EQUAL CHANNEL ANGULAR PRESS
(ECAP)
Process in which pure shear in the bulk billet can be
imposed and in which large plastic strain is created is
called equal channel angular process (ECAP). In this
process, which can be repeatedly performed, no change of
initial billet geometry and dimensions takes place.
Initially, process had been proposed by Segal [6]. Since
that a number of ECAP sub-variants have been
developed.
Principle of the ECAP process is schematically shown in
Fig. 6.

4. CONCLUDING REMARKS
Process of SPD (severe plastic deformation) enable
creation of bulk materials with ultra fine grains (UFG),
which enhances mechanical properties of material,
strength and yield stress in the first place. Ductility of
such materials is reasonably reduced.
Although SPD has not found wide acceptance by industry
yet promising researches of this process have been carried
out in a number of leading world laboratories. Possible
applications of the materials created by SPD are:
structural materials, bolts, medical implants (hip, knee,
dental implants), defense equipment (armor), aerospace
and auto industry, sports equipments etc.
Among a number of various SPD processes one of the
most applied and investigated is equal channel angular
press (ECAP). In this process accumulated value of strain
can reach 10. The combination of various routes in multipass pressing has significant impact on final results.

Fig.6. ECAP process
Rod-shape billet is extruded repetitively through a die
with equal channels to create large plastic strains without
changing geometry of the billet. Simple shear takes place
in a thin layer at the crossing plane of the channel. The
billet is then taken out of the die, rotated by a certain
angle about its axis and process is repeated. As a result,
after several such passing through the channel, billet with
changed grain size (from coarse to very fine) is obtained.
The main parameters of ECAP process are a) angle of the
intersection channels Φ, b) angle of outer curvature of the
channel Ψ and c) ECAP routes.
Effective strain created in the billet after one passing of
the channel is [1]:
1 ⎡
⎛φ ψ ⎞
⎛ φ ψ ⎞⎤
ε=
⎢2 cot⎜ + ⎟ + ψ cos ec⎜ + ⎟⎥
2⎣
⎝2 2⎠
⎝ 2 2 ⎠⎦

(2)

If Φ = 90º and Ψ Φ = 0º, imposed strain is 1,15. Strain is
accumulated by repeating the process in which different
routes can be applied. Influence of specific routes on the
development of UFG materials is elaborated in more
details in [2].
One of the subvariants of ECAP is shown in Fig.7. Twoturn S-channel ECAP press is given in Fig.7. which
reduces number of passes and improves productivity of
the process.

Fig.7. Two- turn S-channel ECAP
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Ergonomic makes a lot of improvements related to higher
productivity, less absenteeism. Knowledge in various
fields, namely physiology, psychology, sociology,
technology and economics are needed to apply ergonomic
principles. The European Welding Federation, the world
wide forum in the field of welding has preoccupations in
ergonomics. An illustration is Table 1 related to the risk
levels and accidental events in the field [1-8].

2. WELDING ENVIRONMENT –
ERGONOMICS

WELDING ERGONOMICS: PRINCIPLES
AND APPLICABILITY
Mihaela POPESCU
Emilia Georgeta MOCUTA
Carmen OPRIS
Abstract: Welding is a solicitant profession, which
requires from the welder, besides theoretical knowledge,
a safe hand, total concentration during the welding
operation and lots of dexterity. Ergonomics principles
applied during the welding process, as well as the
finished product, lead to performance, reflected in
productivity and good health of the welders. The simple
and requirements adapted design of the welding guns,
adapted clothing (protective clothing, gloves, welding
aprons, shoes, earmuffs) logical adjustments, intelligent
programs and extreme flexibility of the last generation
welding equipments, possibilities of using robots, are a
few of the elements of applicability of ergonomics
principles in welding. The case studies that are presented
complete the details previously presented. Ergonomics as
a science is strongly interdisciplinary, requiring
knowledge related to work medicine and psychology,
describing the possibilities of reaction, as well as the
limits of the operators during their activity, respectively
the optimum adaptability of the working personnel to
working conditions [1-14]. The European Welding
Federation, the International Institute of Welding (IIW),
the international welding organisms (ISO) have constant
concerns in this direction.
Key words: welding ergonomics, process ergonomics,
product ergonomics, welding gun

A decisive factor in ergonomics is productivity and work
quality. Tools are to be designed taking into consideration
adjusting tasks and equipment possibilities and
limitations. At present companies consider an investment
in ergonomic equipment from the profitability point of
view. Ergonomics is also known as human factors
engineering (HFE). The workplace has to be fit to the
needs of workers. Things are continuously chaining tools, equipment, facilities, but not people (figure 1) [2].

3. IMPLEMENTING SOLUTIONS BY MEANS
OF ERGONOMIC PRINCIPLES
There is the preoccupation to minimize risks and illness,
by conceiving secure, comfortable products, processes
and systems, which are adapted to the human operator,
knowing his skills and limits. Welding operators should
be adapted to the environment conditions; this involves
biological, psychological and social aspects. Correct
location of welding equipment in the welding
technological flux at the corresponding height for
operators, repeatability of some operation-actions, in
order to avoid musculoskeletal disorders, correct
ventilation of the working places, corresponding
lightening at the desired level and from the right direction
etc. are to be reflected in the research work in the field.
Diseases related to work affecting welders due to working
positions and difficulties they face to access the working
place are also considered [5, 6, 7].
Action plans to be considered are:
 Searching for activities indicators:
- observing welding activities,
- factors of risk,
- when the fatigue state of welders appears, and
implications fatigue has on welders,
- changes in the used tools,
- when absenteeism at the working place appears with
implications on the production, cut of the
discontinuities it creates, etc;

1. INTRODUCTION

 Developing of action and designation "Ergonomic
groups" and "Ergonomic contact point";

Numerous sciences and subjects intervene when welding.
Preoccupations are to be found in technology.
Companies offer welding equipment, try harder and
harder to adapt it in order to respect the principles of
ergonomics. Mechanization, automation and robotisation
in the welding industry are based on ergonomic
principles. An ergonomic work place is a profitable
investment [1, 3, 4, 5].

 Assessment instruments and their use;
 Lists of risk factors and check them periodically;
 Improve working conditions as an absolute priority;
 To consider frequency and severity of risk factors,
frequency and severity of "complaints", of potential
injuries, of proposals and ideas
from direct
production, of difficulties in making improvements;
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Table 1. Risk levels – Accidental events – EWF SMS

Material
manipulation

Musculoskeletal
overloading
Falling of heavy
objects from the
working table
Dangerous
objects and
materials

Gas cylinders
management
and storage
Gaseous/
liquid fuel
management
and storage

Preparation of
the joint by
electric arc
cutting
process

Preparation of
the joint and
mechanical
processing

Material Management
Musculoskeletal
low
low
disease
Body injury
General or local
wounds

Leeks, fire,
explosions
Leeks, fire,
explosions

low

medium

medium

low

Internal and
low
high
external injury
of the body
Internal and
external injury
low
high
of the body,
skin burning
Material preparation

tolerable

Maintaining the
current safety system

moderate

Provide the adequate
fixing of heavy objects

moderate

Informing the
personnel and
maintaining the
equipment

moderate

Periodical monitoring
change all cylinders

elevated

Production stop and
secure containers
system

Body contact
with high
temperature
objects

Second degree
burnings

low

medium

moderate

Non ionized
radiation

Damage on
eyes and skin

low

medium

moderate

Moving
components
(rotors, grinders,
cutting tools,
etc.)

Body injury

Noise

Loss of hearing
(total or partial,
temporary or
permanently)

low

medium

medium

low

Assure the working
zone with adequate
signals in order to
wear the safety
equipment (for
example gloves)
Increase the number of
protection screens to
increase the protection
degree of the working
area

moderate

Use of personal
protection equipment;
assure maintenance
equipment

moderate

Assure the information
of the personnel; use
of personal protection
equipment

 Improvement related to the correlation between the
working place requirements and capabilities;
 Discussing with the employees, on different stages of
professional hierarchy, contacting other industries,
using INTERNET resources, consulting experts in
ergonomics;
 Checking if each improvement led to reductions
related to the risk factors, fatigue of operators,
discomfort or injuries symptoms, if each improvement
was accepted by personnel, if improvements created
new risks or other problems, if improvements had an
impact on production or on quality, if improvements
were implemented by training etc.

devices (balance levels); use of lifting and rotating
tables.
 To avoid impossible positions: working position
between waist and shoulder should to be used when
possible, use of lifting tables and monitored
positioning devices, rotating chairs.
 Use of equipments to pre-assemble and manipulate
materials, which help in reducing not necessary lifting
or of any kind of material, for example rotating hooks
for pipes.
 Robot automation is a feasible solution for repetitive
movements, with arms and hands and exposure of
operators to is also reduced.

4. POSSIBLE IMPROVEMENTS

5. CASE STUDIES

Possible ergonomic improvements are:
 Devices to lift weights: manipulators, lighter welding
equipment, with reduced rigidity or welding cables on
transmission wheels/pulleys, use of cable supporting
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5.1. Welding guns – ergonomic design
Ergonomic solution Kemppi Pro Evolution is compact,
light weighted and easy to position with minimum effort.
For MIG welding, the stationary balancing arm ensures a

wide operating area, and the new bending angle of the
welding head guaranties welding without problems [11].
Kemppi Pro Evolution is ideal for TIG, MIG, MAG, MIG
with impulses, MIG with double impulses, etc. At the

same time, Kemppi TTC TIG welding heads are
ergonomic and easy to manipulate, and represent the
optimal solution for professional welders:

Ergonomics in the Welding Environment
Problems from poor
ergonomics
Musculoskeletal
Disorders (MSDs)

Symptoms of MSDs
Less gripping strength
Less range of motion

Repetitive Motion
Injury

Loss of muscle
function

Lower Productivity

Painful joints

Lower Quality

Pain, tingling or
numbness

Worker dissatisfaction
Increased absenteeism
Increased
compensation costs
Increased turnover rate
Decreased compliance
with regulation

Shooting or stabbing
pains
Swelling or
inflammation
Stiffness or burning
sensation

Practical solutions

Workstation design
factors

Avoid fixed work
positions. They reduce
the blood supply to
muscles

Position of the work

Keep elbows close to
the body
Avoid positions where
arms are raised above
shoulder level
Use lighter hand tools
Suspend tools
Support your elbows
Provide sufficient rest
Utilize jigs and fixtures

Increased insurance
costs

Physical ability of the
worker
Design and weight of
the tools
Body mechanics of the
operation
Type of protective
equipment used
Workspace/environme
nt (size, lighting,
temperature, noise,
vibration etc.)
Physical requirements
of the job (lifting,
turning, reaching etc.)
Mental requirements
(motivation, alertness,
concentration)
Strength and size of the
workers

Fig.1. Ergonomics at the working place
 The new TTC handle has the back side bended
downwards and shortened. This leads to the decrease
of tension on the welders hand and decreases its
muscle tension;
 The joint between the welding head and the rubber
protection cable increases flexibility without
sacrificing the bending resistance of the welding head
and ensures the durability of the protection cable at the
posterior part of the handle;
 The gripper, finger adjustable, bended handle and
friction surfaces increase the quality of the weld, and
handling the welding head is easier in all positions;
 TTC welding heads are marked CE and are in
accordance with the requirements of the EN 50078
standard.
The new characteristics of the starting button contributed
to an improved sensibility and the possibility to apply
ergonomic principles. The new series of TTC welding
guns was designed together with ergonomics
professionals; the series of Kemppi TTC welding heads
meets the requirements of the professionals regarding the
adjustability and the load capacity (figure 3). [2]

a)

b)
Fig. 2. Kemppi TTC 160: a) position 1, b) position 2
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The MIGATRONIC TIG ERGO welding guns are
designed ergonomically (figure 4). [12]
The quality requirements increase as the welders have
operational and ergonomic comfort, together with friendly
usage. When designing, ergonomics, flexibility and
workability were brought in the first place. This is
demonstrated by the 50 variants of MIGATRONIC,
which differ by the current intensity, flexibility of the
welding head, cable length and selection of control unit
incorporated in the handle of the welding head, with soft
clamping on the handle’s sides, for a secure and
pleasurable grip [12].

5.2. Ergonomically adapted furnishings
Welders often need to adjust to positions that are
restrictive for freedom of movement. So the chairs are not
only resistant, but also adaptable and flexible. Their usage
simplifies the access to hidden or non accessible,
decreases fatigue, increasing the productivity level
(Figure 6). [13]

Fig.3. Kemppi TTC – welding head (130, 130 F, 160,
160S, 200W, 220, 250W, 250WS)

a)

b)

c)

d)

e)

Fig.4. MIGATRONIC welding gun
The MIG-MAG PSF ESAB welding heads [10] are
flexible and recommended for different difficult welding
operations (figure 5). Welding gun MIG-MAG PSF have
ergonomic handles with different curvatures, which
ensures easy access for all welding positions and a
comfortable welding position.

Fig.6. a )FLEX WELDING, b) STAG 4 WELDING,
C )TT5 WELDING, d) TA180 WELDING,
e) TF180 WELDING
If the welder works standing up for long periods of time, a
foothold is used. The materials and tools will be placed at
a suitable distance. Adjustable elements are used to
accommodate the working position.
Working tables (rotating or, if necessary, lift or scissors)
are used besides chairs, adjustable depending on the size
of the components to be welded, but respecting the
welders height.

a)
Fig.5. MIG-MAG ESAB welding gun
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b)

Fig.7. Working tables: a) rotating, b) scissors lift

5.3. Ergonomically designed welding clothing
WELDAS
Leather clothing for welders is very important, when
talking about comfort and freedom of movement. These
protective clothes are qualitative, resistant to heat and
flames and are made of durable leather, with pliable
ramification points [14]. All the stitches are double and
strengthen with five-cord sewing thread type Tex 90
Dupont Kevlar or covered metal rivets for a higher
electric protection (Figure 8).

Fig.10. Model that offers at the same time comfort to the
welder’s finger and resistance in time

Fig.11. Ensures increase of sensibility on the tip of the
welder’s finger

Fig.12. Ensures the most comfortable position of the
welder’s finger

5.5. Light and color

Fig.8. Ergonomics elements on clothing for welders

5.4. Ergonomically designed gloves
The COMFOflex line for welding gloves (base line for
WELDAS) [14] consists of gloves that are made of cow’s
leather, making them pliable, time resistant and very good
resistant to temperature. All the sewing for the leather
gloves are double and strengthen with five-cord sewing
thread type Tex 90 Dupont Kevlar [9].

Light
 General light must be adequate to allow access and
handling of the equipment in conditions of full safety
for the welder;
 Usage of additional lightning is required for precision
works;
 Dazzling light from spotlights or light sources must be
avoided;
 Excessive contrast between the working component
and environment must be prevented [1, 3, 4].
Color
 Mate finishing are selected for the welding area in
order to avoid reflection of the light from the welding
arc and obtain a satisfying illumination;
 Any colour may be selected, except blue, which
reflects the UV light;
 Pipe-line systems, piping, supports of the structural
elements must be painted in the same colour as the
environment, in order to reduce attention distraction,
excepting the case when pipes require applying a
second colour [4, 5, 6].

6. CONCLUSION

Fig. 9. CONFOflex welding gloves

Preoccupations existing in the field of ergonomics in
welding of the International Institute of Welding
(IIS/IIW) and of the European Welding Federation (EWF)
are presented together with some case studies. When
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implementing ergonomic solutions, the training in the
field is important for all interested factors, from manager,
supervisors, professional staff at different levels, to the
welding operator, and also from designers to welding
equipment producers, accessories, devices, clothes,
helmets etc. The need for effective ergonomic changes to
improve efficiency, preventing in the same time, the
work-related musculoskeletal disorders which affect
welders because of the work positions and difficulties
they face in achieving access and regress is taking into
account.

[8] PARNIANPOUR, M., LAI, L.M. , SHIRAZLADL,
A., Development of an interactive multimedia
training tool for management of work related
musculoskeletal disorders of shoulder in welding,
Integrated Design and Process Technology, 1998,
vol. 1, pp. 68-75, ISSN 1090-938
[9] www: CONFOFLEX-Dupont KEVLAR
[10] www: ESAB
[11] www: KEMPPI
[12] www: MIGATRONIC
[13] www: SYNETIK
[14] www: WELDAS
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MANUFACTURING PROCESS
WELDED FROGS BUILT IN TURNOUTS
Vlastimir DJOKIC
Sonja STEVANOVIC
Abstract: Almost all the frogs built in turnouts in Serbian
Railways were made by welding. That is a good identifier
that welded frogs built that way have a good way of
production and quality. Implementation of the new
technological cognizances about new materials, new
methods of welding and better improvement of welders is
going to lead to better quality, endurance and
reliableness of welded frogs.
Keywords: welded frog, welding, rail.

1. INTRODUCTION

Fig.2. Rail 49E1F1
Both of rails are consisted of two types of rails which are
compatible. Point of frog is made of full profile and
antenas are made of normal profile. For example
compatible profiles are 49E1 (fig.1) and 49E1F1 (fig.2).
The ends from rail 49E1 incorporated in rails are welded
to the rails 49E1F1 by an appropriate flash-butt welding
process.
Used process of welding for rails 49E1F1 is hand elastic
arc welding method.
Rails disregarding of profile can be made from different
type of materials with agreeable tensile strength, and
tensile strength is defined contingent upon the size of
presure for given location.
Fig.3. shows welded frog with wing rails.

Crossing part in turnout is the part where running edges of
rails in turnout intersect. Crossing part consists of welded
frog with pair of wing rails and pair of guard rails. Frog is
the part where middle running rails are intersected, and
wing rails are rails near the frog. Welded frog is consisted
of two pieces of welded rails.

Fig.3. Welded frog with wing rails

2. MATERIALS FOR RAIL

Fig.1. Rail 49E1

Most of the materials for rails are from high carbonate
steel group where carbon index overpasses 0.20%C. Basic
characteristic of these steels is hard welding. They can be
easily hardened, which means they are inclined to
forming a breakable structure (martensite), and there so
action of welding must be done in a way without making
unfavourable and unwanted metallurgical structures.
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All steels for rails can be rated according to their
mechanical characteristics. Rails can be made from next
type of steels:
 Steels type 700. Minimum tensile strength is 680…
860 N/mm² according UIC standard.
 Steels type 900. Minimum tensile strength is 880
N/mm². UIC standard presents two types of steel:
- quality A, with content of carbon (C)
0,60…0,80% and manganese (Mn) 0,80…1,30%.
Relief mark carved on the neck of the rail is: |
- quality B, with content of carbon (C) 0,55…0,75%
and manganese (Mn) 1,30…1,70%. Relief mark
carved on the neck of the rail is: ||
Over 90% of total quantity of rails were made from these
types of steel is used in Serbian Railways. Profiles are
also rolled from them for welded frogs, which are effected
with heat treatment afterwards. These steels are good for
hardening and they are easily normalized by heat
treatment.
Basic characteristic of steels type 900 is increased
resistance to wear. Steels type A is with more appropriate
accommodation for flash-butt welding and this type of
steel is more present in production for our railways.
 Steels type 1100. This is steel from low alloy carbon
steel guaranteed composition group, alloyed steel
with manganese (Mn), molybdenum (Mo) and
vanadium (V). Due to big elastic lag stiffness
resistance, it is useful for making turnout parts. Relief
mark on the neck of the rail is: ||| and near this mark
symbol of the main alloy element in steel could be
put, for example molybdenum will be ||| Mo.
 High alloy manganese steel. This is special group of
steels from which are cast frogs made. They are with
big elastic lag stiffness resistance, resistant to wear
and mechanical shock. They are high alloyed austenite
steels with more than 12% of manganese (Mn). Upon
casting and cooling they are relative soft and easily for
machining but in exploitation they quickly change
mechanical characteristics and become much harder.
All welded places should be machined before put into
exploitation, because with big hardening, treatment by
grinding wouldn’t be possible with standard
equipment.
Nowadays steels with resistance to wear are used (0,5…
0,65%C; 0,15…0,5%Si; 1,3…1,7%Mn; max 0,05%P and
max 0,05%S) tensile strength over 880N/mm².
Better structure can be made with bigger quantity of Mn
and middle quantity of Si, so that transformation of
temperature should be 750…600˚C.
Risk of getting unwanted structure directly depends on the
height of temperature achieved in progress of welding.
Good steel is steel which does not change its own
structure when temperature changes a lot of. Researches
in this direction show that steel with 0,02% Ti has better
characteristics than steels without Ti.
Tendency for cracking apperance does not depend only on
speed of cooling, it depends on speed of passing through
interval of temperature between 150 and 120˚C, interval
where the chance for cracking apperance becomes the
most probable.
Sometime cracks do not appereance immediately after
welding of rails, they apperiance in exploitation process
and the reason is tensile in materials after welding.
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3. BUILDING PROCESS OF WELDED FROG
Building process of welded frog is next:
 For welding is used welding wire – electrodes marked
E535 and B262 that are rated accordingly to the
standard SRPS C.H3.011, diameter Ø2,5; 3,5; 4 and 5
mm as well as electrodes for surfacing marked E1400;
 Electrodes before using should be dried in first step on
temperature of 350˚C in continuation of 2 hours, and
after that step up on temperature 400˚C in
continuation 1 hour. Dried electrodes stay on
temperature 150˚C until final using;
 Before welding all parts (both parts of rails) equally
should be warmed on temperature higher than 350˚C.
During that process temperature must not go under
300˚C. Welding method is the best for successful
process of welding and holding the same temperature.
Most common used process of welding is hand elastic
arc welding method;
 Immediately after welding, welded frog should be
normalized. Normalisation is heat treatment process
where material should be warmed until all material get
uniform structure as basic material and clearing
materials of remanent tensile. Normalisation process
will be done when welded frog is heated 90˚C/h i.e. in
continue 540 min i.e. until temperature goes to
820÷850˚C and on this temperature material stay 170
min. After that material will be cooled in calm air;
 Preheating will be done in furnace box on temperature
400˚C;
 After normalization hardening process is done.
Hardening is one of heat treatment process which
includes fast cooling of materials which are warmed in
preheating process. Warmth which is picked up in
preheating process will be used for steel tempering.
Hardened surface should be from 350 to 450 HRC,
max 475 HRC. Hardness must not be under 300 HRC
on depth of 15 mm tested from running edge of rail
and on the depth of 25 mm hardness must be about
260 HRC;
Hardening process implemented in next conditions:
- Emulsion for cooling: water-oil 4:1;
- Emulsion temperature: 20…30˚C;
- Pump lubricated outlet pressure: 1.5 bars;
- Minimum 3 spray nozzles;
- Distance between spray nozzles: 200 mm;
- Distance between spray nozzle and blowpipe: 150
mm;
- Distance between blowpipes: 200 mm;
- Each blowpipe connected on individual pump.
 After hardening steel tempering is done. Steel
tempering is heat treatment process where material is
heated after hardening to the end that hardness, tensile
strength and yield point go to diminish, ductility and
plasticity go to increase. Steel tempering is done on
temperature 400˚C. Steel tempering can be done with
advancement in different way: material will be heated
until 400˚C in duration of 300 min, on this
temperature material will stay 120 min and again will
be heated up until 840˚C. When material reaches this
temperature, it is cooled until 440˚C and on this

temperature material will stay 120 min. After that
material will be cooled on calm air;
 Fine pearlitisation is heat treatment process where
material is being heated for 3 min on austenite
temperature. After this it must be cooled very quickly
until temperature 650˚C to 500˚C by air brick
compressed in 4 to 5 sec (not longer than 10 sec) and
stand upon 3 to 5 min on this temperature, until all
austenite go to laminar pearlite. After that material
will be cooled on calm air;
 Final machining of welded frog will be done by
grinding. Occasionally the grinding should be
controlled with geometry because welded frog has
special profile which is changeable from point to end
of welded frog (fig.4.) and because final welded frog
must has the same geometry which is given in
technical drawing. Each irregularity can produce big
destroying when wheel impinge point of welded frog
and hereby welded frog can be destroyed and that is
unacceptable.

All frogs will be inspected by penetrantes, ultrasonic and
roentgenology.

Fig.6. Welded pieces from profile 49E1F1 after hardness
inspection
If the results after the inspection are good these frogs will
be put in exploitation (fig.7.) but if they are with bad
results these frogs will be machined (depth of machining
must not be more than 10% from total height of rails,
what for rail 49E1 means 15 mm) and surfaced and they
must be again tested. In this case if are results good
welded frog can be put in exploitation but if they are not,
this welded frog is going to waste.

Fig.4. Changeable sections of welded frog
Fig.7. Welded frog in exploitation process

4. INSPECTION OF WELDED FROG
After welding of frog all frogs must be inspected which
can be done with or without destroying.
Inspection with destroying will be done on every
hundredth welded frog in laboratory on cut pieces (fig.5
and fig.6).

In process of welding in welding area mechanical
difference is considered because crashes appear only in
this area, because material in this area is different than
basic material.
Expansion of crack appears due to residual tensile in
material or due to residual and work tensile. Expansion of
crack can appear in process of exploitation. Extended
material in terms of value at uniaxial stress of tension σ
has potential energy:

UP =

σ2
2E

[J]

(1)

Regard crack in length of tensile way l o and thickness s
at uniaxial stress energy is released:

U

o

=

π l o2 σ 2 s [J]
4E

(2)

Further crack expansion depends on energy U o spent on
ut
Fig.5. Piece from profile 49E1 after hardness inspection

plastic deformation for crash length l o .
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Spent energy on 1 cm² in length zone l o from basic
energy Go is:
U o ut = G o l o s [J]

(3)

If crack appears it is U o − U o > 0 so remaining energy
ut

exists U pr and extends crack until length l o . Crack
length l that is made depends on energy G pd is spent on
plastic tensile in area length of metal l o . Length of crack
can be defined from next equation where is included
deliver energy U and energy is spent for crash.
osl

π l 2σ 2 s
4E

= G o l o s + G pd ( l − l o ) s

(4)

Then:
l=

2G pd E

πσ

2

−

2

2
E 2 G pd

σ

π σ
2

2

−

El o (G pd − Go ) [mm]

π

(5)

Equation (5) is derived in conditions where G pd > Go and

lo ≠ 0 .
Crack is going to expand without stopping when root of
an equation is zero. Than is:
l kr =

2G pd E

πσ 2

[mm]

(6)

Inspection is not enough only in welded parts. Welded
frogs would be good only in the case when are welded
part and base materials are without cracks. It is meant that
the first inspection is inspection of rails with penetrantes,
ultrasonic and roentgenology and after that should to start
with machining and welding.

The best material is built from highly wear-resistant steel
is Cogidur, a hard, tough and highly homogenous
specialty steel (1300 to 1350 N/mm²). It also has good
welding compatibility, a main criterion in switchmarking. Cogidur is material for frogs for more
economical, quieter urban traffic.
These type of frogs have built in Europe’s railways
(France, Germany, Spain…) because the speed in these
countries is 200 km/h.
The future tendency is to get frogs which have good
quality, endurance, reliable and durable regardless of type
of technology which will be used.
When it comes to rail infrastructure, frogs are always a
focal point. Compared with other components they are
both expensive and very much safety critical. Because of
it, rail operators insist on extended longevity and to
achieve it, manufacturers have two levers they can apply:
materials and design.
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5. CONCLUSION
Correctly done welding process and following the
algorithm for welding can lead into good quality of
welded frogs as well as to safety of passengers in railways
traffic. In theory all welded frogs are made in the same
way but in real production conditions main problem is
that air temperature is changeable and it is very difficult
cooling welded frog on calm air in different seasons.
Inspection is the main process in production of welded
frogs. Inspection are the first and the latest process in
production of welded frogs. On the beginning base
materials are checked than inspection of place where are
done flash-butt welding and the latest inspection is of
total welded frog. For inspection by destroying will be
used one frog which is made for exploitation not specially
for testing and results were got in this case will be real.
In the future exist the tendency to change welded frogs
with cast manganese frogs or frogs are made from
Cogidur. Think of very hard steel and the manganese
variety immediately springs to mild. In fact, the heavier
the load, the harder the steel becomes – until the moment
it is too hard and therefore brittle. It is also incompatible
with rail steel due to the dissimilar weldability. The ideal
solution would be tool steel but this is easily unaffordable.
286

CORRESPONDENCE
Vlastimir DJOKIC, Prof. dr
University of Nis
Faculty of Mechanical Engineering
Aleksandra Medvedeva 14
18000 Nis, Serbia
dzul@masfak.ni.ac.rs
Sonja STEVANOVIC, M.Sc.m.e
Main designer
,,VOSSLOH Min Skretnice’’ A.D.
Bulevar 12. februar bb
18000 Nis, Serbia
tacili_nis@yahoo.com

about wheel-rail hardness and wheel-rail temperature in
summer months when wheel wear increases. There is the
measurement data of rail geometry parameters that
influence the wheel-rail wear. In order to investigate the
relation between wear parameters and riding quality, the
measurement of acceleration of the locomotive bogie and
axle box in travel condition was carried out.

2. WHEEL-RAIL WEAR

WHEEL WEAR AND RIDING QUALITY
AT SERBIAN RAILWAYS
Dušan STAMENKOVIĆ
Miroslav DJURDJANOVIĆ
Milan NIKOLIĆ

Abstract: Because of the tribological influence in contact
area of wheel-rail interaction, wheel profile is being worn
and damaged during exploitation. There are different
types of wheel wearing, such as: worn shape, early wear,
wheel flat and so on. These problems have a big impact
on safety, maintenance cost, riding comfort and
environment and they are repaired by wheel turning.
Wheel and rail wear is a specific tribological problem
that depends on many factors: wheel and rail material,
rail condition, vehicle conditions (suspension, bogie
construction, and axle load), load (weight), lubricating,
climate conditions (temperature, humidity), velocity,
exploitation conditions (mountain and curved or straight
and horizontal railroads). Wheel wear is investigated in
order to decide the optimal timing of wheel turning. The
relation between wheel wear and lateral force and riding
comfort is also studied in this paper. The riding comfort is
evaluated by lateral and vertical acceleration of a car
body and bogie which was investigated on the worn wheel
profile and initially after turning wheel profile.
Experimental investigation was performed on electric
locomotives in Serbian Railway service.
Key words: wheel wear, riding comfort, lateral and
vertical acceleration

1. INTRODUCTION
Wearing of wheels and rails in railway vehicles represents
a major problem that has existed since the beginning of
railways and will last as long as there are trains. The
wheel wear problem is very complex and depends on
many factors, such as speed changing, load, climate
condition, etc. The theoretical aspect and forms of wear in
wheel-rail contact are presented in this paper.
The data about wheel wear of Serbian Railways vehicles
is also presented. Furthermore, the data about running
kilometers before a wheel is going to be turned or
replaced is provided. This part of paper contains data

Railway service is heavily influenced by problems with
wheels like worn shape, early wear and wheel flatness.
All these problems affect riding stability, safety,
maintenance cost, and environment. These wheel
irregularities are repaired with wheel turning. Wheel and
rail wear is a specific tribological problem that depends
on many factors: wheel and rail material, rail condition,
vehicle conditions (suspension, bogie construction and
axle load), load (weight), lubrication, climate conditions
(temperature, humidity), velocity, exploitation conditions
(mountain and curved or straight and horizontal
railroads). There are different types of wheel and rail
wear: adhesive, abrasive, fatigue wearing. The problems
that occur in the wheel–rail interaction are related to
ecology, noise, maintenance cost.

3. THEORETICAL ASPECT OF WEAR
The term wear or tear includes a set of phenomena caused
by friction that can be described as destruction, in terms
of separation of individual particles material, which
occurs in the contact layer of a tribo-mechanical system.
These particles are commonly called products of wear and
tear.
The act of surface destruction is limited to a small volume
of material, but it is important that during the friction
process, material fractions are physically distanced from
the contact zone. This way, measures gradually decrease
and the shape of the contact elements in friction area
changes, i.e. the phenomenon of wear occurs.
There are numerous hypotheses by which, with different
aspects and more or less successfully, explain the
mechanism of friction. In any case, it is evident that wear
is a very complex process because of the discrete contact
and dynamic character of the friction process. It causes
different manners of material destruction and its
digression from the zone of contact. It is possible, for
example, that purely mechanical destruction may occur by
crushing some elements of roughness, or tracking
smoother materials by harder microelements. The
destruction can occur and result in adhesion, abrasion,
erosion, oxidation, etc. What form of wear products
generation exists in a specific situation depends on many
factors.
The experimental way of wear parameters assessment is
the most reliable way, where different methods and
measuring equipment can be used. However, a universal
calculation formula does not exist and for that reason
there are empiric expressions that are based on different
theoretical theses. Thus, for example, the calculation of
fatigue wearing is based on the molecular-mechanical
theory of friction, while that of adhesive friction is based
on the adhesive theory [1].
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Fatigue wearing exists in all tribo-mechanical systems
and in all contact conditions of tribo-mechanical
elements. The physical explanation of material particles
destruction, i.e. product creation, lies in the relative
movement of surfaces in contact, with peaks of harder
roughness moving through the layer of material with less
hardness. In that case, pressure stress occurs in front of
this roughness and tension stress occurs at the back
(Figure 1).

Fig.1. Tension and pressure at roughness
Over time, this kind of a two-way alternate stress on the
layer with less hardness is being repeated in cycles until
the end of the friction process. Due to such a situation, the
fatigue of materials arises, first cracks appear, which later
causes the destruction or the separation of particles [1].
Abrasive wearing develops when roughness peaks of hard
bodies move over the surface layer with less hardness.
Thereat, micro cutting and permanent deformation of the
contact area occur and material particles are created and
removed.
There are many types of abrasive wearing but only three
of them are basic. The first type of abrasive wear is
caused by the impact of the hard bodies on surfaces with
less hardness. This type of wear takes place most often
during the transport of incoherent hard materials, such as
stone, gravel, various ores. On that occasion, holes of
smaller or larger dimensions appear at the contact surface
during destruction and removing of wearing products out
of the real contact area.
The second abrasive wear is caused by the appearance of
extremely high pressure conditions in the contact zone of
elements in a tribo-mechanical system. That wear occurs
when large pieces of hard minerals, coal, and similar
materials in milling machines with cylinders and balls are
milled and broken, Figure 2.

another without additional load, i.e. only due to its own
weight. This type of abrasive wear is typical for sliding
incoherent load on some surfaces (gravel, sand…).
The size of abrasive wearing material particles is always
larger than the size of particles produced by other types of
wear. Worn surfaces have visible cracks, canals or small
holes [1].
Adhesive wear is a very frequent type of wear. It always
appears in direct contact conditions, with dry and
lubricated contact surfaces. The first equation for the
calculation of the amount of worn material was
introduced in 1953 based on the Adhesive Friction
Theory. The equation was created by G.F. Archard, who
started from the assumption that the contact of solid
bodies was discrete, and that the real contact area had the
form of a circle with radius r. He also assumed that all
worn particles developed on a sliding path equivalent to
2r were always a half sphere in form. That way, he set up
the equation for the calculation of worn product volume
on path L in the form:

V =K

N
L
3σ T

(1)

Where N is the load equally distributed to all contact
elements, and K is the coefficient of adhesive wearing
and, like the coefficient of friction, it is also
dimensionless and experimentally determined [1].

4. CONTROL MEASURES OF WHEEL
WEARING
Because of the tribological influence in the contact area of
the wheel-rail interaction, wheel profile is being worn and
damaged during exploitation. Wagons in a train, and the
complete train composition move on a rail with
translation and rotation around all axes of a Descartes
(Cartesian) system for a variety of reasons: because of the
different diameter wheels on one axle, different axles and
wheel loads, failures in buffing and draw gear, brake and
traction influence, failures of track, and others. This leads
to a more frequent and too strong vertical (less dangerous)
and lateral (more important) impact on wheels flange on
the rail side. Impact forces produce friction forces
between wheels and rails. Friction forces have variable
intensity, and produce faster or slower wearing of wheel
flange. Wheel dimensions are determined by the UIC
510-2 Leaflet, Figure 3 [2].

Fig.2. Milling
The third type of abrasive wear occurs under a relatively
low pressure in the contact area. It appears when one of
the elements of a tribo-mechanical system slides over
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Fig.3. Wheel dimensions

Wheel measures that should be controlled are: wheel
flange width (Vd), measure (qr), flange height (K) and
flange wear depth (Figure 4).

Fig.4. Wheel measures
Fig.7. Wheel-rail profiles
Considering the UIC and Serbian Railways (SR) norms, if
the qr measure is greater than critical, or if running
surface is worn, or if a wheel is causing great noise,
vehicles must be removed from traffic in order to be
subjected to wheel turning. Both wheels on one axle, or
four wheels on one bogie, or all eight wheels on a vehicle
should be turned to proposed profile and with a tolerable
difference between diameters of wheels.
Figure 5. shows the proposed measures of wheel flange
[2].

Fig.5. Proposed measures of wheel flange

5. WHEEL-RAIL WEARING SHAPES
Figure 6 shows various forms of deformation and
appearance at the track due to the wheel-rail interaction.
Apart from the plastic flow, there are surface fatigue
cracks, lubricant and wear residues, shells and other
wearing products.

Fig.6. Forms of deformation at rails
Figure 7 shows worn and new wheel profiles in
interaction with the rail.

6. DATA ABOUT WHEEL TURNING AND
WHEEL REPLACMENT
Considering the data about wheel wearing on Serbian
Railways from the last 20 years, it can be seen that the
wheel lifecycle has decreased from 700.000-800.000 km
to only 200.000 km, even in some extreme cases to
30.000 km. The running distance between two turnings is
70-80.000 km, but wheels are often turned after 30.000
km. The extreme example is the locomotive whose
wheels were turned after only 6500 running km [2].
There is data about wheel turning and wheel replacement
on locomotives indicating that wheels run the most
kilometers before the first turning, after which that wheel
runs less km prior to each new turning. Before the first
turning, wheels run 82000-115000 km on average,
between the first and second 51000-62000 km, while
between the second and third turning they run only 34000
km. The replacement of wheels is done at 183000-202000
km on average. This can be explained by the fact that
material has the highest hardness when the wheel is new,
while with each treatment the hardness of the material is
reduced as it decreases inside the rim of the wheel.
The analysis of measurement data of wheel profile in
Novi Sad depot shows that wheel turning of locomotive
441 wheels became necessary due to the reduction of
flange width or qr increase. Decreasing Vv usually
occurred on only one axle wheel and causing the need for
every locomotive wheel to be turned. This data shows that
13 series 441 locomotives were sent to the depot for
wheel turning due to inadequate qr measure, while 226
locomotives were sent to the depot due to low wheel
flange width [5].
The analysis performed for the period 1996-1998 in
Belgrade depot shows that 334 turnings were done and
that wheels were replaced on 76 series 441 locomotives.
The running distance between two turnings was 40.627
km on average; the wheel lifecycle was 113.000 running
km on average. This value was seven times smaller than
the average lifecycle in the 80’s [5].
In addition to the data on wheel turning in Belgrade and
Novi Sad depots, the data on wheel turning in Nis depot is
also available. Wheel wearing is monitored by engineers
in Nis depot on series 441, 444, and 461 locomotives. The
investigation showed the presence of an ingredient which
was created from brake pad materials, sand, oil and other
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materials from the environment in the wheel-rail contact.
Considering the presence of this ingredient, the wheel
hardness was measured. The hardness values were 310370 Brinels. The investigation also indicated that wheel
wearing was increased in summer months. The measured
rail temperature was 70°C, while the temperature of
wheels was 40°C in the summer. The highest wearing was
in the months with no rainfall, in July and August. Apart
from the fact that wear increased in summer months, there
was an increase in wear in winter too, when temperatures
were below zero. The “rail build-up” and qr increase
occurred in that period. The recording of track geometry
on Nis-Presevo and Nis-Dimitrovgrad lines was
performed in July 2007. The analysis of parameters which
were recorded showed that there was the tightening of the
gauge which had an impact on wheel and rail wearing.
The unequal tightening of the track gauge directly causes
friction and wears increase. These track irregularities are
caused by an inappropriate wood sleepers or “nails” on
the rail head due to height wear. The rail head wearing is
especially high in horizontal curves with a radius of less
than 500 m and it is manifested by metal swarf on the
ballast next to the log of the outer track. The irregular rail
lubrication contributed to this increased wearing. All this
data indicates that the wheel wear is a very important
problem and it is necessary to systemize the influential
parameters by testing them in laboratories and under
exploitation conditions in order to recognize this complex
process and establish steps for reducing wear.

7. FACTORS THAT INFLUENCE WEARING
Since there are so many factors that influence wearing
and friction, and having in mind their permanent and
complex influence, it almost impossible to analyze them
individually. Therefore, in order to make the research
possible, influential parameters are divided in four factor
groups:
1. the group consisting of mechanical properties of
materials,
2. the group that comprises micro geometrical
characteristics of contact surfaces,
3. the group which includes external conditions of
friction, and
4. the group consisting of friction properties of a tribomechanical couple [1].
During the tests, we analyzed the influence of only one
factor from each group, while all other factors were
excluded from consideration. The selection of
investigation parameters was done according to the value
of its influence on the defined tribo-mechanical system
and exploitation condition.
1. From the group of mechanical properties of materials,
the most influential wearing factor, in normal working
regime, is the surface hardness. Practically, it can be said
that if hardness increases, the intensity of wearing will
decrease for all metals. However, for materials that have
similar tensile strength, the intensity of wearing is
increased with the increasing module of elasticity. On the
other hand, for materials that have the same relative
breaking elongation, the intensity of wearing is decreased
with the increasing module of elasticity.
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2. The micro geometry parameters of contact have great
influence on wear. Surfaces that are extremely rough and
wavy are prone to more wear. The Influence of these
parameters is extremely high in combination with other
parameters.
3. The factors from the group of external friction
conditions have a nonlinear influence on all material
pressures that can be expressed in the form:

I h = pnα

(2)

where α=1-3 is the exponent. However, if corrugation is
ignored (which is very often the case with small contact
surfaces), this coefficient is α =1.4-3. From this factor
group, the increase in velocity and temperature in
combination with large contact pressure produces very
intensive wearing.
4. The friction coefficient is the most influential
parameter on wear intensity in the group of couple
friction characteristics:

Ih = µt

(3)

where t is the coefficient which includes friction material
characteristics. This dependence is valid for metals and
nonmetals, with or without lubrication. This equation is
often considered as a relation between friction and
wearing.
Considering that wear is always an adverse aspect of
friction, the need for the reduction of friction is constantly
present. Therefore, there are several possibilities. For a
specific friction pair and friction conditions, wear
reduction can be performed by using an adequate
lubricant. Lubricants disconnect friction elements, thus
decreasing the possibility of direct contact of two solid
bodies, and also the possibility of wearing. Lubricants are
separately effective in the first phase of the wearing
process, when elements of roughness and corrugation are
in contact for the first time. [1]
The reduction of wear intensity is can be achieved with
mechanical and heat treatment of contact surfaces, which
also minimizes micro roughness contacts that present the
potential wearing area.
Yet another way to reduce wearing is by using a weak
current, ultrasound, lasers or ionized beams, and energetic
flux also, for surface treatment.
There are many factors that influence the rail-wheel
wearing. Some of them are: physical and chemical
properties of wheel and rail materials, surface roughness,
presence and type of lubricant and so forth. Except grease
and oil, other materials may be present in the wheel-rail
contact, such as break pad swarfs, sand, dirt and various
materials from the environment. Kinematics of a wheel
moving on the rail also influence the wheel wear. Figure 8
shows the force diagram of the wheel-rail contact. It can
be seen that lateral creep force and normal force are
components of vertical and lateral load, and friction
coefficient is defined as rate of lateral creep force (fy) and
normal force (N) (Figure 8).

Fig.8. Force diagram in wheel-rail contact

8. EXPERIMENTAL INVESTIGATION OF
RIDING STABILITY

The measurement of vertical, lateral and longitudinal
acceleration on axle box and bogie frame can provide
information on running stability. The measurement was
performed with EuroAccboard device which includes a
three axis acceleration sensor, GPS receiver and memory
card. The acceleration sensor was located on the bogie
frame near the first axle (Figure 10). The measuring rate
was 160 Hz.
The acceleration values in all three directions were
recorded on bogie frame of a series 444 locomotive.
These records were made in running conditions of a
locomotive which pulled wagons with the total load of
around 1000t, with the speed of 78 km/h on Nis-Leskovac
line. The maximum acceleration was 0.7g for
longitudinal, 1g for lateral and 2.1 g for vertical
acceleration. Figures 11. and 12. shows the lateral and
vertical acceleration.

Lateral and vertical forces in the wheel-rail contact are the
most important for railway vehicle riding stability. That is
the reason for performing the investigation of dynamic
behavior of electrical locomotive series 444 and dieselelectrical locomotive series 621 in exploitation conditions
(Fig.9.).

Fig.11. Lateral acceleration

Fig.9. Measurement preparing on locomotive series 621

Fig.12. Vertical acceleration

9. CONCLUSION

Fig.10. Acceleration sensor on bogie frame

The data on wheels and rails wear points out that wear is a
very complex problem, since exploitation conditions
change permanently (speed increases and decreases,
wheel load changes, climate conditions differ). In order to
solve or minimize that problem, it is necessary to collect
and systemize data about wheel wearing, as well as to
identify influential parameters and, furthermore, record
and analyze dynamic parameters in exploitation
conditions that can provide additional knowledge about
them. The subject of further investigation at the Faculty of
Mechanical Engineering in Niš should be the exact
identification of influential parameters for wheel wearing
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on Serbian Railways locomotives, which should be
followed by taking initiative steps in order to reduce wear
and prolong the wheel lifecycle.
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than in conventional IC engine. The main idea can be
described with kinematic scheme in Fig. 1.

CONSTRUCTION OF
NONCONVENTIONAL INTERNAL
COMBUSTION ENGINE
Jovan DORIĆ
Ivan KLINAR

Abstract: This paper presents the basic description and
shape of a new internal combustion engine. The valveless
internal combustion engine with more complete expansion
is one of the possible ways of converting chemical energy
of fuel into mechanical work. This paper also describes
the main parts of this engine and deals with the designs of
engine assembly. The main purpose of this IC engine is to
increase engines’ thermal efficiency. The engine is
designed so that the changes in the thermodynamic state
of the working fluid are different than in conventional
engines. Specific differences are reflected in a more
complete expansion of the working fluid (the expansion
stroke is larger than compression stroke), valveless gas
flowing and complete discharge of residual combustion
products from the combustion chamber. In this concept,
the movement of the piston is different than in
conventional piston mechanisms. In this article, the patent
application material under number 2008/607 at the
Intellectual Property Office of the Republic of Serbia was
used.
Key words: internal combustion engine, Miller cycle,
radial-rotary IC engine

1. INTRODUCTION
Considering the present development trends, trends for
more efficient use of fuel resources, the problem of global
warming and other environmental factors, development of
internal combustion engines will certainly move towards
the reduction of fuel consumption. This paper deals with
basic structure, shape and design of unconventional
internal combustion engines. The basic principle of this
engine is based on the realization of Atkinson cycleexpansion stroke is larger than compression stroke [1,2],
this is achieved using different kinematic of piston motion
law. In this mechanism movement of piston is different

Fig.1. Kinematic scheme of new IC engine
As seen in Fig. 1, in this case to the conventional piston
mechanism scheme is added one more movement
(rotation) of cylinders around axis at exactly defined
position. Precisely defined position (E1 and E2) of the
crankshaft and movable cylinders is very important,
because these values define more complete expansion of
working fluid and full discharge combustion chamber of
the residual products of combustion, impact of these
values on more complete expansion are described in [3].

2. DESCRIPTION OF ENGINE
Basic parts of engine are shown in Fig. 2. The engine
consist of the lower part of engine housing (1) and the
upper part of the engine housing (2), movable cylinders rotors (9), in which are placed pistons (6), connected to
the crankshaft (5), through the piston rod (7) and piston
pin (8). With (3) and (4) are presented intake and inlet
manifold respectively, and with (10) and (11) are
described gear mechanism. Pistons are placed radial to the
crankshaft, whereby the rotation axes of crankshaft
located at precisely defined position.
The Miller cycle, named after its inventor R. H. Miller,
has an expansion ratio exceeding its compression ratio.
The Miller cycle, shown in Fig. 10, is a modern
modification of the Atkinson cycle (i.e., a complete
expansion cycle). In the Miller cycle, the intake valve is
left open longer than it would be in an Otto cycle engine.
In effect, the compression stroke is two discrete cycles:
the initial portion when the intake valve is open and final
portion when the intake valve is closed. In new valveless
IC engine with more complete expansion of working fluid
Miller cycle is achieved in a different way.
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Fig.2. Cross-section of new IC engine

3. BASIC PARTS
The main engine parts are piston group, crankshaft,
rotors, engine housing and connecting rods. Piston group
consisting of the common parts: piston, piston ring
(compression and oil) and piston pins. Crankshaft is the
part of an engine which translates reciprocating in-plane
piston motion into rotation. In this engine, crankshaft is
very similar to standard engine, but in this case crankshaft
have one gear, as shown in Fig. 3. Also the differences
between this and conventional crankshaft can be seen
from Fig. 3, where is shown that the crankpin are next to
each other for first and second cylinder and for third and
fourth.

Fig.3. Crankshaft of IC engine with middle gear
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Crankshaft is connected with piston rod and with small
shaft, also described on Fig. 4. Piston rods are connected
with pistons with standard connections through piston
pin. In Fig. 4 is shown small shaft with three gears. Gear
in the middle has 20 teeth, this gear is coupled with gear
which is connected with crankshaft and have 80 teeth,
previously described in Fig 3. The described coupled pair
of gears realized gear ratio of 4 (1). The other two gears
at the ends of the shaft are coupled to the rotor gears,
show later in Fig. 6. During this second coupling achieved
gear ratio is 0.25 (2).

Fig.4. Small shaft with three gears

i1 =

n1 80
=
=4
n 2 20

(1)

i2 =

n3
30
=
= 0.25
n 4 120

(2)

conventional engine) and generated torque on rotary
cylinder. Described addition of torque is shown in the
following Fig. 7.

Finally we get the overall ratio of nonconventional piston
mechanism shown in next relation (3).

i = i1 ⋅ i3 = 1

(3)

The direction of rotation will be opposite for the rotary
cylinder and the crankshaft, because the motion consist of
one internal and external coupling. Assembly of all
pistons, piston rods, crankshaft, small shaft with gears and
upper part of engine housing are shown on next Fig. 5.
Fig.7. Total torque of engine

Fig.5. Assembly of bottom housing, piston group,
connecting rod, crankshaft and small shaft.

Fig.8. Normal force on cylinder wall
Rotor has a rigid connection with big gear of 120 teeth,
this gear is coupled with previously small shaft described
in Fig. 4. The construction and shape of the rotor can be
done in several ways, but it is extremely important that
cylinder walls have rigid and strong connections with
rotor rim, because cylinder walls in this case is the part
which carries normal force. This normal force is
illustrated in Fig. 8, the same picture also present crosssection of rotor. Fig. 9 illustrated connection between 120
teeth gear and movable cylinders.

Fig.6. Assembly from Fig. 5 where is one more rotor
added
The following Fig. 6 shows the situation from Fig. 5 but
in this case is one more rotor added to assembly. The
shape and construction of rotary cylinder (rotor) is very
important, because this part of engine also generate
torque. Total motor torque is obtained by summing the
torque generated on crankshaft (as it is know from

Fig. 9. Engine rotor
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4. MORE COMPLETE EXPANSION CYCLE

Today, it successfully implemented by Toyota (Miller
cycle) with hybrid drive. It is clear that the efficiency of
modern IC engine can not be much increased, which is
also one of the reasons for the development of new
propulsion systems. However, at the time in which every
year world produces a large number of vehicles, where
there is still no real alternative, a minimum improvement
of any segment of today`s engines will certainly be felt on
a global level.
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Fig.10. PV and TS diagram of engine cycle
Engine cycle is shown in Fig. 10, the compression 1-2
process is isentropic; the heat addition 2-3, an isochoric
process; the expansion 3-4, an isentropic process; and the
heat rejection 4-5, an isochoric process, 3- 4 . For the heat
addition (2-3) and heat rejection (4 -5 -1) stages,
respectively, it is assumed that heating occurs from state 2
to state 3 and cooling ensues from state 4 to state 1 [4,5].
Described engine had the higher efficiency than
conventional engine, values range of improvement
depending of selected parameters. In Fig. 11 are described
how values of k1 have impact on efficiency in Otto engine
and new engine. It is obvious that in this case there is an
improvement of efficiency [6].
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CORRESPONDENCE

4. CONCLUSION
In this paper basic description of new engine design is
shown. The main purpose of this nonconventional IC
engine is to increase thermal efficiency. This is achieved
with different kinematic of piston motion. Shape of all
engine parts are shown in this article, also the basic
principle and relation between them are explained. Some
important assemblies are also described in several
pictures.
The main aim of this new engine shape and design is
realization of Miller cycle (modern version of Atkinson
cycle). Modern hybrid systems work on such principle, so
it is reasonable to expect that manufacturers will
increasingly focus their design to achieve this cycle.
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standard tractor embodiment. That complicates the
determining of the coefficient of efficiency significantly
and decreases the efficiency of field monitoring of
technical condition of hydraulic drives.
Research objective was estimating the possibility to
determine the efficiency coefficient of the hydraulic drive
of the tractor hitch by pressure fluctuation caused by
characteristic oscillation of mass connected with
hydraulic cylinder rods and by characteristic oscillation of
the tractor in whole arising during load lifting by the
hitch. Therewith, for recording of pressure fluctuation an
appropriate designed-in transducer was to be used.

2. RESEARCH TECHNIQUE

MOBILE MONITORING OF TECHNICAL
CONDITION OF HYDRAULIC DRIVES
OF TRACTORS

As a rule, in «Belarus» tractors (Fig.1) two hitches are
used – a front-mounted and a rear-mounted.

Ivan OUSS
Uladzimir BASINIUK
Mirko RADUSINOVICH
Driss El MESSAOUDI
Abstract: The report deals with results of research in
developing means for mobile monitoring of technical
condition of hydraulic drives of «Belarus» tractors;
technical condition of drives is evaluated by parameters
of pressure fluctuation arising in the hydraulic system as
a response to characteristic damped oscillation of mass
connected with its hydraulic cylinder rods during its
motion. Possibility to evaluate the coefficient of efficiency
of hydraulic drives using designed-in pressure transducer
and tachometer is shown
Key words: hydraulic drive, monitoring, characteristic
oscillation, technical condition, tractor

1. INTRODUCTION
One of main tendencies in developing of modern tractors is
increasing their capacity and efficiency with constantly
growing demands to their reliability and environmental
safety.
These tasks are solved by creating energy-saturated
tractors, in whose design additional drive (mainly
hydraulic) systems are included. In spite of constant
improvement of design and manufacturing techniques of
hydraulic drives in the domestic mechanical engineering,
they traditionally remain among most technologically
complicated components that effect significantly
reliability, safety and consumer properties of tractors.
One of most important parameters of a hydraulic drive is
its coefficient of efficiency. As a rule, it is evaluated by
comparison of working fluid volume passing through a
control section in unit time with design volume. Design
volume is calculated with an allowance for angular
rotational velocity of the input shaft of the pump and for
theoretical fluid supply per shaft revolution. But then, for
evaluating the real volume of working fluid, quite
expensive flowmeters are used, that are not a part of

Fig.1. General view of the «Belarus» tractor with hitches
In Fig. 2 a, view of the front-mounted hitch is shown, in
Fig. 2 b – its scheme, and in Fig. 2 c – peculiarities of its
kinematics are shown in Fig. 1 d.
In the case under consideration, efficiency coefficient (η)
of the hydraulic drive is taken equal to ratio between
actual volume of working fluid Qд that provides movingout of hydrocylinder rods in unit time when entering
pressure chambers of hydrocylinders, and design volume
of working fluid Qр that would enter these chambers if
efficiency coefficient of the pump was 100%.
During the research, as a basis of this methodical
approach was assumed, that speed V (m/s) of load-lifting
by the hitch determined by speed of moving-out of
hydrocylinder rods, can be found according to the
following dependence

V =

Qд
,
SΣ

(1)

where SΣ is total area of pistons of hydrocylinders,
and design volume of working fluid Qр that would enter
chambers of hydrocylinders in unit time if efficiency
coefficient of the pump was 100%, is equal to

Q

P

= 2π ⋅

kQ ⋅ q ⋅ω
2 ⋅π

,

(2)

where π = 3,1415…; kQ − coefficient equal to ratio
between volume of working fluid Qд entering
hydrocylinders of the hitch, and total volume of
working fluid
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where ω m = С m / m ; Сm −
2

rigidity of mechanical-

hydraulic system of the hitch reduced to hydrocylinder
rods, N/m; um – damping coefficient connected with
logarithmic decrement of oscillation ϑ by the ratio um = ϑ/π.
Considering solution of equation (4) and variation range
of parameters of hitches in «Belarus» tractors,
dependence for determining the maximum value of
acceleration of mass m can be represented as following

&x&m (max) ≈ V ⋅ ω m ⋅ e − 0 , 25 ⋅u m ⋅ω m .

(5)

Force F = m ⋅ &x&m specified by oscillation of mass m,
affects the working fluid via hydrocylinder pistons
causing pressure fluctuation in the hydraulic drive that are
proportional to it. Maximum amplitude of this pressure
fluctuation is connected with force F by the dependence

a

Р max ≈ k g ⋅

m ⋅ &x&m (max)
SΣ

=

m ⋅ V ⋅ e − 0 , 25 ⋅u m ⋅ϖ m .
SΣ

(6)

where kg is a coefficient that depends on design features
of the hydraulic drive and is determined experimentally.
Considering information given above

η ≈ 2 π ⋅ k q ⋅ e 0 , 25 ⋅u

b
1
kkin
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c
Fig.2. View (а), diagram (b) and peculiarities of
kinematics of hitches (c) (kkin – ratio between projection
of vertical force on the axis of hydrocilinder rods, and its
maximum value)
pumped into the hydraulic drive; q − design volume
supply per revolution of the input shaft of hydraulic drive
pump; ω − angular rotational velocity of the input shaft of
the hydraulic pump, rad/s.
Then, efficiency coefficient η of the hydraulic drive can
be found according to the dependence

η = 2π ⋅

V ⋅SΣ
,
kQ ⋅ q ⋅ω

(3)

Characteristic oscillation of mass m connected with
hydrocylinder rods that arises in the initial time of
moving-out of these rods can be described by the
differential equation

&x&m + u m ⋅ ω m ⋅ x& m + ω m2 ⋅ x m = ω m2 ⋅ V ⋅ t ,
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(4)

m

⋅ω m

⋅

Р max ⋅ ( S Σ ) 2 .
m ⋅ kQ ⋅ q ⋅ω

(7)

Dependence (7) describes in full interconnection of
maximum amplitude of pressure fluctuation with the
efficiency coefficient for hydraulic drives with fixedsupply (gear-type) pumps. However, at present, in the
hydraulic drives of tractors axial-piston pumps with an
automated system for control of working fluid flow in
accordance with pressure in the hydraulic drive or effort
at the working member connected with hydrocylinder
rods. Considering that, in the production association MTZ
parameters of pressure fluctuation were researched in the
hydraulic actuation system of the rear-mounted hitch
(RMH) of the «Belarus 2522/2822/3022» tractor with a
fixed-supply axial-piston pump A10CNO45 manufactured
by the firm «Bosch-Rexroth». Maximum pump output flow
per revolution of the input shaft is q = 45 сm3 = 45•10-6 m3.
Research was conducted in the test center of the
production association MTZ at environment temperature
of 17°С. Before the research, on a special test bench,
drain line leakages had been measured at angular
rotational velocity of the pump input shaft equal to 210
rad/s and pump output pressure equal to 10 MPa,
wherefore flywheel of supply control of the distributor
was turned by angle 540°. In a new pump, leakages were
1,8 l/min, in an old pump 32,1 l/min, what corresponded
with approximate values of efficiency coefficient ηn ≈ 98 %
and ηo≈ 66 % (ratio of efficiency coefficient is equal to ≈ 1,5).
As control instrumentation following equipment was
used: pressure transducer HT-PD (ISDS) with
measurement range 0-40 МPа, class 0,5, flowmeter RE-3
with measurement range 0,7–70 l/min, class 0,5, stop
watch СОП пр-2а-3 ТУ 25-1894-003-90 and hardwaresoftware complex including a controller and a laptop
computer (Fig. 3).
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By means of the hardware-software complex, with real-time
reference, with analog signal sampling frequency f = 125 Hz,
following parameters were simultaneously recorded: pressure
at the output of the regulatory section of the distributor Р,
working fluid supply to actuating cylinders Q, temperature of
working fluid Т °С. Measurements were carried out with threefold repeating of lifting and lowering.
As working fluid, hydraulic oil Addinol Hydraulikoil HLP
32 was used in the hydraulic drive. During testing of pumps
on the bench, its working temperature was maintained in
the range 50±5°С.
During research, angular rotational velocities of the
engine ω were set equal to 90, 150 and 210 rad/s. Mass of
the lifted load m = 1, 2, 3, 4 and 5 t. Hitch basket was
suspended while being loaded, i.e hydromechanical
system was previously-loaded or ground-mounted before
load lifting. During one test cycle, 3–4 liftings and
lowerings of the load were carried out.
During data processing, oscillograms of pressure fluctuations
were analyzed with separating of informative components
that characterize peak values of pressure fluctuation
amplitudes and their nondimensional damping decrement.
Obtained results were processed statistically with
construction of empirical dependences and graphic
representation of obtained data.

3. RESEARCH RESULTS AND DISCUSSION
OF THEM
In Fig. 4 standard oscillograms of pressure fluctuations for
lifted mass equal to 5 t and its dependence on the angular
rotational velocity of the input shaft of the pump are
shown.
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Fig.3. Complex transducer (а) and controller (b)
used during research
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Fig.4. Oscillograms (а, b) of pressure fluctuations in the
hydraulic drive with a new axial-piston pump in the initial
time (a) and at the moment of completion (b) of load
lifting (m = 5 t) and corresponding dependences between
peak values of pressure fluctuation amplitudes(c) and
angular rotational velocity of the engine
In Fig. 4: fm – frequency of characteristic oscillation of
mass m; fM – frequency of tractor oscillation; ∆Pa1 –
excesses of maximum pressure pa1(max) against its value at the
moment of complete moving-out of hydrocylinder rods.
Analysis of oscillograms in Fig. 2 shows that during load
lifting by the hitch, in the initial time and after completion
of load lifting, as a result of arising characteristic damping
oscillation of mass m on the hitch and of the tractor in
whole, in the hydraulic drive corresponding damping
pressure fluctuation arises, whose amplitude is proportional
to the speed of moving-out of rods, what correlates well
with dependence (7).
In Fig. 5 ratios are shown of differences between peak
pressure values pa1(max) and pressure value at the moment of
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complete moving-out of hydrocylinders rods during testing
of drives with a new and an old controlled-supply axialpiston pump.

р max (n) / р max(o)

1,2

1

2

3

4

To evaluate possibilities of implementation of described
approach using a more convenient pattern of ground-level
load lifting, a relevant experiment was carried out. Its
results are shown in Fig. 6.
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Fig.6. Oscillogram of pressure fluctuation during groundlevel lifting of a load with
m = 5 t: 1– initial oscillogram of pressure in the
hydraulic drive; 2 – line characterizing steadily increasing
pressure in the hydraulic drive; 3 – curve characterizing
influence of hitch kinematics on pressure change;4 –
separated oscillogram of pressure fluctuation
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Fig.5. Ratio of peak values of pressure pmax (а) to excesses
of maximum pressure pa1(max) against its value at the moment
of complete moving-out of hydrocylinders rods (b) during
testing of drives with a new and an old controlled-supply
axial-piston pump: pmax(n), pmax(o) – maximum pressure of
working medium in the hydraulic drive with a new and an
old pump, respectively; 1– ω=90 rad/s; 2 – ω=150 rad/s;
3 – ω = 210 rad/s; 4 – average value of ratioя
pmax(n)/ pmax(o) with m = 4 and 5 t; ηn/ηo – ratio between
efficiency coefficients of a new and an old pump
Their analysis shows that peak values of pressure
fluctuation in hydraulic drives with axial-piston pumps,
whose supply is adjusted by pressure difference,
characterize most completely efficiency coefficient of a
drive when excesses of maximum pressure pa1(max) against its
value at the moment of complete moving-out of
hydrocylinders rods is used as criterion. Mass of the load
lifted must exceed 60÷80% of the maximum mass, what
allows to keep the estimation error of efficiency
coefficient lower than or equal to 10%, and the value of
estimation error decreases when mass increases.
It should be noted that it is reasonable to determine
values of this parameter basing on at least three
measurements as deviations of the values have
stochastic nature.
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Analysis of oscillogram in Fig. 5 shows the following:
 during ground-level load lifting, pressure in the
hydraulic drive increases steadily up to the value coinciding
virtually with pressure value during lifting of suspended load;
this value of pressure is proportional to the load weight.
However, in the initial time of load lifting, maximum value of
pressure fluctuation decreases by a factor of 2,5–3, and at the
moment of maximum moving-out of hydrocylinders rods
it remains on the same level;
 time of load lifting increases slightly as a result of an extra
period when the tractor “slumps” affected by weight of the
lifted load and inertial force created by it;
 extra time of tractor “slump” causes occurrence of a quite
long time lag when position of hydrocylinders rods remains
constant;
 in the standard oscillogram 1 shown as example in
Fig. 5, during increasing of pressure in the initial time of
load lifting, just like during lifting of suspended load,
deviation from linearity is observed that is determined by
kinematics of the rear-mounted hitch (Fig.1 c);
amplitudes of characteristic oscillation of the tractor
superimpose on characteristic oscillation of pressure in
the hydraulic system of the hitch, and their amplitudes
have close values.
It should be noted that from the position of formalization
of algorithms of automated computer-aided diagnostic
data processing, oscillograms of pressure fluctuation
recorded during ground-level load lifting have much more
complicated form.
Analyzing results of research of pressure fluctuation in
the hydraulic drive of the tractor hitch during testing of a
drive with an old pump has shown that fluctuation pattern
remains virtually the same as with a new pump (Fig.7).
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Peak values of pressure fluctuation remain proportional to
the angular rotational velocity of the engine. However,
time for realization of a full stroke of hydrocylinders rods
increases, as well as its dependence (as shown above) on
the angular rotational velocity of the engine does.
In Fig.8 change of time T of complete moving-out of
hydrocylinders rods depending on the angular rotational
velocity of the engine, as well as ratio of time T to the
same parameter when using the hitch with a new pump,
are shown.

ω=210 rad/s

1
1

c
Fig.7. Oscillograms (а, b) of pressure fluctuation in the
hydraulic drive with an old axial-piston pump in the
initial time (a) and at the moment of completion (b) of
load lifting (m = 5 t) and corresponding dependences
between peak values of pressure fluctuation amplitudes(c)
and angular rotational velocity of the engine
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Fig.8. Time of load lifting (а ,b) and its ratio to the time
of load lifting by the hitch with a new pump (c,d)
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Analysis of dependences of load-lifting time when full
stroke of hydrocylinders rods is realized has shown the
following:
 unlike the hydraulic drive with a new pump, in which
time of full stroke of hydrocylinders rods depended
virtually only on angular rotational velocity of the
engine, in the hydraulic drive with an old pump it
depends significantly and nonlinearly on the mass of
the lifted load; moreover, this influence decreases
when angular rotational velocity increases and
becomes minimal when angular velocity reaches its
peak value of ω = 210 rad/s with simultaneous
decrease in variations of this parameter (Fig. 8а);
 character of influence of angular rotational velocity of
the engine on the time of full stroke of hydrocylinders
rods in the rear-mounted hitch during load-lifting
doesn’t change as the pump wears out ( Fig.8 b);
 ratio between load-lifting time when using an old
pump and load-lifting time when using a new pump as
well as its average value are particularly close to the
ratio between efficiency coefficient of the drive with a
new pump and efficiency coefficient of the drive with
an old pump at ω ≥ 150 rad/s.
In addition, following differences connected with pump
wear are most essential – from the position of using
during diagnosis of technical condition:
 in the hydraulic drive of the hitch with an old
controlled-supply axial-piston pump, at low angular
rotational velocities of the engine and with the mass of
the lifted load m ≈ 1 t, peak values of amplitudes of
pressure fluctuation in the hydraulic drive were
significantly higher than in the drive with a new
pump; at high angular rotational velocities and with
high values of lifted mass, peak values of these
amplitudes were significantly lower than in the drive
with a new pump, what correlates well with
simulation data given in p. 2., but limits possibilities
to use these regularities as diagnostic indicators
because of low ratios (approximately equal to 1,1) and
their extremely nonlinear dependence on the mass of
the lifted load;
 difference between peak pressure value pa1(max) and
pressure value at the moment of complete moving-out
of hydrocylinders rods recorded at angular rotational
velocities of the engine ω ≥ 150 rad/s for any mass
lifted by the hitch, or in all range of angular rotational
velocities with lifted masses m ≥ 3 t, corresponds most
completely with simulation data concerning influence
on change in efficiency coefficient of the pump during
its wear; variation range of pa1(max) is minimal with the
maximum value of m = 5t
Mentioned factor is connected with design features of the
hydromechanical system that has a system for controlling
the pump capacity by pressure using intrinsic feedback;
from the position of monitoring of technical condition,
this factor causes a substantial difference between drives
with controlled pumps and gear-pump based hitch drives,
in which amplitude of pressure fluctuation decays as
pumps wear.
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Influence of working fluid temperature on the efficiency
coefficient was conducted using a new pump at
temperatures of the working medium Т = 20, 40 and 90
°С. The load was lifted by the rear-mounted hitch while
being suspended, angular rotational velocity of the engine
was equal to 210 rad/s, mass of the lifted load m = 5 t. In
process of researching, values of ра1(max) were determined,
and, considering the fact that this parameter was
proportional to the value of efficiency coefficient, values
of ра1(max) were compared to the values recorded at Т =
=40°С.
Research results are shown in Fig. 9.
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Fig.9. Dependence of change in the efficiency coefficient
of the hydraulic drive with an axial-piston pump on the
temperature of working fluid

Analysis of research results has shown that influence of
working fluid temperature on the efficiency coefficient of
the hydraulic drive of tractor hitches, caused by change in
viscosity of the working fluid during its cooling or
heating, is close to linear for the oil involved and is equal
to 5-10% in the operating temperature range.
Thus, if temperature range of the working fluid Т
corresponding with real operating range and equal to Т =
25-55°С is maintained, error brought about by this factor
won’t exceed 2÷3%, which is quite satisfactory in terms
of engineering, and influence of Т may be neglected.

4. STANDARD SCHEME OF MOBILE
MONITORING
Thus, when developing a mobile system for monitoring of
technical condition of hydraulic drives of tractors by their
efficiency coefficients using on-board microprocessing
equipment of «Belarus» tractors (Fig. 10) for recording of
parameters of pressure fluctuation, a technique can be
used that includes following operations:
 setting hydrocylinders pistons into downwardmost
position in such a way that during positioning of load
the load doesn’t touch the ground, and mass m of the
load positioned on the hitch is maximum allowed;
 starting the tractor engine and warming of oil up to the
working temperature;
 switching on supply of full volume of oil into pressure
chambers of hydrocylinders;





Fig. 10. On-board microprocessing system of «Belarus»
tractor
 recording pressure in the hydraulic drive and engine
speed in process of motion of cylinder rods;
 lowering the load to the down position of
hydrocylinder rods without its earth contact;
 repeating thrice the full cycle of load lifting and
lowering;
 using recorded parameters: determining values of
maximum amplitude of characteristic oscillation of
pressures pmax (for hydraulic drives with fixed-supply
gear pumps) or maximum pressure difference per
load-lifting cycle pа1(max) (for hydraulic drives with
controlled-supply axial-piston pumps);
 calculating value of efficiency coefficient ηi during
every loading cycle using dependence (5) for
hydraulic drives with fixed-supply gear pumps; when
hydraulic drives with controlled-supply axial-piston
pumps are monitored, a compensation factor
determined experimentally is included into this
dependence;
 calculating average value of efficiency coefficient of
the hydraulic drive and, taking into account gradient
of its change over the period of time elapsed since the
last control, calculating its remaining life.
Obtained data are processed automatically using an onboard computer or in stationary conditions of
maintenance when copying diagnostic information from
tractor to computer.







5. CONCLUSION
Basing on analysis of results of research into influence
that characteristic pressure oscillation in the hydraulic
drive of the hitch with a new and an old A10CN045-type
axial-piston pump with automatic control of working fluid
supply by scheduled pressure drop, mass of lifted load
and angular rotational velocity of the input shaft of the
pump have on operating parameters, the following has
been established:
 main results of model-based analysis given in p. 2
have been confirmed, which allows to apply
developed models on the stage of designing and
organization of maintenance and repair of hydraulic
drives of hitches with gear and axial-piston pumps for
evaluating the influence of change in inertial-rigidity
and speed parameters on parameters of pressure



fluctuation in the hydraulic drive and for adjusted
forecasting of their life;
time of full stroke of hydrocylinders rods may be
described by an analytical function, whose parameters
depend on technical condition of main components of
the hydraulic drive and accordingly on its efficiency
coefficient, angular rotational velocity and mass of the
lifted load; as the pump wears out, values of these
parameters can be effectively used during monitoring
of technical condition of the hydraulic drive;
average value of working fluid pressure in the
hydraulic drive both with a new and with an old axialpiston pump depends only on the mass of lifted load;
this dependence is virtually linear, and differences in
gradients of pressure change from gradients of mass
change of the lifted load don’t exceed measurement
errors;
volumes Q of working fluid supplied per unit time
into pressure chambers of hydrocylinders for
hydraulic drives both with a new and with an old
pump are virtually directly proportional to the angular
rotational velocity of the engine and, accordingly, to
the angular rotational velocity of the input shaft of the
pump; however, when new controlled-supply pumps
are used, the value of Q decreases slightly in the
whole working range of angular rotational velocities
as the lifted mass increases, but this decrease can be
neglected. However, as the pump wears out, the value
Q begins to depend increasingly on the angular
velocity and lifted mass; dependence of Q on the lifted
mass has hyperbolic character, dependence of Q on
the angular velocity has linear character;
amplitudes of pressure fluctuation in the hydraulic
drive with an A10CN045-type axial-piston pump with
automatic control of working fluid supply are
connected with characteristic damping oscillation of
the hitch and tractor in whole; amplitudes of pressure
fluctuation in the hydraulic drive may achieve 45-50%
of the average pressure value, and the dynamic
additive connected with that is virtually linearly
proportional (the error doesn’t exceed 8%) to the
angular rotational velocity of the tractor engine;
average temperature of working fluid when using an
old pump is higher than average temperature of
working fluid when using a new controlled-supply
pump if mass of up to 2 t is lifted; average
temperature of working fluid when using an old pump
is lower than average temperature of working fluid
when using a new controlled-supply pump, when mass
of more than 4,5 t is lifted. Character of temperature
change caused by increase of m is essentially different
in these both cases: when a new pump is used,
temperature of working fluid increases nonlinearly as
m increases, and when an old pump is used, this
temperature decreases;
when using both new and old pumps, amplitude of
pressure fluctuation in the hydraulic drive caused by
arising of characteristic damping oscillation of mass m
(placed on the hitch) in the initial time of load lifting,
is proportional to the speed of moving-out of rods.
Moreover, on this oscillation the oscillation is
superimposed that is connected with characteristic
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oscillation of the tractor and whose peak values are of
the same order as oscillation amplitudes of the mass m
on the rods of hydrocylinders. In aggregate, that leads
to corresponding increase of maximum pressure value;
 dependence of the character of change in the peak
amplitude of pressure fluctuation on the lifted mass
can be represented as a power function носит in all
speed modes what correlates well with results of
theoretical research described in paragraph 2;
 as mass of the lifted load increases, rigidity of the
hydromechanical system being a part of the tested
rear-mounted hitch system increases, and this
dependence can be described by a power function;
 temperature of working fluid affects the efficiency
coefficient of the hydraulic drive, but, when technical
condition of the hydraulic drive is monitored in the
most widely used range of working temperatures Т =
25-55°, in some cases this influence can be neglected,
but accuracy that is satisfactory for engineering
practice is still preserved.
Taking into consideration results of theoretical and
experimental research, methodical approaches were
developed to the monitoring of technical condition of
hydraulic drives of tractor hitches basing on pressure
fluctuation arising as a result of characteristic oscillation
of the load lifted by the hitch and of the tractor in whole.
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ONE METHOD FOR DETERMINING THE
LIMIT VALUES OF DIAGNOSTIC
PARAMETERS OF I.C. ENGINE PISTON CYLINDER ASSEMBLIES
Ivan KLINAR
Jovan DORIĆ
Abstract: Diagnostics of piston-cylinder assemblies of IC
engines has special significance because the decision to
overhaul the engine depends of the technical conditions of
these components. In that sense, this paper deals with
analysis of existing methods for diagnostics of pistoncylinder assemblies and also are given guidelines for the
selection of optimal methods of exploitation and
workshop conditions. Based on the results of specific tests
are defined expressions for the evaluation of shabbiness
of piston-cylinder assemblies in certain type of engine,
also the limits of selected diagnostic parameters are
shown.
Key words: internal combustion engine, piston-cylinder
assembly, diagnostic parameters, limit values.

1. INTRODUCTION
Diagnostic methods of piston-cylinder assembly as a part
of internal combustion engine diagnostics procedures are
of special importance, because the decision that the
engine should be generally repaired, is usually made on
the basis of the condition this assembly is in. A certain
number of engine piston-cylinder assembly diagnostic
methods have been developed so far. They use a
considerable number of dependent and independent
parameters, such as: compression pressure, cylinder
leakage, blow-by of oil sump gases, temperature of
exhaust gases, i.e. ratio of compression pressure and
temperature of exhaust gases, starter current, amplitudefrequency spectra of vibrations, oil consumption, external
engine speed characteristics (power, torque, effective fuel
consumption - specific and per hour), contents of exhaust
gases, etc., [1]. Simultaneous appliance of all or of a
larger number of the existing diagnostic methods does not
present a rational solution, so the methods and
corresponding parameters are to be chosen that are
expected to give the best effects concerning their

reliability, unambiguousness, selectivity, sensitivity to
other influences and convenience for the realization in
workshop and exploitation conditions.
The existence of defined diagnostic normatives, i.e. the
parameter limit values and the possibility of predicting the
leftover lifetime of piston-cylinder assembly are also the
requested conditions for the justification of the practical
appliance of certain diagnostic parameters.
Concerning the already mentioned, the paper gives the
evaluation results of existing diagnostic parameters, based
on the own research and on the data given in literature. It
also points out the most convenient parameters satisfying
the mentioned criteria. By using the computer and
appropriate software packages, the analytical functions
are determined that define the changes of chosen and
measured diagnostic parameters as functions of worn-out
degree of engine piston-cylinder assembly, as well as the
limit values of these parameters requested for the practical
diagnostics of the mentioned engine components.

2. CHARACTERISTICS OF DIAGNOSTIC
PARAMETERS
The analysis of results obtained through the carried out
researches concerning the methods and parameters used
for the diagnostics of an engine piston-cylinder assembly
condition leads to the next conclusions:
External engine speed characteristics (Pe, M, Gh et ge)
belong to dependent diagnostic parameters and enable
only the general review of the condition the engine is in.
In case of piston-cylinder diagnostics they do not fulfill
the requested conditions of unambiguousness and
selectivity. The determination of these characteristics
requires the usage of a test stand with engine brake, [2].
The content of exhaust gases is also a dependent
diagnostic parameter representing the complex function of
numerous influences. It is not convenient for the pistoncylinder assembly diagnostics due to its ambiguousness,
inselectivity and too high sensitivity to a certain number
of other influences connected with the fuel-air mixture
characteristics, design parameters and exploitation
factors, [6].
The engine oil consumption is not enough unambiguous
and selective diagnostic parameter because it reflects the
condition of all cylinders together, i.e. of the whole
engine as well as of the oil physical and chemical
properties. It is not possible to locate the incorrectness
only on the basis of oil consumption, and the global
estimation of the piston-cylinder assembly condition can
be given only in case that there is no oil leakage out of the
engine. Except this, the long lasting testing on the test
stand is required, so this parameter is not suitable for the
practical diagnostics, [2].
Starter current is also insufficiently unambi-guous and
selective diagnostic parameter. It gives the rough review
of the piston-cylinder assembly condition. Its appliance
can be recommended only in case of hindered access to
cylinders when measuring the compression pressure and
leakage on engines with more then 4 cylinders, [4].
Amplitude-frequency spectra as diagnostic parameters
during the vibration measurement satisfy the criteria of
unambiguousness, selectivity and informativeness, but
due to the relatively complex and expensive equipment,
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required computer evaluation and test stand appliance,
they are not suitable for the practical usage, [3].
Concentration of wearing products in the engine oil, i.e.
the evaluation of their settling speed and the quantity of
certain element grounds in the oil sump satisfies the
requested conditions for the piston-cylinder assembly
diagnostics. But, long lasting and complex procedure of
oil sampling, subsequent analysis in specially equipped
laboratories and interpretation of the achieved results
using the previously made diagnostic nomograms are the
reasons which prevent this method from coming into the
practical usage, [6].
Cylinder leakage parameter ∆V belongs to the group of
independent diagnostic parameters and is characterized by
its unambiguousness, high selectivity, informativeness
and insensitivity to other influences (except temperature).
The measurement method is simple enough for practical
realization and the requested equipment is inexpensive
and easy to use. Due to its mentioned properties, this
parameter, i.e. method based on it, is suitable for usage in
workshop and exploitation conditions, [5].
Compression pressure parameter pc can also be estimated
as unambiguous, but less selective and informative in
comparison with the previous one. Except this, it is more
sensitive to other influences (such as: engine temperature,
starter r.p.m. due to the battery condition, openness of the
throttle plate at engine with carburetter). Nevertheless,

due to the simple and fast measurement procedure and
relatively inexpensive equipment, which is easy to handle,
this parameter is also suitable for practical usage, [2], [4].
Gases blow-by parameter B offers the integral estimation
of all engine piston-cylinder assemblies condition, but it
is also possible to estimate the condition of each end
every cylinder by turning off individual cylinders.
Although very sensitive to engine operation regime
(r.p.m. and throttle valve openness at engine with
carburetter), this parameter is very unambiguous and
informative one. The measurement procedure is very
simple and can be carried out very fast. The required
equipment is a little bit more expensive and complex one,
but still easy enough for handling and practical usage, [6].
Exhaust gas temperature parameter Ti shows high
sensitivity to the whole series of other influences, so it
doesn't fulfill the conditions of unambiguousness,
selectivity, sensitivity and informativeness. For the same
reason, the ratio pc/Ti, often quoted in literature as a
diagnostic parameter of piston-cylinder assembly, doesn't
satisfy the requested reliability, so it is not recommended
for the practical usage. Nevertheless, it can be used in
certain laboratory tests as an indicator of general engine
condition, [6].
For the reason of easier review, table 1 also gives the
estimation of the mentioned diagnostic methods.

Tab. 1. Evaluation of diagnostic parameters and methods
Property

Unambiguousness

Selectivity and
informativeness

Sensitivity to other
influences

Possibility
of practical
realization

Required
equipment

Speed
characteristics

Low

Low

Very high
-a lot of influencing factors

Very
difficult

Complex
Very
expensive

Oil consumption

Insufficient

Insufficient

High
-operating regime
-oil evaporability

Easy

Simple
Inexpensive

Starter current

Insufficient

Insufficient

Low

Easy

Simple
Inexpensive

Amplitudefrequency spectra

High

High

Very low

Very
difficult

Complex
Expensive

Contents of
exhaust gases

Very low

Low

Very high
-a lot of influencing factors

Easy

Simple
Expensive

Wear products in
oil

High

High

Low

Very
difficult

Complex
Expensive

Cylinder leakage

Very high

Very high

Very low

Very easy

Simple
Inexpensive

Compression
pressure

Very high

Very high

Low
-engine r.p.m.

Very easy

Simple
Inexpensive

Gases blow-by

High

High

High
-operating regime
-oil evaporability

Easy

Simple
Expensive

Ratio pc/Ti

Very low

Very low

Very high
-a lot of influencing factors

Very easy

Simple
Inexpensive

Parameter
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3. LIMIT VALUES OF DIAGNOSTIC
PARAMETERS
A certain diagnostic parameter has to satisfy some
conditions, if it is intended to be applied for estimating
the technical condition of an engine and its components
and for the evaluation of the leftover lifetime. These are
the existence of defined diagnostic normatives, i.e. of
limit parameter values, as well as of the functional
relations between its changes and changes of some
structural parameters (for example: piston worn-out
degree). The very fact that there are neither defined limit
values, nor functional relations between the values of
diagnostic and structural parameters, certainly is the one
of the important practical problems in the engine technical
diagnostics, thus also in the diagnostics of the pistoncylinder assembly.
The own research was carried out in aim to define the
mentioned functional relations and limit values for the
diagnostic parameters such as: cylinder leakage,
compression pressure and gases blow-by, as the most
suitable (according to the general estimation) for the fast
diagnostics of piston-cylinder assembly in workshop and
exploitation conditions. The testing was carried out on 6
engines of type 128A.064, with next technical
specifications:
Cyclus: Otto, 4-stroke
Number of cylinders: 4
Cylinder diameter: 80 mm
Piston stroke: 55 mm
Degree of compression: 8,8
Compression pressure: 12 bar
Max power: 40,4 kW at 6000 r.p.m.
Max torque: 77,4 Nm at 3000 r.p.m.
The engines were built in the passenger vehicles “Zastava
101” which have already accomplished different
kilometerage, as follows:
Engine

1

2

3

4

5

6

103 km

6,6

31,2

71,4

98,6

129,2

166,4

The accomplished kilometerage is the basis for the
assumption that the engines were in different technical
conditions corresponding to the wide range of values of
piston-cylinder assembly worn-out degree. This value is
defined as the growth of the gap between piston and
cylinder, measured in the plane perpendicular to the axis
of piston pin at the distance of 51 ± 0,25 mm from the
piston top (in this point manufacturer prescribes the builtin gap of 60 ± 10 µm and the maximal permissible gap of
150 µm).
In aim to eliminate other influences on the measured
parameters as much as possible, the contact breaker
closing angle, advanced ignition, spark plug gaps, oil
level in sump, minimal idle-speed r.p.m. and carburetter
were carefully adjusted on all tested engines before
parameter recording began.
For the same reason, the constant voltage supply was used
during the compression pressure measurement (motorstarter EUROTEC EMS 280).
All the parameters were recorded on warmed up engine when the cooling liquid temperature reached the value of
Tw≈80oC.

Gases blow-by parameter B was measured during the
idle-speed regime at n=3.000 r.p.m., using the equipment
AVL 413/100 D.
Individual cylinder blow-by value ∆B was determined as
the difference between the total blow-by B and the blowby value when the regarded cylinder was turned off.
The compression pressure was registered on the
MOTOMETER AC equipment, and the cylinder leakage
on SUNCYLINDER LEAKAGE TESTER CLT 251/351.
The registered and calculated values of diagnostic
parameters are given in table 2.
Using the computer and the software package "MatCAD
6.0 PLUS" and "Curvefit", the analytical functions were
determined defining the relations between individual
diagnostic parameters and the worn-out degree of pistoncylinder assembly in a form of a third degree polynomial:
y = a0 + a1x + a2x2 + a3x3

(1)

The polynomial coefficients and the corresponding
determination coefficient r2 are given in table 3.
Determination coefficients r2 point out the high
correlation between worn-out values and values of the
cylinder leakage ∆V, compression pressure pc and gases
blow-by B and ∆B. The faster getting worse tendency in
the range of limit worn-out values was characteristically
for all the parameters.
Subsequent analysis has shown that the mutual relations
between regarded diagnostic parameters and the worn-out
degree of the piston-cylinder assembly can be represented
in the form of linear functions, too (having the very high
degree of accordance).
The equations are less correct in the range of higher wornout degrees (not far from their limit values), but this
deviation is negligible and these functions are much more
easier for the practical usage:
pc = 15,2412 - 0,07586 δ

and r2 = 0,89794

(2)

2

∆V = -0,2958 + 0,21696 δ and r = 0,96282

(3)

∆B = -8,2771 + 0,27495 δ and

r2 = 0,95931

(4)

B = -40,4099 + 1,38011⎯δ and r = 0,98918

(5)

2

According to the limit worn-out degree values,
determined on the basis of the linear functions, due to the
mentioned deviation, the engine should have been taken
in for the general overhaul a little bit before reaching out
the limit values of worn-out degree, but this deviation is
negligible for the practical usage.
Figure 2. and 3. illustrate the regarded analytical functions
in the form of the third-degree polynomials.
Figure 3. and 4. illustrate the same functions but in the
linear form.
On the basis of defined analytical functions and limit
values of worn-out degree recommended by the
manufacturer, the limit values of regarded diagnostic
parameters have been calculated and shown in table 4.
(values calculated according to the third-degree
polynomial and values calculated according to the linear
functions). The same table contents the limit values of
regarded parameters as calculated on the basis of general
recommendations taken from the literature.
According to these recommendations, the limit values are
for:
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 the compression pressure: lowering of pc for 30% in
relation to the compression pressure in new engine
cylinders
according
to
the
manufacturer's
recommendations (for the tested engines manufacturer
recommends the limit value for pc in bars equal to the
compression ratio);
 cylinder leakage: 20%;
 gases blow-by: there are no recommendations for the
determination of limit values during the idle-speed
regime (but there is a certain number of
recommendations concerning the determination of
limit values during the rated operating regime, the
simplest and the most acceptable one is that the blowby value is not to exceed 2% of the total fresh charge
quantity in the corresponding operating regime).

Limit values of diagnostic parameters such as
compression pressure and cylinder leakage determined on
the basis of described experimental method show the high
degree of agreement with the limit values calculated
according to the general recommendations. The limit
blow-by value is about 5% of the fresh charge quantity Q
that could be theoretically suctioned into the cylinders at
the given r.p.m. during one minute:
BGR = ∆BGR = 0,05 Q = 0,05 Vhu 2n/τ

(6)

with:
Vhu - engine operating volumen in liter;

τ - number of engine strokes

Tab. 2. Testing results
Worn-out degree,

Compression pressure,

Leakage,

Gases blow-by,

µm

bar

%

l / min

pc

∆V

11,9
12,5
12,2
12,5
11,2
12,3
11,9
11,6
11,4
12,1
11,7
11,4
10,5
11,3
11,2
10,6
10,5
11,5
10,5
10,3
10,4
8,8
9,1
9,0

10,5
6,4
8,1
7,9
12,0
7,8
9,9
11,6
12,6
10,1
10,5
10,6
13,3
11,5
12,2
13,8
13,8
10,5
13,1
14,7
13,6
18,1
16,1
16,9

Engine
δ

1

2

3

4

5

6

⎯δ

51
29
42
34
58
39
46
54
60
45
51
50
65
55
61
66
65
52
63
69
66
81
77
79

39,25

49,25

51,50

61,75

62,25

75,75

B

14,8

24,9

31,3

44,1

46,1

65,7

∆B
4,5
2,2
2,4
2,2
7,0
2,6
3,6
5,1
8,3
3,6
5,1
5,2
9,8
5,4
7,8
9,8
9,6
6,1
9,9
10,3
9,8
14,4
13,3
14,6

Tab. 3. Polynomial coefficients of given functions and corresponding determination coefficient
ao

a1

a2

a3

r2

pc = (δ)

17,47315346

-0,24590112

3,879932x10-3

-2,7016x10-5

0,92618

∆V = f(δ)

-10,1211981

0,85599841

-0,0129982

8,40218x10-5

0,97886

0,01245165

-5,4529x10

-5

0,98949

-1,9929x10

-4

0,99634

y

= f(δ)

∆B = f(δ)
B = f(δ)
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9,9012410
18,9789275

-0,58996267
-1,45126963

0,04192413

Pc 20
[bar] 15

Pc

∆Β
10
l/min
[
]
∆V 5
[%]
0

20
Pc
[bar] 15
∆B
[l/min] 10
∆V 5
[%]
0

∆V

∆Β

30

40

50

60

70

∆Β

30

80

∆V

Pc

40

50

60

δ[µm]
Fig.1. Parameters pc, ∆V and ∆B as functions of δ
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Fig.3. Parameters pc, ∆V and ∆B as linear functions of δ
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Fig.2. Parameter B as function of ⎯δ

Fig.4. Parameter B as linear function of⎯δ

Tab.4. Limit values of diagnostic parameters
Calculated limit value
Diagnostic parameter

according to the thirddegree polynomial

according to the
linear functions

on the basis of general
recommendations taken
from the literature

Compression pressure pc bar

7,4

8,5

8,4/8,8

Cylinder leakage ∆V %

23,1

19,6

20

Cylinder blow-by ∆B l/min

19,14

17,42

-

Gases blow-by B l/min

87,51

84,92

-

4. CONCLUSION
For the purpose of fast diagnostics of the engine pistoncylinder assembly in workshop and exploitation
conditions, the methods of measuring the compression
pressure, cylinder leakage, and gases blow-by are
recommended.
The applied procedure of processing and illustrating the
results enables relatively simple determination of
analytical functions which define the changes of chosen

and measured diagnostic parameters in relation to the
engine piston-cylinder assembly worn-out degree, as well
as to their limit values. This is necessary for the practical
diagnostic of the condition the regarded components are
in.
The method is applicable for all other kinds and types of
internal combustion engines, too. The general validity of
the determined analytical functions has to be proven
during the concrete testing of other engine kinds and
types, and remains as a task for the period to come.
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stroke does the influence of pressure and force return
spring force or gravity force, and hydraulic cylinder twoway effect, in which the working and return stroke
performed by pressure forces. According to the number of
connecting rod is divided into hydraulic cylinder with
unilateral and two-sided piston rod. In engineering
practice, the most widely used hydraulic cylinder double
effect.

2. CALCULATION OF MOVING FORCE
HYDRAULIC CYLINDERS

ANALYSIS OF WORKING AND
STRUCTURAL PARAMETERS OF THE
MOTOR MEMBER HYDRAULIC
CYLINDERS LEVER MECHANISM

Kinematics and dynamics hydraulic cylinder depends on
its position and method of installing the hydraulic oil
system.

Radovan PETROVIĆ
Jože PEZDIRNIK
Ljubiša ĐURIČIĆ

Abstract: Research in the field of fluid power
transmission oil hydraulic cylinders, especially large
sized cylinders and power of water power and other
facilities in the economy, predominantly related to the
continuous improvement of their technical performance,
caused by the project constructional solutions, especially
production technologies. Modern construction project
solutions related to new ways of managing cylinders, as
the executive in the transmission of hydro power, by
installing special sensors in the tube and piston rod to
achieve incremental stroke, eliminating the complicated
and insufficiently reliable way to manage hydro-classical_apparatus.
The aim of the research in this paper is to raise the
technological level of manufacturing process of working
area and connecting rod, tube and ensuring optimal
quality in the industry confort hydraulic and pneumatic
cylinders PPT, Trstenik.

1 – back cover, 2 – pack cuff, 3 – clip, 4 – cylinder,
5 – connecting rod, 6 – front cover, 7 – gasket
Fig.1. Schematic diagram of double effect
hydraulic cylinder
Hydraulic cylinder in lever discussed mechanism is tied to
places points C and D, whose mutual positions of the
lengths r I l (sl.2). C hydraulic cylinder is fixed and point
D leads to the movement of upper lever mechanism,
which is the most common case in applications.
D
T2
P2 F

h r
d

Key words: hydraulic cylinder tube, piston rod, sensors,
technical performance, working area

C

D

P1

F T1

0

l

a)

1. INTRODUCTION
D

Hydraulic cylinder executive bodies, which are used to
transform hydraulic energy into mechanical. The
transformation of hydraulic energy is working through
the piston force F starts hydraulic cylinder speed v ,
resulting in a useful mechanical energy. Very rare oil
hydraulic systems that do not contain hydraulic cylinder
as an executive body. Because of the importance of
choice hydraulic cylinder the paper devotes special
attention to estimate aspects. The basic division hydraulic
cylinder according to destination and number of
connecting rod. By branch hydraulic cylinder are divided
into: hydraulic cylinder DC effects, in which the working

FT2

h

P2

r

D

d

0

l

FT1

P1

C

b)

Fig.2. Schematic diagram of the dynamics of the piston
kinematics hydraulic cylinder:
a) the work go b) the return walk
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Under moving hydraulic cylinder force means the
minimum value of the active forces of pressure, which by
their action of force against the handle-pressure, friction,
weight and cause boot clip. At the beginning of the first
phase, the movement of the clip is just as fast with
acceleration, and equation of motion reads:

(

)

m a + g f = P1 − P2 − FT 1 − FT 2 − FT 3

(1)

where:
m- mass of moving parts mechanism,

and the torque around the axis O lever account on the
basis of expressions:
r sin ϕ
M (ϕ ) = Fmax h(ϕ ) = Fmax
(7)
l + λ2 + 2λ cos ϕ
The highest value of torque will be at the moment, when
the lever mechanism governing the axis hydraulic
cylinder:
M max = Fmax ⋅ r

(8)

The introduction of dimensionless size Φ (ϕ )

a - acceleration of piston and piston rod,
f - coefficient of friction

Φ(ϕ ) =

P1 - Pressure force to the forehead clip

sin ϕ

(9)

l + λ + 2λ cos ϕ
2

P2 - Pressure force from the piston rod

that depends on the position lever and relationships λ ,
you get the legality of changing the active torque of the
form:

FT 1 , FT 2 i FT 3 - force of friction

Moving force hydraulic cylinder without load:

(

M (ϕ ) = M max Φ (ϕ )

)

P1 = m a + gf + P2 + FT 1 + FT 2 + FT 3

(10)

(2)

90°

105°

When you move a clip hydraulic cylinder starts under full
load, then the differential equations of motion, gets active
moving force pressure:

(

)

75°

120°
1,0

0,8

0,6

135°

60°
0,4

0,2
0

45°

150°

Pa = m a + gf + F + P2 + FT 1 + FT 2 + FT 3

(3)

30°

15°

165°

where F - force at work doing
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

2.1. Torque hydraulic cylinder

a)

Lever moments on the axis of the position of the cylinder
(Fig. la and 1b) in relation to it. Based on the structural
parameters displayed in Figure 1 are obtained according
to the following:

90°

105°
sl.3b

75°

120°
0,2

135°

0,4

0,6

0,8

60°
1,0
45°

0

30°

150°

CD = l + r + 2lr cos ϕ ,
2

2

lr sin ϕ = hCD ,
165°

lr sin ϕ
CD

=

lr sin ϕ
l + r 2 + 2lr cos ϕ
2

= h(ϕ )

(4)
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

r
:, which still
l
applies to the λ < 1 can be obtained from the on going
structural parameter h(ϕ ) :

and the introduction of relations λ =

h(ϕ ) =
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r sin ϕ
l + λ2 + 2λ cos ϕ

15°

b)

Fig.3. Diagrams changes the moment:
a) the work go
b) the return walk
For the analysis of the changes observed dimensionless

(5)

moment M (ϕ ) ratio

has a value of similarity for all hydraulic cylinder with the
same attitude λ .
Analysis of torque hydraulic cylinder suits go in one
direction and to move in another direction, with double
hydraulic cylinder act in a similar manner. In the analysis
must be taken into account the two values for maximum
power Fmax1 and Fmax 2 if the one-sided piston rod, or from
some other cause asymmetry in the present value of
maximum force. In the case of two-sided piston rod, this
difference does not exist.
Once the selected value of the common parameters λ for
both directions of movement, as it depends on the
structural parameters of installing hydraulic cylinder.

OA : OD : DB : BA : DL : LK : DE = 3 : 4 : 5 : 5 : 3 : 7 : 2
- Position of the slide guides K: <deck = 135 °,
- K has a slider travel between two points of the dead: 54
cm.
- Length lever OA = 30cm
- Position lever mechanism is determined by the angle θ
relative to the outer dead position slider K.

46

23

project

tasks.

For reasons of standardization hydraulic cylinder and
other parameters of hydraulic or pneumatic installations
are usually approved Fmax and then on the basis of
expression (8) and λ relations determine the constructive
parameters of r i l:
r=

M max
r M
; l = = max
Fmax
λ λFmax

(12)

When the dimensions dictated by the mechanism of
choice regarding the lira adopted λ , then the approach to
determining the force Fmax :
Fmax =

M max
r

L

4

45

5

(13)

4. ANALYSIS RESULTS AND
RECOMMENDATIONS
The paper analyzes hydraulic cylinder oil hydraulic
system, which extended through the mechanism of the
quadrilateral cranked one lever type runs skaters K
(sl.4). Projection of force Fs acting on the slider that the
work piece for both directions of movement, can be
ordered through the scale u F = 1000 N / 1cm. of the

16

25

Sk

36

2

0

6

A

13

E

1

24

1

By adopting the λ values defined in relation to structural
parameters of installing hydraulic cylinder. r I l specific
parameters are defined according to the prescribed

M max

35 34

12 15

3. CHOICE HYDRAULIC CYLINDER

of

K

3

2

A

conditions

B
Fs

lever mechanism Dimennsionless size Φ(ϕ ) parameter

S1

as a unit torque hydraulic cylinder. Unit hydraulic
cylinder torque depends on the balance λ and position ϕ

diagram (a) in Figure 4, whose surface is a useful work
requires one cycle mechanism.
Constructive and operating parameters of the mechanism
are:
- Includes construction parameters
include:

S2

(11)

A

M (ϕ )
sin ϕ
= Φ (ϕ ) =
2
M max
l + λ + 2λ cos ϕ

56

56

56

26

Fig.4. Reduction mechanism by the executive force to the
axis lever
Reduction required by the executive force to the axis
lever mechanism and reduction with any member of the
mechanisms of other arbitrary, is based on a balanced
energy balance of the whole mechanism. The sum of all
the work force, hydraulic cylinder force and resistance
force (force needed to executive member of the
mechanism), in each elementary shift mechanism, must
be equal to zero. Reduction of force by the executive, it is
necessary to connect the appropriate points of basic
offensive moves all the forces that act on the
mechanism. In Figure 4 have been found all the poles of
the current mechanisms. Assuming that the kinematic
pairs no friction, the energy balance are only active force
and the force hydraulic cylinder overcome resistance by
members of the executive mechanism lever 1 and slider
5th Current poles (16), (56) and (15) lie on one Polari
and pole (15) the relative sex of Articles 1 and 5 Since the
5 is translatory motion, move the slider to five basic
elemental shift corresponds to half (15). On the other
hand, this move comes in connection with a turn around
the axis lever O.
The sum of shift work on the basic mechanism is
313

M oδθ − Fsδs k = 0

Table 1.

(14)

where:
Mo - the moment the necessary powers of the executive
members, reduced to the axis lever
Fs-force required by the executive
δθ , δsk - Suitable basic shifting of Articles 1 and 6 of the
mechanism
From the characteristics of sex (15) follows
u L (16 )(15)δθ = δs k

(15)

where the u L (16 )(15) is distance of current gender (16)
and (15).
Taking into account the scale of length u L = 10cm / 1cm
and strength u F = 1000 N / 1cm. , the relation (14) and (15)
follows the expression:
M 0 = Fs (16 )(15)u L

(16)

that we are for each position mechanism and appropriate
force Fs gets reduced torque loads M 0 .
Including both dead position and the position of a series
of consecutive growth mechanism lever angle of 15 ° in
Table 1 are shown the results of calculation for the 18
position reduction mechanism.
In Table 1 the values systematized guilt angle θ ,
length (16 )(15) , force F and the reduced moment M. In the
last column of Table 1 was formed unit load factor
reduced by dividing the value of the reduced torque in all
positions of the mechanism of reduced most at the
moment.
The results shown in Table 1 are shown in Figure 5
diagrams
FS N

(16)(15)uL cm

2000

M o max ( povratni ) = 226 Nm

Based on the last column Table 1, drawn diagram of the
unit reduced polar moment of load (Fig. 6).

a

25
20

M o max (radni ) = 527 Nm

b

15
10

105°
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5

°
0 15 30

60

90

120

150

180

210

°

240

0 15 30

MS Nm
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120°

240

135°

Mo/Momax
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1,0

400

0,8

b

300

150°

0,6

a

a

0,4

100

75°
(a) 60°
(c)

45°
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b

165°
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90° (b)

15°

0,2

°
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Fig.5. Results of reduction of force to either walk the
slider,
a-work movement, b-back walk
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0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

240

Fig.6 polar diagram of the unit reduced torque load
a - an employee go, b - in the return walk, c - specific
moment

The procedure was carried out for both walk slider, aworking. b-back gait, with this appointment probation.
Relationship between the time required to return
hydraulic cylinder walk and work is given in the column
[10] Tables 1 and it is up to k = 0.462, which is below the
actual values, which are more common in bilateral
working-cylinder piston rod with a one-sided. To decide
on the election will be authoritative hydraulic cylinder
unit reduced torque load in a working fly. In general, it is
possible motor torque and reduced torque load to any
point mechanism, ie, the crafts convicted of any
member. This was done for working lever axis, as shown
hydraulic cylinder opportunities depending on its
parameters λ , and this is one of the two main
preoccupations of the author in this paper.
Moment hydraulic cylinder mechanism in any position
must be greater than the reduced torque load, both in the
workplace and in the return walk. Examination of this
relationship can be clearly made by comparing the unit
reduced polar load diagram in the work (s) and return (b)
go to the polar diagram unit moment working cylinder. In
this phase of study is recommended to select features
hydraulic cylinder to its reduced moment unit meet your
specific criteria.
Because of possible internal resistance in the mechanism,
ie. resistance to friction in its kinematics pairs, reduced
torque load can be reduced to the value of the moment. So
the polar diagram of the unit gets reduced torque load
with the highest specific torque value ≈ 0.9 (sl.5c).
Polar diagrams overlap hydraulic cylinder and loads, can
be obtained it the value λ that gives the best working
conditions during the cycle. Starting from the conditions
that backup point hydraulic cylinder
(Mr-Mo) /
1,1 M o max , be the beginning of the cycle and that the
largest going to the end of the walk droningly slider
down, formed a plot [(Mr - Mo) / 1,1, M o max , θ ] from
which can be placed, and it will satisfy the different
conditions hydraulic cylinder.
Chart [Mr-Mo) / 1,1, M o max , θ ], valid for the value λ =
0.2 in Figure 3b and kinematic scheme in Figure 2b
hydraulic cylinder.

Mr -Mo
1,1Momax
0,6
0,4
0,2
0

15 30 45 60 75 90 105 120 135 150

Fig.7. Backup point hydraulic cylinder

°

5. CONCLUSION
In order to study the possibility hydraulic cylinder, as a
source of power and torque, introduced the dimensionless
characteristic λ hydraulic cylinder installation. Visibility
was obtained in the analysis of polar coordinate system,
where the polar angle corresponding to the corner of the
rotating members, who runs hydraulic cylinder. Suggested
the reduced moment unit hydraulic cylinder, which is
directly related to and dependent only λ .
Unit reduced torque load is the basis for the selection of
features and the position of his hydraulic cylinder
mounting points, and diagram in Figure 7, called the
moment of a grain of salt given the available data on
excess over the required momentum.
Adoption of the size Fmax , r i l λ and 1.1 M o max on the
basis of, inter alia, subject to standard sizes and
parameters hydraulic cylinder hydraulic installations and
measures Overall mechanism.
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MONITORING OF CHANGES IN SERVICE
PROPERTIES OF LUBRICANTS IN
TRANSMISSIONS OF TECHNOLOGICAL
EQUIPMENT
Uladzimir BASINIUK
Lyubov MARKOVA
Driss EL MESSAOUDI
Mirko RADUSINOVICH
Abstract: It is shown that expanding the system for
monitoring of service properties of lubricants by the means
for recording and on-line analysis of vibroacoustic
parameters allows us to significantly increase the
informativity of control results. Its efficiency depends in
many respects on the choice of rational methods and means
for reading, processing and analysis of diagnostic data
determined basing on design features and operating modes
of a transmission. But on the whole, using suggested
approaches allows us to ensure adjusted forecasting of the
effect of changes in lubricant properties on the operating life.
Taking that into consideration, technically and economically
feasible lubricant change intervals or techniques for
modifying a lubricant composition can be chosen.
Key words: methods, monitoring, lubricants, vibroacoustic,
transmission.

1. INTRODUCTION
Gear transmissions still remain one of the main components
of technological equipment, including unique expensive
technological equipment. In a number of cases this
equipment costs 1 million Euros and more, and its operating
lifetime until the major repair, modernization or replacement
is only 8…10 years. At that, one of the factors affecting the
operating life most significantly is conditions of friction
interaction of its friction units. These conditions are
determined, on the one hand, by speed, load and thermal
interaction modes of friction assemblies, topography of work
surfaces and their changes in the course of deterioration of
friction assemblies, on the other hand, by service properties
of lubricants and their in-service degradation.
Organization of maintenance of technological equipment
based not on a schedule but on evaluating the real
condition of the equipment is more and more widely used.

It is more economical and in a number of cases it allows
us not only to prevent emergency conditions and
significantly decrease running costs of maintaining
required service properties of equipment, but also to
noticeably prolong its operating life in an optimal energysaving regime [1-4]. At the same time, the efficiency of
this approach is essentially affected by the reliability and
informativity of monitoring systems.
One of the most promising lines of development of methods,
hardware and software for monitoring performance
parameters and technical condition of transmissions is
complex analysis of changes in service properties of
lubricants, their vibrations and noise [3, 4]. Traditionally,
changes in mentioned parameters can be monitored and
analyzed by two methodical approaches.
The first approach is based on using a special continuouslyoperating monitoring system whose sensing devices allow us
to record and evaluate differentially conditions of friction
interaction of rubbing joints and lubricant performance.
The second approach is based on periodic (including
laboratory) monitoring and analyzing of characteristics
mentioned above; this approach implies cutting down of
expenses for creating and operating of monitoring and
controlling system, but it also implies higher power inputs
and losses caused by maintenance that is not always
reasonable.
When implementing the first approach, a multiple-level
monitoring system can be created that allows us to
prevent emergency conditions assemblies (temperature,
viscosity, oxidation and contamination rate), analyze them
integrally using integral levels and spectra of noise and
vibration, identify obtained data with control objects and
their condition, control the system in such a way that
energy saving modes of its operation are provided [2]; in
case of a sudden failure or change in operating conditions
(on the “lower” level), to accomplish reliable
identification of revealed changes in the operating
parameters of the diagnosed object with the source of the
changes as well as to accomplish the adjusted forecasting
of the remaining lifetime of the main units of the object
and scope of maintenance (on the “upper” level).
Monitoring results can be analyzed at the central
supervisory console, displayed on the monitor and be
used (with the application of execution units) for
automated maintenance of the most efficient energy and
resource saving operating modes. Efficiency of this
approach is largely affected by choice of rational methods
and means for reading, processing and analysis of
diagnostic data determined basing on design features and
operating modes of the diagnosed object. Of great
importance is reliable evaluation of actual condition of
equipment and its effect on the lifetime and energy
efficiency. In particular, an important aspect is evaluating
the deterioration rate of friction assemblies that causes
changes in the initial topography and tribotechnical
parameters of interaction of their surfaces, in dynamic
loading and oil film thickness, as well as evaluating of the
effect of the latter on the lifetime. Of equal importance is
analysis of quantitative and qualitative changes in service
properties of lubricants.
At the present time, most informative parameters
characterizing indirectly tribotechnical conditions of
interaction of friction assemblies and technical condition
of gear transmissions are the following:
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 parameters of noise and vibrations generated by
friction assemblies and their changes in the course of
deterioration of friction surfaces [3-13];
 changes in composition and properties of lubricants
[14-17].
Main task of the research described below was assessment
of possibilities to monitor indirectly tribotechnical
conditions of interaction of friction assemblies basing on
noise and vibration parameters as well as assessment of
changes in service properties of lubricants.
Research objective was developing methodical principles
for complex monitoring of technical condition of
transmissions basing on complex analysis of these
parameters.

2. METHODS FOR SOLVING OF MAIN
RESEARCH TASKS
For assessment of possibilities to control indirectly
tribotechnical conditions of interaction of friction
assemblies basing on noise and vibration parameters, oil
film thickness, noise and vibration were researched during
working of a spur gear [3, 5] and a roller bearing [6]. In
the process of research, at the output shaft of the
researched transmission different angular velocities of
rotation and load torques were created. The gearing was
lubricated by stream lubrication with volume
thermostabilization of oil. Highlights of the described
researches are the following:
а) duration and organization of researches made
impossible any changes in service properties of oil;
b) roughness parameters of contacting surfaces, their
topography, speed and load regimes of interaction, service
properties of oil allowed to maintain the regime of liquid
friction confirmed by analysis of absolute values of oil
film thickness;
c) vibroaccelerations were monitored on bearing
assemblies of the gear and, as it was determined by results
of researches conducted earlier and strain measurement
on single tooth pairs, their peak values on tooth mesh
frequencies (with used sampling rates) allowed to
evaluate indirectly the real dynamic loading of the
gearing.
In the process of testing of gear wheels, simultaneously in
real-time mode oil film thickness in the gearing, acoustic
pressure and vibroaccelerations generated by the gearing
were recorded. Sampling rates of analog signals from
sensing devices were selected in such a way that reliable
assessment of peak values of fluctuations of recorded
parameters was provided. Values of frequencies that were
most typical for the gearing and had been determined
previously were taken into consideration. Monitoring of
oil film thickness was accomplished by voltage drop in
the oil film, when in the metering circuit regulated current
of 1,5 А was generated.
Obtained data was processed and analyzed using
amplitude spectra of fluctuations of given parameters. For
this purpose, special-purpose software was used [13].
When analyzing amplitude spectra, their composition and
frequencies most typical for the gearing were determined.
Oscillograms of changes in recorded parameters in a
pitch-angle turn of cog-wheels and in a shaft revolution
were analyzed.
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Parameters of real variation of service properties of
lubricants under operation were provided by means of
five air compressors «Demag» VK-25С whose main
component is the multiplicatory-type irreversible gear.
The reducers differed in operation life and oil change
periods. During the researches, the following control
methods and means for evaluating of chemical destruction of
oil properties (developed in the V.A. Belyi Metal—
Polymer Research Institute of National Academy of
Science of Belarus) [16, 17] were used:
 fluorescent sensor determining the oil destruction
degree by the parameter “oxidation index” that
correlates with the total acid number determined by a
standard method [16] (fig.1а);
 integral color detector evaluating the chemical
destruction of oil by the offset of its color to the longlength wave spectral region, and total contamination by change in the transmission density of oil [17] (fig.
1b).

a

b
Fig.1. Fluorescent sensor (а) and integral color detector (b)

3. RESEARCH RESULTS AND DISCUSSION
OF THEM
Some results of researches on correlation between
amplitude spectra of fluctuations of oil film thickness,
noise and vibroaccelerations that allow us to evaluate the
possibilities to use indirect control means for monitoring
of tribotechnical parameters are shown in fig. 2.
In fig. 2 the following most typical frequencies are shown
that are singled out of the spectra: f0 – rotational
frequency; fR0 – frequency of characteristic (resonance)
torsional oscillation; fz, 2fz – tooth mesh frequency and a
frequency divisible by it. These frequencies were most
significant by their absolute values and interconnected
with speed and load modes of interaction between
contacting surfaces of teeth.
Analysis of results given in fig. 2 shows the following [3].
Composition and correlation of amplitudes of main
components of oil film thickness fluctuation spectrum,
acoustic pressure spectrum and vibration spectrum are
significantly affected by combination of speed and load
operating modes of the gearing. Oil film thickness is
affected by forced reverse (f0) and resonance torsional (fR0)
oscillation.

V

This is caused by the effect of reverse and resonance
torsional oscillation on speed modes of interaction between
contacting surfaces of teeth. As a consequence of changes
in speed modes of operating, forced reverse and resonance
torsional oscillation have a significant effect upon the
spectrum of noise generated by the gear. This is verified by
intercorrelation of composition and ratio of main
components of oil film thickness and noise fluctuation
spectra. However, presence of forced reverse and
resonance torsional oscillation is virtually “unnoticeable” in
the vibration spectrum, and using this parameter for
monitoring of operating modes of teeth work surfaces
might not always be effective.
Highest correlation of all parameters is to be observed
f2R f0 0
ffzz
f00
22ffzz
only in the zone of frequencies of forced teeth oscillation
а
(fz), i. e. on the frequency of teeth changeover.
When the level of resonance torsional oscillation is
heightened (in the case under consideration, this occurs at
ω ≈ 100 rad/s) and at contact tensions on contacting teeth
of up to 800 МPа (most common loading of frictional
contact in transmissions of technological equipment),
component of the noise spectrum with the frequency fR0
becomes the main one.
As loading on the gear increases, effect of resonance
torsional oscillation on oil film thickness fluctuations may
increase, as a result of decreasing of average level of oil
film.
Thus, frequency compositions and parameters of
amplitude spectra of oil film thickness fluctuations in the
f 0 f0
f R20f 0
ffz
2f2zfz
z
gearing as well as amplitude spectrum of noise and
b
vibration generated by the gear are determined by a set of
factors including:
 nature of cyclic interaction between teeth of its gear
wheels, its speed and load operating modes;
 precision parameters (including ones related to the
wear of work surfaces of teeth), inertia and stiff
parameters of kinematics determining levels of forced
and resonance torsional oscillation.
Torsional oscillation has the most significant effect upon
tribotechnical parameters of teeth interaction and, as a
consequence, on the noise generated by the transmission.
Amplitude spectrum of noise is most informative in
f0 f 0
2f Rf00
ff zz
22ffzz
regard to indirect evaluation of tribotechnical conditions
c
of teeth interaction and evaluation of the level of torsional
oscillation in the kinematics. This factor can be
effectively used when developing indirect monitoring
methods of tribotechnical conditions of teeth interaction
during operating, basing on noise and vibration
parameters. “Sensitivity” of such approach can be
significantly increased by using the methodical approach
based on automated analysis of oil film thickness
fluctuations using the oscillogram of real-time changes of
this parameter (fig. 3-5).
Oscillograms shown in fig. 3-5 give an idea of automated
analysis of monitoring of oil film thickness in the gearing
(fig. 3) and rolling bearing (fig. 4) as well as of monitoring of
oscillation generated by the gearing on the bearing assembly
22ffzz
f 00
f2R f0 0
ffzz
(fig. 5). The latter correlate with the real dynamical loading
d
of teeth.
Fig.2. Amplitude spectra of oil film thickness ( ), noise ( ) In fig. 6 results of testing of five reducers (of the
and vibration ( ) fluctuations [3,5] with: ω =50 rad/s, σН compressor – К1-К5) and clean oil («new») are presented.
= 800 МPа (а), ω = 100 rad/s, σН=800 МPа (b), ω =50
Analysis of results presented in fig. 6 shows that water
rad/s, σН =1150МPа (c) and ω =100 rad/s, σН =1150МPа (d) content in all oil samples is in normal range (fig. 6, e). Oil
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Fig.5. Oscillogram of tensions from the
vibroaccelerations sensor recording the oscillation
generated on bearing assemblies by a tooth pair during a
pitch-angle turn (1- total oscillation, 2 – characteristic
oscillation in the gearing, 3 – forced oscillation with tooth
mesh frequency) [14]

in the compressor №4 is notable for its high oxidation
degree (index increases in three times as compared to the
clean oil, fig. 6, d) and viscosity (kinematic viscosity has
grown by almost 80%, fig. 6, c). According to the
guidelines of the manufacturer Chevron Products Co., a
corrective maintenance of the compressor №4 should be
carried out. As the described results indicate, the most
sensitive parameter in which oil in the compressor №4
differs from the operable oils, is the index of its chemical
destruction (it changed more than in 11-times compared
to the oil out of operation, fig. 6, а).

4. METHODICAL BASIS OF COMPLEX
MONITORING
It is established that, when monitoring the technical
condition of bearings, oil analysis allows us to detect up
to 40% of defects, analysis of vibratory parameters – up
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К3

Fig. 6 – Results of testing of quality indexes of oil in
reducers of air compressors: chemical destruction (а),
total contamination (b), kinematic viscosity (c),
oill oxidation (d) and water saturation (e)

In connection with the information mentioned above, for
monitoring of technical condition of friction assemblies,
methods of integral analysis of vibroacoustic,
tribotechnical parameters and properties of the lubricant
should be used, including analysis of wear particles in the
lubricant, as this parameter characterizes the working
efficiency of the lubricant to a certain degree.
During integral monitoring, using of oscillograms of oil
film thickness fluctuations combined with on-line
analysis of oil condition allows us to obtain direct and
earlier information about the wear regime and condition
of the machine. To a certain degree, lack of possibility to
measure the oil film thickness in gearings and bearing
assemblies can be compensated for by evaluating the
deviation of actual oil film thickness value from the
expected value. This evaluation is based on the results of
direct control of forced reverse oscillation and resonance
torsional oscillation by noncontact means or by indirect
analysis of noise spectrum. One of possible schemes of
complex monitoring is shown in fig. 7.
When creating an automated system for monitoring-based
analysis of technical condition of main components of the
drive to be diagnosed, the following should be taken into
consideration.
Growth in water content accelerates significantly chemical
corrosion, decomposition of additives worsens viscosity
properties of oil and results in its premature aging, especially

Analysis of a lubricant
Changes in the chemical
structure of oil

Growth in water
content

Growth in content of
mechanical impurities

Total contamination
Changes in the
loading mode

Performance
degradation of oil
Decrease in the borderline oil film
loading capacity

Wear
particles

Violation of steady-state wear regime

Wear of friction surfaces

Change in Af ,0 Af 0R

Change in h

Analysis of noise parameters

Obtained information can be transmitted to the central
control point using physical or telemetric means. This
control point allows us to:
 accompany and provide with software support the
monitoring of technical conditions and of operating
safety of one or several objects and the production in
whole;
 exercise automated control of operation parameters linked
directly with life and power consumption of the diagnosed
object;
 long-term forecasting of changes in condition of the
diagnosed object and its components.
In aggregate, that allows us to provide the most
economically feasible regimes of operation and conditionmonitored maintenance.

Change in Wν
Analysis of vibrations

Fig.7. Scheme of complex monitoring of technical
condition of tribosystems by oil condition, oil film
thickness, noise and vibration parameters

in presence of catalytic metals. Besides, it is known that
some synthetic oils as phosphoric esters and dibasic acid
esters react with water, what leads to disrupting of oil base
and forming of acids [1, 14]. To prevent exhaustion of
additives and accelerated corrosion, water content in oil
must be below the saturation level [2]. If water content in
oil of industrial transmissions comes up to the saturation
level, it is necessary to dewater (dehydrate) or change the
oil [14].
As a result of chemical destruction of oil and its
contamination by mechanical impurities and water, its
viscosity grows. Growth in viscosity of oil in
transmissions of vehicles by 50% as against the initial
one, is evidence of significant changes in performance
properties of oil. Growth in viscosity up to the mentioned
level and more reckons in processes of oil degradation
integrally and can serve as a criterion of ultimate working
ability of oil [15-18].
Besides, growth in viscosity of oil leads to higher power
inputs into performance of a mechanism; the amount of
this input depends significantly on design features and
operating modes of the mechanism.
Usually, complex drive systems are provided with a
thermal mode control system, or this system can be easily
set up. Using of this system in combination with
automated monitoring and on-line analysis of
tribotechnical performance conditions allows us to
provide required lifetime parameters and energy-saving
performance of the whole system.

5. CONCLUSION
When creating complex automated systems for
monitoring and management of operation modes of
expensive technically sophisticated power-consuming
(3000 kilowatt and more) drives, combination of direct
and indirect means of control can be used for monitoring
of tribotechnical parameters, oil condition and main
mechanism components.
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ADJUSTABLE INTERMITTENT MOTION
MECHANISMS – WORKING
COEFFICIENT STUDY
Milan KOSTIĆ
Maja ČAVIĆ
Miodrag ZLOKOLICA
Abstract: In order to design a new mechanical system
with intermittent motion, a solution is proposed based on
simple lever and cam mechanisms combined with oneway clutch. Attention is payed specually on possibilities
for adjustment of output interval with ground link as a
regulation parameter. Design solutions are chosen. An
analysis is performed that shows how the adjustment
affects the working coefficient i.e. ratio between working
and dwell times.Calculation for various mechanisms with
dif-ferent output interval and design parameters is
performed in order to evaluate it for the proposed task
Keywords: Mechanisms, intermittent motion, working
coefficient

1. INTRODUCTION
A great number of mechanical systems in various
machines and devices have such a motion characteristics
that, for continuous input motion, output motion achieve
intervals of dwell as well as intervals of motion. This kind
of mechanisms is known as intermittent mechanisms.
In order to design a new mechanical system for adjustable
intermittent motion [3], a feasibility study was conducted [1].
It was observed that specialized intermittent mechanisms, due
to its structure, can not provide continuous regulation and are
therefore not suitable for the proposed task. Instead, a solution
is found in combination of a mechanism that gives oscillating
output motion with a one-way clutch which is placed after it.
After the evaluation, we proposed several design solutions:
inverted slider-crank, fourbar linkage and two types of simple
cam mechanisms for a main part of an assembly [1]. All of
previously mentioned mechanisms can be easily adjusted in
order to precisely regulate output motion interval.
Two important parameters of intermittent motion are:
displacement interval (angle or length) that is achieved in the
motion period and working coefficient. The main issue in
design of intermittent mechanical system is assuring that those

parameters can be regulated. From the design point of view, an
important problem is the amount of regulation. Smaller
amount of regulation - adjustment is used to correct errors
occurring in machining, assembly or production. Adjustment
must be continuous and must be accomplished by variation of
some design parameter. Analysis performed in [4] stated
influence of regulation parameter variation to functioning of
the system for the amount of adjustment of 2 percents of an
output interval.
Beside structural characteristics of particular type of the
mechanism, there are three main factors which influence
regulation characteristics: a choice of the regulation parameter,
an amount of output interval and the design characteristics of the
mechanism. Length of any mechanism link can present a
regulation parameter. Its choice is as much a matter of design as
a matter of kinematic-dynamic analysis of the system. All
mechanisms have a ground link, i.e. distance between fixed
joints. From the design point of view, this one is most
convenient and was therefore chosen as a first choice. Amount
of output interval vary according to system function. In order to
compare different mechanisms properties in fulfilling the same
requirement, three intervals are chosen for calculations: 15, 30
and 60 degrees. Since the most important conclusion should be
the choice of the mechanism, the comparison is made of
mechanisms that have a similar size. It is also apparent that
several designs of each mechanism can achieve the same output
interval while having quite different regulation characteristics. In
order to take into account this phenomenon, three different
designs are synthesized for every mechanism.

2. WORKING COEFFICIENT
2.1. Working coefficient – general consideration
In intermittent mechanisms working coefficient is defined
as a ratio between working and dwell times. It can present
an important working parameter. Even if it is not the case,
it is surely necessary to examine what amount of working
coefficient perturbation will be caused by regulation of
output angle and it is the main topic of this paper.
In oscillating mechanisms time ratio is defined as a ratio
of times corresponding to working and returning stroke of
a working – output link [2]. In our assembly, these two
parameters matches, although it is worth mentioning that
it is possible to arrange an assembly in a reciprocating
way, i.e. that returning stroke of an oscillating mechanism
corresponds to a dwell. If input angular velocity is
considered to be constant, time ratio can be expressed as a
ratio between corresponding input angles:
k=

180° + θ
180° − θ

(1)

θ is the acute angle between input link positions
corresponding to extreme positions of output link. It can be
seen that analysis of working coefficient k is leading to
determination of angle θ for various cases.

2.2. Working coefficient – inverted slider crank
and flat follower cam mechanism
Previous researches [4] show that these mechanisms share
the same structure, and that is also the case for parameter
k. That is the reason why they will be analyzed together.
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parameter changes: e instead of a, l instead of b and r+r1
instead of c.

ψ = ψ 1 +ψ 2

(2)

⎛ b ⋅ cosψ 1 ⎞
⎟⎟
= b ⋅ cosψ 1 ⇒ γ = arcsin⎜⎜
⎝ (a + c ) ⎠
(c − a ) ⋅ sin (θ + γ ) = b ⋅ cosψ 2 ⇒

(a + c ) ⋅ sin γ

⎛ b ⋅ cosψ 2
⎝ (c − a )

θ = arcsin⎜⎜

(3)

⎞
⎟⎟ − γ
⎠

(4)

Although it seems that angle θ those not depend on
regulation parameter d, parameters ψ1 and ψ2 change their
values and therefore it is necessary to perform complete
calculation for all design cases to completely analyze
behaviour of parameter k.

3. ANALYSIS RESULTS
3.1. Inverted slider crank and flat follower cam
mechanism
Table 1. Change of working coefficient
Fig.1. Working coefficient parameters for a) slider crank
mechanism b) flat follower cam mechanism
Observing Figure 1, it is obvious that angle θ is the same
as output interval ψ. Because of that it is not necessary to
perform analysis for all different design cases.

2.3. Working coefficient – fourbar linkage and
roller follower cam mechanism
As in previous case, these mechanisms share the same
structure, and that is also the case for parameter k (Figure
2.). That is the reason why they will be analyzed together.

Output angle [°]
k
∆k1 [%]
∆k2 [%]

15
1.182
0.34
-0.34

30
1.4
0.69
-0.68

60
2
1.52
-1.49

(∆k1 corresponds to increase of output interval and ∆k2 to
its decrease)
As stated in chapter 2.2, angle θ is the same as output
interval ψ. Therefore it is possible to directly calculate
actual parameter k and its change from the original value
∆k for every change of output angle, applying equation
(1). In order to compare these mechanisms with other
two, Table 1 is presented that contains results for
maximum adjustment of 2 percents for 3 output angles.

3.2. Fourbar linkage and roller follower cam
mechanism
For these mechanisms complete analysis is done. Design
parameters and original value of working coefficient k of
fourbar linkage are presented in Table 2. For the detailed
explanation of design cases see [4].
Table2. Design parameters of fourbar linkage

Fig.2. Working coefficient parameters for a) four bar
mechanism b) rollert follower cam mechanism
Equations (2) to (4) derived for four bar linkage apply
also for roller follower cam mechanism but with
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a
b
c
d
k

d1
0.45
3.67
10.64
10
1.02

a
b
c
d
k

d1
1.7
3.56
10.47
10
1.067

15
d2
0.45
3.53
10.14
10
1.012
60
d2
1.6
3.3
8.93
10
0.943

d3
0.42
3.59
11.05
10
1.024
d3
1.28
3.52
11.89
10
1.139

d1
0.9
3.69
10.61
10
1.04

30
d2
0.9
3.49
9.7
10
1.01

d3
0.81
3.72
11.48
10
1.06

Applying equations (2) to (4) angle θ is calculated
following working coefficient k and its change for each
design case. Results for all cases showing working
coefficient change ∆k [in percents] for output angle
change ∆ψ [in degrees] are presented in diagrams shown
on Figure 3. (The first chart is for 15°, following 30° and
60°).
0.6

k [%]

0.4

Comparing different output intervals, the disturbance rises
in terms of percentage as well as in terms of absolute
values, with its increase. Actual values of ∆k (in percents)
for maximum adjustment are ±0.3, ±0.6, +1.2 and -1.5 for
design case d1, and ±0.2, ±0.4, ±0.5 for d3.
Roller follower cam mechanism - design parameters and
original value of working coefficient k are presented in table
3. Since it is noticed in [4] that this mechanism is not suitable
for greater output intervals, 60° cases are omitted as well as
30° d3 case, although even 15° d3 and 30° d2 do not offer
complete range adjustment. All discussed cases have original
working coefficient lesser than 1.
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2
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d3
1
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Applying equations (2) to (4) angle θ is calculated
following working coefficient k and its change. Results
for all cases showing working coefficient change ∆k [in
percents] for output angle change ∆ψ [in degrees] are
presented in diagrams shown on Figure 4. (The first chart
is for 15°, following 30°).

1.2

d2

Table 3. Design parameters of roller cam mechanism
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Fig.3. Working coefficient disturbance for different
fourbar linkages
Observing diagrams we can conclude that change of
parameter k heavily depends on design parameters.
Design d2 is obviously the worst one for every angle,
giving greatest disturbance ∆k. (For 30° it does not even
provide complete adjustment range). Design d3, on the
other hand, gives generally the best results.
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0.4
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Fig.4. Working coefficient disturbance for different roller
follower cam mechanisms
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Observing acceptable cases (d1 and d2 for 15° and d1 for
30°) we can see that first two are almost the same while
the third one is worse, due to output interval increase.
Actual values of ∆k (in percents) for maximum
adjustment are +2.4 and -2 for first two and +6 and -5 for
the third one.

4. CONCLUSION
In this paper, an adjustable mechanical system with
intermittent motion consisting of a simple oscillating
mechanism with one-way clutch is analyzed in order to
examine how the adjustment of output interval i,e. small
change of design parameter, affects its working
coefficient. Different mechanisms are evaluated, in
particular: inverted slider-crank, fourbar linkage, flat
follower and roller follower cam mechanism. Several case
studies of output intervals and different design solutions
are inspected for every mechanism in order to generalize
the evaluation.
It is concluded that inverted slider crank and flat follower
cam mechanism have a common characteristic that
working coefficient depends solely of output interval (and
not design parameters) and therefore can directly be
calculated for required amount of adjustment. On the
contrary, in fourbar linkage and roller follower cam
mechanism every design case has its own characteristic
that has to be calculated. While roller follower generally
has worst properties in terms of working coefficient as
well as adjustment and can be regarded as bad choice,
fourbar linkage can be designed in such a way to
minimize working coefficient disturbance that is lesser
than in first two mechanisms. Having the amount of 0.2 to
0.5 % if initial value for 2 % adjustment, this disturbance
will probably not affect proper functioning of an
intermittent mechanical system.
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STEP MOTION LAW OF A PSEUDOEQUATORIAL OPEN LINKAGE USED
FOR A TRACKED CPV SYSTEM
Ioana HERMENEAN
Ion VISA
Anca DUTA
Dorin DIACONESCU
Abstract: The paper presents the synthesis and
optimization of the step motion law of a pseudoequatorial tracking linkage used for the accurate
orientation of a low Concentration Photovoltaic (CPV)
system. The tracking linkage contains an open
kinematical chain, composed of two rotational joints
serially and orthogonally connected, in which the first
joint axis is horizontal on the East-West direction. The
CPV system is build up of a PV module and two mirrors:
one on the left side and symmetrically on the right side
along the length of the PV module. To maximize the direct
solar radiation on the PV module, the incidence angle
between the sun ray and the normal of the PV module,
must be minimum. Compared to the non-concentrating
PV system, the CPV system requires highly accurate
tracking, below 1°.
The main objective of the paper is to formulate a step
motion law of the pseudo-equatorial chain joints,
optimized for obtaining the required tracking accuracy.
The paper presents the synthesis modelling algorithm and
the numerical simulations for a CPV system, orientated
with a pseudo-equatorial linkage, implemented in the
Brasov area, Romania.
Key words: Pseudo-equatorial tracking system, tracking
accuracy, motion law, Concentrated Photovoltaic system.

1. INTRODUCTION
The photovoltaic (PV) response depends on the amount of
direct solar radiation on the PV convertor; this amount
can be increased by tracking the PV module, [7] and by
concentrating the solar radiation on the convertor’s
surface, using mirrors or lenses. A significant advantage
of a concentrating PV (CPV) system is the increase in the
overall system’s efficiency, beyond 30%, [5], using less
PV surface. The concentrating PV systems are usually

tracked, [3] and the accuracy required in following the
sun path is, in this situation, much higher than in nonconcentrating systems (~1° [8]). These tracking systems
contain open tracking linkages with one or two mobility
degrees, [2].
This paper reports on the synthesis of the optimal step
motion law of a pseudo-equatorial tracking open linkage,
used for accurate tracking of a CPV system. The tracking
system contains an open kinematical chain composed of
two revolute joints serially and orthogonally connected.
The first joint axis is horizontal on the East-West
direction. In the tracking program, a step consists of an
angular displacement time (~1s) and a break, till the next
move. Our research focuses on a low concentration
system which design includes a PV module and two
mirrors, as presented in Fig. 1, symmetrically disposed on
the left and right side along the length of the PV module.
This set-up was chosen due to the high amount of diffuse
radiation in the Brasov region.
For non concentrated PV systems:

Total Radiation = Direct Radiation + Diffuse Radiation
while for the Low CPV system:
Total Radiation = x ⋅ Direct Radiation + Diffuse Radiation

where x is the concentration ratio, defined as the ratio
between the amount of concentrated radiation on the PV
module and the available (natural) radiation amount, [1].
The paper presents the synthesis algorithm and the
numerical simulations for a pseudo-equatorial tracked
CPV system, implemented in Brasov, Romania, using the
specific location parameters, considering the ideal and the
in-field conditions.

Fig.1. Low solar concentrating PV system build up by a
photovoltaic module and two mirrors.

2. MODELLING THE MOTION LAW
A stepwise angular displacement of the tracked CPV
system is considered; thus, the tracker’s pseudo-equatorial
angles have discreet variations and are noted with β* and
γ*, while the sun-ray angles, with continuous variation are
denoted as β and γ, as presented in Fig. 2, [7].
Starting from Fig. 2, the angular parameters of the
tracking system are described as:
 daily angles of the tracker, in the East ↔West motion:

β * = sin −1 (cos δ * ⋅ sin ω *)

(1)
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 elevation angles, in the North ↔South motion:

γ * = sin −1

cos δ * ⋅ cos ω * ⋅ sin ϕ − sin δ * ⋅ cos ϕ
cos β *

(2)

where ω* - is the CPV hour angle, φ – is the latitude of
the implementation location (45.5° for Brasov) and δ* - is
the CPV declination angle.

The values of the ω* angle are estimated as a step
approximation of the angle ω, as Fig. 3 presents.
Compared to the daily variation of the ω* angle, the δ*
can have constant values during all the consecutive days
forming a season. In defining a season, an optimal
number of days can be considered when the motion law
remains unchanged. The daily pseudo-equatorial angle
β*, can be estimated using eq. (1), considering the angle
δ* further defined, for every day of the year; thus, β* has
a stepwise variation, each 4 minutes, approximating the
angle β (as Fig. 6 presents). In defining the motion law for
the elevation movement, following steps has to be
followed:
1. Estimate the step duration of the γ* angle. Therefore,
the equinox and the solstice days are chosen, when
relevant variations of the declination angle are
registered: the maximum variation corresponds to the
equinox day and the almost null variation is registered
around the solstice day, Fig. 5. The elevation optimal
step duration considering the restriction imposed to
the maximum PV incidence angle (< 1°).

Fig.2. Geometrical scheme of the Pseudo-Equatorial
tracked CPV system.
To obtain the required tracking accuracy (i.e. incidence
angle <1°), the CPV hour angle ω* has a stepwise
variation, each 4 minutes because, on average, the sun
moves with 15°/h (i.e. 4 min/deg).

2. Evaluate the PV incidence angle considering the
previously defined β* values and the γ* angle values
chosen as step approximations of γ at different step
duration, between 4 …. 30 minutes. The results of the
numerical simulations, presented in Fig. 4, show that
the maximum imposed PV incidence angle (νmax<1°)
is reached at γ* step time intervals of 8 minutes,
during the solstice day.

a)

b)
Fig.3. Variation of the solar and PV hour angle during
the Equinox.
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Fig.4. The variation of the maximum incidence angle
related to: a) γ* step interval and b) number of days in a
season.

3. Optimize the tracking algorithm, by reducing the
number of motions. This is the result of a legitimate
question: can the elevation angle be constant for more
days than just the equinox or the solstice? If yes, for
how many? The answer can be formulated by defining
seasons (by adding days before and after the
significant days of equinox and summer solstice) with
the δ* angle constant, thus implicitly maintaining
unmodified the γ* variation during all these days. The
numerical simulations presented in Fig. 4b, show a
large variation of the PV maximum incidence angle
during seasons with different number of days: to
obtain νmax<1°, the minimum allowed number of
days/season is 3 (for the season around the equinox
day), and the maximum allowed number of days is 23,
for the season around the solstice day.
4. Divide the year into adequate seasons depending on
the δ variation. These seasons are presented in Fig.5,
as a step approximation of the angle δ, with minimum
3 days/season and maximum 23 days/season.
For a yearly duration, simulations were done for the
beginning, middle and end days of the interval. As an
example, the numerical results are further presented for
the summer solstice (N=172 middle day of the N= 161…
N=183 season), and spring equinox (N=79…81 season).
During the simulations certain simplifications are
assumed: (1) the direct radiation on the PV-module
provided by the two mirrors has different values due to
the different incidence angles between the reflected rays
and the PV module but we considered that this does not
influence the proper functioning of the PV module; (2) as
a primary assumption, the radiation reflection was
considered negligible; (3) the assumption of clear sky is
considered.

Fig.5. The variation of the declination angle and seasonal
division

3. RESULTS AND DISSCUSIONS
The numerical simulations are developed considering the
Brasov-Romania location (with the latitude φ= 45.6ºN
and the turbidity factor TR=3). Different values were
considered for the θ angle (between the mirror and the PV
module, Fig. 2b): 50°, 55°, 60° and 65°, as previously
optimized, [4].
The variations of the sun angles (β and γ) and the PV
angles (β* and γ*) are presented in Fig. 6 for the summer
solstice (middle day of the N= 161…N=183 season). Two
different situations were considered for the stepwise
variation of the PV angles: for β* steps at time intervals
of 4 minutes and for γ* of 8 minutes.
Using these angles the variations of the incidence angles
were calculated (see Fig. 7).
The diagrams in Fig. 7 represent the variation of the
incidence angles that fall on the PV- surface, meaning the
angles of the solar ray and, respectivelly of the reflected
rays from the mirrors (M1- left mirror, respectively M2 –
right mirror) with the normal to the PV module, during
the summer solstice.

Fig.6. The variation of the solar and PV angles during the
Summer Solstice (middle day of the season N= 161…
N=183)
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From the details extracted from Fig. 6 and Fig. 8, a
similar variation is observed for the seasonal angle, γ*.
The diagrams from Fig. 9, representing the incidence
angles variation, confirm that the restriction νmax<1° is
fully satisfied.
The amount of direct solar Radiation is computed using
eq. 4, [6]:
B = B0 exp[− TR / (0.9 + 9.4 sin α )]

(4)

B0 = 1367 ⋅ [1 + 0.0334 ⋅ cos(0.9856 ⋅ N − 2.27]

(4’)

where B is the direct solar Radiation, TR is the turbidity
factor, α is the sun-ray altitude angle and N – the day
number in the year.
The radiation falling normal on the PV as result of the sun
ray reflection on the mirrors, is calculated using the
Lambert Law, as follows:
B pv M 1, 2 = B cos(ν M 1, 2 ) ,

(5)

whereν M 1, 2 is the incidence angle of the reflected ray
with the normal of the PV module.
This equation gives the average equivalent radiation that
falls normal on the entire PV-module, as result of the
reflected rays by each mirror.

Fig.7. The variation of the PV and mirror reflected
incidence angles during the Summer Solstice (middle day
of the season N= 161…N=183)
Similarly, in Fig. 8, and 9 there are presented the
variations of the solar and PV angles and respectively the
incidence angles during a first day (N=161) of this
season.
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Fig.8. The variation of the solar and PV angles during
N=161 (first day of the season N= 161…N=183)

respectively from mirror two (M2).
The diagram
presented in Fig.10 represents the total solar radiation
(from both mirrors and the direct radiation) that falls
normal on the PV module, at different values of the θ
angle, in the N=161…183 season. The results show that
the total radiation does not depend on the tracking step
duration, but have a strong variation with the angle
between the mirror and the PV module.

Fig.10. Total direct solar radiation variations that fall on
the PV-module, at different values of angle θ during all
single days of the season N= 161…N=183

Fig.11. The variation of the solar and PV angles during
Equinox (middle day of the N=79…N=81 season)

Fig.9. The variation of the PV and mirror reflected
incidence angles during N=161 (first day of the season
N= 161…N=183)
The total radiation that falls on the PV as reflection is the
sum between the radiation from mirror one (M1) and

A similar analysis is done for the equinox season and the
results are presented in Fig. 11 and 12 (N=80, middle day
of the N=79…N=81 season); during this season, the
elevation angles are equal and constant throughout the
whole period (γ=γ* =45.5°).
Comparing the results in Figs. 10 and 12, it can be
observed that the absolute tracking efficiency η has
constant values throughout the seasons and the maximum
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efficiency is reached at high values of the θ angle: from
η=228.55% for θ=65º till η=99.99% for the PV module
without mirrors.

Fig.12. Total direct solar radiation variations that fall on
the PV-module, at different θ angles during the Equinox
(middle day of the season)

4. CONCLUSION
a) The main objective of the paper is to find the optimal
step motion law of the pseudo-equatorial kinematical
chain used for CPV tracking, thus obtaining the
imposed tracking accuracy (νmax<1°). The tracking
linkage contains an open kinematical chain, containing
two rotational joints (with the corresponding rotational
angles β* and γ*) serially and orthogonally connected,
in which the first joint axis is horizontal on the EastWest direction.
b) The angular displacement of the pseudo-equatorial
tracked CPV system is made discreet (in steps).
c) Based on the imposed condition that the maximum PV
incidence angle not exceeding 1°, the step motion law
is defined as follows:
1. For the daily movement, defined by the β* angle,
the step duration is of 4 minutes.
2. The elevation movement, defined by the γ* angle,
can be made seasonally; the seasons are defined,
depending on the declination angle, with a 3 up to
23 days duration.
3. During the summer solstice season (23 days
duration) the declination angle is almost constant
4. During the equinox season (3 days duration) the γ*
angle is kept constant at 45.5°.
d) By a seasonal change in the elevation angle the
tracking program is simplified and the driving motor
is less involved.
e) The tracking efficiency depends only on the angle
between the mirrors and the PV module (θ). The
highest value (η=228.55%, concentrating factor: 2.28)
is obtained when θ= 65°; for a reasonable overall
system size, the recommended value is θ =60° (when
η=199.99%, concentrating factor: 2).
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condition of control circuit, and to assume command in
circuit by using gained results of this processing.
There is a very wide range for microcontroller usage,
because they can be programmed, depending on the
desired usage, to obtain the type of behavior of the digital
device we design [1].
With the intention to analyze of pumping aggregate
operating condition, the authors of this paper had
designed a special MC developing environment, with its
description given in a shortened form.

2.1. Functional requirement of micro system for
vibration monitoring

APPLICATIVE CHARACTERISTICS OF
VIBRATION MONITORING SYSTEM
BASED ON PIC MICROCONTROLLER
Miloš MILOVANČEVIĆ
Jelena STEFANOVIĆ MARINOVIĆ

Abstract: The purpose of the research presented in this
paper is the development of the optimal micro
configuration for vibration monitoring of pumping
aggregate, based on Microchip’s microcontroller (MC).
Hardware which is used is the 10-bit MC, upgraded with
12/bit A/D converter. Software for acquisition and data
analysis is optimized for testing turbo pumps. The
authors have performed numerous measurements on wide
range of turbo aggregates in order to establish the
operating condition of pumping aggregates.
Key words: micro configuration, vibration monitoring,
microcontrollers

Considering micro systems for vibration monitoring, the
signal characteristics determine the system accuracy and
the quality of vibration monitoring in general. Selection
of the microcontroller that is a base for micro system has
been done primarily considering economical aspects of
newly developed system which is PC (personal computer)
dependant [2]. Microchip, a company that is producing
microcontrollers for more then a decade, as well as
microcontroller PIC16F877A, that has been developed as
symbioses of microprocessor (CPU), memory and
periphery, there for PIC is acronym for (Peripheral
Interface Controller) [3]. This microcontroller is based on
CMOS technology with RISC architecture and
implemented FLASH and EEPROM memories. Thus,
PIC16F877A represents the best compromise between
price and technology. Main signal characteristics that
have been chosen as main requirements for the design of
an optimal micro system are: resolution, stability and
repeatability of signal. In order to fulfill requirement of
resolution an A/D converter is added, since
microcontroller has 10-bit resolution, a MCP3204 12-bit
A/D converter is connected via SPI connection protocol
[4].

3. SIGNAL REPEATABILITY TESTING
1. INTRODUCTION
The development of non-invasive methods of monitoring
enabled the transition from preventive to predictable
maintenance. There are various indicators for machine
condition (temperature, pressure…); however, the method
of use vibration monitoring for determination of machine
operating conditions was proved the best. Monitoring
system based on MC is developed because vibrationsbased monitoring is used in large number of cases for
determining machine condition. This system is created to
meet certain demands: monitoring platform based on use
of common PC, low cost of the device, mobility, 12-bit
resolution and application on rotational machines.

2. USE OF MC IN MONITORING
Microcontrollers (MC) are electronic components
designed to develop electronic systems for digital
command and control. With the use of such systems it is
possible to control several electronic devices and systems,
to collect and process various electric and non-electric
quantities. Digital systems based on microcontrollers are
programmed to perform distinct processing depending on

Analyses of main, selected signal characteristics have
significant influents in optimal micro system selection.
Significant signal resolution has been obtained by
introducing MCP3204 12-bit A/D converter and stability
is insured by selecting the leading electronic components
manufacturers and implementing their components. Thus,
testing signal repeatability in laboratory conditions, on
signal generators Tektronix 3102 and Tektronix dpo 4034,
is a method for selecting an optimal micro configuration.
The following diagrams represent a part of intensive
signal repeatability testing of selected optimal micro
configuration.
Signal repeatability has been tested by two types of
complex signals: exponential and triangle. Exponential
signal in repeatability testing is presented in Figure 1 in
the following order, a) original signal screen shot of a
referent testing signal, b) fast furrier transformation (FFT)
diagram of collected signal from tested configuration, c)
collected signal from tested configuration without
transformation.
Triangle signal in repeatability testing is presented in
Figure 2 in the following order, a) original signal screen
shot of referent testing signal, b) fast furrier
transformation (FFT) diagram of collected signal from
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tested configuration, c) collected signal from tested
configuration without transformation. This testing has
proved that selected optimal micro configuration for
vibration monitoring based on microcontroller has a
suitable performance regarding signal characteristics.

noise as a side effect of centrifugal pumps is given in [5,
6, 7].
The sources of vibrations in centrifugal pumps are
mechanical, hydraulic and electrical processes caused by
the pump construction, operating regime, exploitation and
manufacturing technologies used. Due to the blade
passage
frequency
(BPF)
with
frequency
f z = zω / 2π = zn , where z is the number of impeller
blades and n is the rotational speed in rps. Disbalance of
rotational masses of rotor is caused by oscillation with
frequency f1 =

ω

2π

.

Fig.1. Diagrams of signal repeatability testing by
exponential signal

4. IDENTIFICATION OF PUMPING
AGGREGATE VIBRATION PARAMETERS
It is necessary to take safety measures to assure the
precision of turbo pumps operating conditions. It is
considered that a basis of supervision is the control of
vibrations and their measuring via electric means. The
primary objective of all safety measures is timely
recognition of critical operating conditions. Operation of
centrifugal pumps is accompanied by two undesirable
side effects: vibrations and noise. The intensity level of
vibrations and noise characterize the perfection of pump
operation, its construction and pump condition during
exploitation period, as well as cavitation phenomenon in
the pump. More about all these effects to the emitted
334

Figure 2. Diagrams of signal repeatability testing by
triangle signal
Vibrations caused by the collisions of parts in the contact
are produced in bearings, gear box, couplings and
connected shafts of the pump and the driver. Rolling
bearings may produce vibration with frequency often
lower than 30 kHz.
Disturbance force is generated by connecting a pump and
a driver shaft with the geared coupling, with the
frequency f 2 = z s

ω
, (zs- number of coupling teeth).
2π

Electromotor vibrations are caused by disturbance forces
generated from variations of electromagnetic field, with
frequency for this case: f E =

ω

2π

z w , (zw- number of

motor poles).
Mechanical vibrations of pumps were the subject of
numerous researches. Result analysis draws the
conclusion that the level of vibration can be lowered with
respect to the certain instructions and recommendations in
balancing of rotational masses, selection of bearings,
couplings, eccentricity between the shaft axis of pump
and driver, etc.
Hydrostatic vibrations of centrifugal pumps are the result
of vortex arisen in liquid stream, flow heterogeneousness,
turbulent pulsation of speed and pressure, and cavitations
phenomenon [5, 6, 7]. Intensity of vibrations, caused by
vortex sources, is proportional to the sixth grade of stream
line peripheral speed. Various measurements were
performed at pumping aggregates with centrifugal pumps
for water supply in municipality of Nis and its
surroundings. Two types of pumps were tested:
multistage horizontal and well pumps, using the MC
device described in chapter (2) of this paper.

Measuring point 1, Fig 4. a), horizontal and vertical
acceleration not exceeding the 1 m/s² can be observed,
indicating the proper operating condition of the electro
motor (EM) bearing. There are also no vibrations in a
frequency range 700-900Hz which is an indicator that the
motor fan is correctly installed.

4.1. Vibration monitoring at centrifugal pumps
Horizontal pumps have a significant role in water
transportation. This role of horizontal pumps defines also
the importance of providing the flawless work. Electro
motors of horizontal pumps are extremely burdened from
the aspect of continuous exploitation for maintaining the
permanent operation. Adequate choice of measuring point
at a pump aggregate of a horizontal pump can indicate the
operating condition for electromotor bearings and rotor,
the pumping aggregate bearings and coupling, and
complete aggregate construction likewise Fig.3.
The following measuring points are chosen:
 The first measuring point is chosen for the
operational condition diagnosis of the first bearing at
electromotor.
 The second measuring point is defined to diagnose
the condition of driving electromotor second bearing
 The third measuring point is determined in such a
manner that it is possible to diagnose both the
condition of pump first bearing and elastic coupling.
 The fourth measuring point is defined to diagnose the
condition of pump second bearing.

Fig.3. Measuring point at horizontal pump aggregate
CVNR 5-3, No.1

4.2. Result analysis of pump aggregate measuring
Measuring result analysis is generated using the
frequency spectra. Presented diagrams are created from
FFT algorithm, adapted for pump aggregate diagnostics.

Fig.4. FFT diagrams for horizontal pump aggregate
CVNR 5-3, No.1 at measuring points (MP), a) MP 1, b)
MP 2, c) MP 3, d) MP 4.
Measuring point 2, Fig 4. b), high acceleration amplitude
at frequency at 310Hz is a manifestation of incorrect
coupling working condition, the second electro motor
bearing is in a good operating condition.
Measuring point 3, Fig 4. c), based on the acceleration
there can be seen the precise bearing operation, and based
335

on the analyses of the previous diagrams, incorrect
coupling operating condition.
Measuring point 4, Fig 4. d), it can be concluded that the
operating condition of the second bearing of the pump is
satisfactory
In order to comprehend the results previously presented, it
is necessary to emphasize that the frequency amplitude
diagrams are the result of a specially created FFT
algorithm. The result of several years of research and
development of vibration monitoring in order to
determine the operating condition for most of the pump
aggregates used in industry is presented in Fig 4. The
diagram presented in Figure 4 (a, b) points to the
following facts: in electro motor, it is possible to
determine a bearing malfunction as well as other
mechanical defects such as incorrect coupling operating
condition.
The diagram presented in Figure 4 (c, d) presents pump
bearing malfunction but also a high frequency range,
which is appearing as a result of hydro-dynamic processes
in a pump.
The presented data is a small segment of the research;
over 230 pump aggregates were analyzed in order to
improve the mathematical apparatus and software for
vibration analysis. In the table, there are the absolute
values of acceleration; bold values are marked as
analyzed in the previous diagrams; the table is a part of
the project report and the starting point is in the analysis
of operating condition.

5. CONCLUSION
Examination of pumps vibration phenomenon provides
the data about the vibration magnitude and its frequency
components as well as their change with respect to the
operating parameters. On the basis of obtained results, the
safety level for pump and the whole plant is evaluated.
Beside mentioned, in most cases it is necessary to
determine the cause of non-stationary occurrences.
Operating ranges that should be avoided are determined in
many cases. Primary sources of vibrations at centrifugal
pumps are mechanical, hydraulic and electric processes
caused by the design of a pump, its manufacturing
technology, operating regime and exploitation condition.
It is possible to eliminate the mechanical and electrical
sources, partially or completely, lowering the vibrations
level in that way.
However, hydraulic vibrations are hard or almost
impossible to avoid. Hydraulic processes which happen in
pumps are complex and non-stationary by the rule. For
description of such processes it is possible to form
mathematical models, whose evaluation is performed
after very comprehensive, expensive and long-lasting
researches.
For these reasons such models were not considered
in this paper – here are the experimental results obtained
by newly developed vibrodiagnostics device, based on the
new generation of microcontrollers. In the diagnosis of
pumping aggregate malfunctions, frequency spectrums
have a crucial role in defining the causes of failure.
Created monitoring system has significant results in
frequency vibration analyses regarding mechanical
defects detection of the pumping aggregate.
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the compressors are driven as a rule by electric motors.
Statistical data show that in industrial production 10% of
the electric energy consumed is used for preparation of
compressed air [1]. For some facilities, compressed air
generation may account for 30% or more of the electricity
consumed. Very often, the cost of generation is not
known; however, some companies use a value of 0.15$
per 100 cubic meters of air. Compressed air is one of the
most expensive sources of energy in a plant.
Figure 1 show a typical lifetime compressed air costs in
perspective. Assumptions in this example include a 50kW
compressor operated 16 hours/day, 5 days a week at an
aggregate electric rate of $0.05/kWh over 10 years of
equipment life.

REMOTE CONTROL OF COMPRESSOR
UNIT AND PNEUMATIC SUPPLY
SYSTEM DESIGN
Uros ZUPERL
Abstract: This article explains a newly designed and built
industrial automation project for compressor unit
efficiency modernization. In the modernization the
emphasis is put on energy saving in compressed air
generation by automation of control with the use of
modern computer control components. The main goal is
to evaluate the energy saving obtainable when the control
algorithm, which continuously regulates the compressor
speed, is employed to control the compressed air needs in
workshop. The presented remote control is able to adjust
the most suitable compressors speeds and air
temperatures in the unit. The algorithm was tested on a
line of three compressors equipped with required driers,
fans, blinds and sensors. Paper explains how the
monitoring and control activities can be automated using
programmable
data
communication
module
communicating with a PC and programmable logic
controllers. The controlled quantities were displayed
using GUI on a computer screen for visualization. The
results of the research project could be usable in
compressor using production environments. Comparing
the developed control system with the classical control,
the experimental results show a meaningful energy saving
to about 20%.
Key words: control system design, automation, energy
saving, compressor unit.

1. INTRODUCTION
One of the frequently used forms of energy in industrial
production processes is the compressed air. Most
production facilities need some form of compressed air,
whether for running a simple air tool or for more
complicated tasks such as the operation of pneumatic
controls. This is one of the most expansive forms of
energy if compared with other sources of energy. If
compared with electric energy, it is about 10 times more
expensive. In stationary production systems the
compressed air is generated in compressor units, where

Equipment 16%
Maintenance 11%
Electricity 73%

Fig.1. Lifetime compressed air costs
The overall efficiency of a typical compressed air system
can be as low as 10%-15%.
The other costs are the costs of capital and the costs of
maintenance of the compressor unit and of the distribution
pneumatic supply network.
In the generation of compressed air the greatest
investment is oriented towards the primary energy which
is relatively poorly utilized. Therefore, when designing or
modernizing the compressor units, the greatest attention
must be paid to economic use of energy.
The next paragraph lists the energy saving tips-suggested
actions:
 Determine the cost of compressed air for your plant by
periodically monitoring the compressor operating
hours and load duty cycle.
 Use a systems approach while operating and
maintaining a compressed air system.
 Adopt a plant-wide compressed air management
policy to cut costs and reduce waste by eliminating
inappropriate uses, fixing leaks, and matching system
supply.
The most important factors of bad efficiency and high
costs in the generation of compressed air are: heat losses
in compressor unit, pressure losses on components of the
pneumatic distribution network and losses of compressed
air due to incomplete tightness.
In spite of its high price this energy medium is frequently
used in industrial production due to many advantages
such as: fast development of mechatronics components of
automation (electronics-pneumatics), the use in
aggressive working environments poses no problems, this
energy medium is ecologically not harmful, simple
accumulation of energy, soft-elastic operation of actuators
[2]. The world increasingly faces the tendency of energy
saving. In pneumatic industrial energy systems that is
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achieved by incorporating electronic controllers into the
control system of compressor units and pneumatic
distribution network. This paper will present the project
of automation of the compressor unit in the aluminium
pipe-making workshop with strong emphasis put on
energy saving and meeting the European industrial
standards [3].

installed power of driving motors and other consumers of
about 220 kVA were installed in the compressor unit.
Taking into account that only 10% of the energy
consumed are transformed into useful mechanical work
on the pneumatic actuators the cost of losses in the
production process can be clearly observed.

2. HIGH QUALITY OF COMPRESSED AIR
FROM GENERATION TO APPLICATION

The principal portion of all losses occurs on the driving
electric motor, compressor and in the non-isothermal
process during the air compression. Due to infeasibility of
measurement for the quantification of those losses they
are estimated to be 70% of all losses. During
modernization of the compressor unit strong emphasis
was put on the reduction and useful utilization of the
longest possible share of that thermal energy [4]. When
analyzing the air consumption of both compressor units
Kaeser and Demag in a certain time period, non-uniform
loading of the compressor unit Demag was established.
From the point of view of energy consumption the
existing combination of compressors is not economical.
The costs of energy losses themselves idle run of the
driving motor of the Demag compressor are estimated to
be 7000 $/year [1].

Choosing adequate equipment for modern production
facilities that can deliver the right balance of air quality
and energy efficiency can be a difficult task. The quality
of air required throughout a typical compressed air system
can vary. The extensive range of equipment available
from different manufacturers is ideal for both centralised
and decentralised compressed air systems. This allows the
user to tailor the quality of air for each specific
application, from general purpose ring main protection,
through to critical clean dry point of use systems. User
can tailor its range of air generation equipment to exactly
match system requirements, ensuring both capital and
operational costs are kept to a minimum. To achieve the
levels of cleanliness specified by ISO 8573.1 2001 a
careful approach to system design, commissioning and
operation must be employed. It is highly recommended
that the compressed air is treated prior to entry into the
distribution system as well as at each usage point or
application. This approach to system design provides the
most cost effective solution to system purification as it
not only removes the contamination already in the
distribution system, it ensures that only the most critical
area’s receive air treated to the highest level. To continue
your guaranteed compressed air quality, the equipment
must be maintained annually. Failure to maintain your
pneumatic equipment will invalidate performance
guarantees and will result in reduced production
performance, degraded air quality and increased running
costs. Preventative maintenance provides you with the
following benefits:
 Lowest running costs
 Guaranteed compressed air quality
 Continued protection of equipment and processes
 Peace of mind
Wet particulates are removed from the system by using a
filter which provide the additional function of removing
oil / water aerosols. Dry particulate filters are also used
after adsorption dryers or at the point of use. The test
methods for measuring solid particles are covered in ISO
8573.4 Water vapour is removed using a dryers. Oil
aerosols are removed by using a coalescing type filter,
while oil vapour are removed using an adsorption type
filter. The total value for oil in a system is a combination
of test results from both ISO8573.2 & ISO8573.5.

3. EFFICIENCY ANALYSIS OF DESIGNED
PNEUMATIC SUPPLY SYSTEM
Before execution of the modernization project two
compressors of the company Kaeser CS 120 of 12 m3/min
capacities and Demag 110 of 10 m3/min capacity with
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3.1. Costs of energy losses in compressor unit

3.2. Leakage/pressure losses and driers selection
Leakage of compressed air in the pneumatic system due
to bad design and maintenance of the supply network and
of the pneumatic components represents the least
justifiable net losses. The comparison calculation has
been made for the pneumatic supply network of 6 bar
pressure level and 4-shift weekly work of the compressor
unit.
The experimental analysis showed 5,16 m3min-1 of losses
of compressed air due to leakage, which is 38.2%
capacity of the compressor unit.
Pressure losses in the pneumatic system represent a minor
share of losses. They are controlled by correct sizing and
designing of the supply network, by routine maintenance
of components such as filters, preparation groups, driers.
Modern types of those components incorporate the
clogging indicators which warm of the required
maintenance works in time.
The air driers are incorporated in the pneumatic supply
network to ramose moisture from the compressed air and
are consumers of the supplied thermal energy. Also
pressure losses occur on the driers. Two cooling drying
units Ingersoll and Demag were mounted in the
compressor unit.

4. REMOTE CONTROL AND PNEUMATIC
SUPPLY SYSTEM DESIGN
The reason for redesign and automation of the pneumatic
system were the actual difficulties in work before
modernization:


Bad energy efficiency of the complete system.



Bad quality of air and, consequently, frequent defects
on the pneumatic control components: excessive
percentage of moisture in the compressed air,
presence of impurities, fluctuating pressure of the
system.

RS232

Interface
RS485

MAIN CONTROL UNIT
HMI/SCADA – IFIX
(Visualization)

Parameters

Profibus

Signal
AmplifierRepeater

Profibus

PLC
S7 314 IFM
Simatic net

Sensors:
Temperatures
Presures
Humidity
EM revolut.

Manual /automatic
mode
Remote control

Priority

Stop

Drier Demag
AD160

Drier CompAir L45

Condenzator
Bekomat
Oil separator
Owamat 6

Fan 1, 2, 3
AVS 630/OL

5,7 bar

Heater

Fig.2. Control system structure and communications
 Non-coordinated operation of the two compressor
units with driers and the resulting unstable working of
the system during peak loadings.
 Difficulties in operation during the transition from the
summer to the winter mode of work and inversely,
due to the locking temperature control in the
compressor unit.
 The pneumatic system was not monitored and was
hard to control. Operation of components and
consumption of compressed air were hard to
supervise.
On the basis of the findings and additional requirements
the following criteria must be met by the automated
system:
 Satisfying the consumption with anticipated reserve
17 m3min-1,
 Quality of compressed air of 4th quality class
according to ISO 8573.1,
 System pressure in the range of 5.9 to 6.1 bar,
 Minimization of energy losses in compressor unit and
supply distribution network,
 Following up the technological parameters and
operation of components such as filters, drivers,
cyclones etc. by means of the control system.

The compressor unit was automated according to the
concept of alternating time operation of both compressor
units Kaeser and Demag, whereas for covering the peak
loadings a new compressor unit Comp Air 145 SR with
control of the electric motor rotating speed and maximum
capacity of 7.5 m3min-1 was added. Optimum control of
the entire pneumatic system in terms of minimum energy
losses and high-quality preparation of air is reached by
temperature control in the compressor unit, pressure
control in the pneumatic system and monitoring system of
quality of air and of components such as filters, driers and
oil/water separators [5]. Heat losses in the compressor
unit with control principle of operation are conveyed into
heating of the workshop for feeding the driers, whereas
the project of a heat exchanger for heating the sanitary
water (problem of exploiting the heat losses during
summer months) is in preparation. The control and
monitoring system is designed with the controller
Siemens Simatic S7 300 with programme support Step 7.
Figure 2 shows the arrangement of components in the
compressor unit with illustration of information
communications. The industrial computer, on which the
application for remote control and monitoring of the
compressor unit run, is stationed in the technological
maintenance room at about 200 m from the compressor
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unit. The linkage between the industrial computer and the
controller in the compressor unit with basic data on
intercommunication is shown in Figure 2.
Monitoring is designed with the SCADA monitoring
system and IFIX application ensuring the graphical and
pictorial access to data and the possibility of remote
control of compressor unit components.
Figure 2 shows the IFIX application (basic picture)
available to users for displaying the values of the current
state of components in the compressor unit and for the
entry into the next applications. To control the
compressor unit, the application with active switches for
setting the desired values of parameters has been also
made.

5. RESULTS
In one year operation the deliberate design of pneumatic
distribution
system
with
new
integrated
control/monitoring system revels the following savings:

winter months), whereas a part of that thermal energy
is used for supplying the energy to driers [7].

6. CONCLUSION
By introducing a modern control system of the
compressor unit, an obsolete industrial pneumatic supply
system has been transformed into a efficient system
justifying the investment into modernization and giving
positive results. The acquisitions are lower costs of
energy consumed and lower costs due to removal of
stoppages in production occurring originally because of
non-uniform supply of compressed air. The calculation
shows that the automation of the compressor unit will pay
within 3 years, which undoubtedly justifies the execution
of the modernization project.
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 The acquisition of the certificate ISO 14001, putting
the emphasis on the environment protection, has
imposed the solutions of the monitoring system in the
modernization, which assures the 4th quality class of
compressed air according to standard ISO/DIS 85731.
Let us mention only the installation of the separator of
oil from water from the condensate OWAMAT 6. The
average quantity of condensate amounts to 120 l/day.

CORRESPONDENCE

 The introduction of compressor with continuous
control of the driving motor rotating speed for
covering the peak loadings of the pneumatic system
has reduced the cost of idle run of the compressor
system for about 5000 €.
 Reduction of leakage by thorough renovation of the
pneumatic distribution network from original 5.16
m3min-1 (38.2%) to 2.83 m3min-1 (21%) has brought
an annual saving of 3770 € for energy.
 The control of compressors with pressure regulation in
the system ensures trouble-free provision of the
compressed air. Thus, the frequent 15-30 minute
production stoppage, which amounted to 12
hours/year before rebuilding according to the analysis
data have been eliminated. Financially, the fact that
there are no production interruptions has not been
evaluated.

 A very important acquisition of modernization in
terms of energy saving is the temperature control in
the compressor unit [6]. In generation of compressor
air 75% of energy consumed are transformed into
heat. Thus it is appropriate to use purposefully the
longest possible portion of that thermal energy with
regulation for heating the industrial workshop (in
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ACCELERATED GEAR TESTING FOR
CONTACT ENDURANCE
Nikolai ISHIN
Arkadi GOMAN
Victor STARZHINSKY

Abstract: A method is proposed for construction of the
contact endurance curves proceeding from the test results
of a limited number of gear teeth for which aim, each pair
of the meshing gear teeth is considered as a separate test
object. The test results undergo statistical processing
using the regressive analysis. The proposed procedure
enables to shorten by more than an order the time of the
tedious and costly life tests of the gear teeth via reducing
the number of test samples.
Key words: accelerated tests, gears, contact endurance,
mating pair of teeth.

1. INTRODUCTION
The dynamic loads at gear teeth meshing are arising from
the errors in the teeth profile and pitch [1]. Experimental
investigations have shown that the maximal dynamic load
values appearing at the initial stage of meshing can be
satisfactorily determined using the theory of impact. The
impact dynamic loads F(t) (see the figure) induced by the
edge or middle impacts of the teeth contacting in a
noncalculated point with velocity Vk repeat periodically
at a teeth mesh frequency ω = 2π . The edge impact
z
Tz

velocity Vk depends just as on the reduced meshing
error, so on the velocity and kinematic parameters of the
meshing. The impact pulse value Sк can be determined by
the relation [2]
(1)
S k = F (t )τ и = µ прVk ,
where τ и − time of impact pulse not exceeding 0,1Tz ; Tz
− teeth mesh frequency period,

µ пр − equivalent mass of

gearing wheels.
The time of the impact pulse action
than 0,1Tz [2].

τ и is usually more

Fig.1. Periodic impact pulses related to teeth contacts
in the noncalculated point at velocity Vk .
The edge and middle impacts of the gearing are the
sources of high-frequency vibrations. These vibrations
can be recorded using the vibration detectors on, e.g.
bearing body, and then processed by a special software [3,
4]. It has been established experimentally [5] that the
vibration pulses on the bearing body are rigidly correlated
with those in the gear meshing. This fact has made
possible to solve the problem on the quantitative
determination of dynamic loading on each tooth of the
toothing under study based on the parameters of
vibrations generated by the gearing during tooth
changeover [6] by means of vibration diagnostics.
Above-mentioned fact is employed in developing a new
in principle analytic and research method of dynamic
processes in gearings [7-10] based on studying each pair
of meshed teeth as a separate investigation objects. Using
vibromonitoring of the bearing units it is thus possible to
determine the dynamic constituent of loading in the
toothing, estimate the effect of the varying dynamic
parameters of the gearing on the remaining life, forecast
reliability of gearings judging by the operating
parameters.
The proposed method was used during the experiments of
the gears with nickel-plated teeth doped by nanostructural
fillers [11, 12]. The tests have shown highly informative
capacity of the method at reduced test duration, and
proved the efficiency of the method proposed in
perfection of vibroacoustic and service characteristics of
gearings.

2. ACCELERATED TEST METHOD
Based on above-described concept, we have developed a
method of accelerated tests aimed at comparative
estimation of service characteristics of commensurable
design and engineering solutions through studying gear
pars having the gear ratio equal to a unity and by
considering each meshed teeth pair of the gearing as a
separate research object having the dynamic constituent
of loading different from other teeth pairs due to
differences in the meshing pitch because of the
manufacturing and assembly errors [13]. Because of a
strong scatter of the toothing pitch in the meshed teeth
pairs of the gears with 7…10 accuracy degree, the range
of the inner dynamic load constituents in a gearing is
broad enough, which enables to obtain a multilevel
loading mode of the teeth within the tests of a single gear
pair. This makes the processes affecting spending of
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durability resources proceed differently in each teeth pair.
In this connection one may derive comprehensive
information from even one gear pair testing for wear
behavior, accumulation of fatigue damage, and vibration
activity of the gearing. The described approach helps to
cut the test tine and the test gear number. This, however,
requires thorough measurements of accuracy parameters
of the gears prepared for testing.
Notice that, the new approach proposed here agrees well
with simultaneous application of the traditional test
procedures.
The load on a separate tooth can be determined by a direct
strain metering. Nevertheless, it is inexpedient to perform
metering for all gear teeth because of its complexity and
laboriousness of the process. The dynamic constituent of
loading is conditioned to a great degree by vibroacoustic
activity of the gearing [13], wherefore, this problem can
be solved by simultaneous recording of the load and
vibration activity of the tooth being metered during
meshing in a real time scale. Based on these data, we
obtain a correlative dependence that interrelates abovenamed parameters and helps to evaluate the actual loading
judging by the amplitude of vibration pulses generated by
the teeth not subjected to strain metering [13].
In the case the gearing under study bears typical for this
group of gears manufacturing errors, a single gear pair
may turn to be sufficient for the given investigation with
the loading and vibroactivity monitoring of the teeth
under the preset test parameters.
Based on the test results, we may also evaluate the
agreement between the actual technical characteristics of
gear reducers and the desired ones, which includes the
approximate durability span, the rational operating
conditions, and take a decision whether it is better to
finish or refuse from the considered design solution.
The new method has been tried-out by the next procedure:
four experimental gear pairs were manufactured and
subjected to the analytical element by element inspection
to determine accuracy parameters of the gear pairs;
separate teeth pairs underwent a design estimate of their
loading and lifetime values; the gears were subjected to
the life tests using a closed-loop test bench by the
methods of strain metering and vibro-diagnostics of the
gear meshing. As a result, it has been proved that a
contact endurance curve can be constructed proceeding
from the gear pair test data.

3. PROCESSING OF EXPERIMENTAL DATA
The test results of gear pairs show large scatter in the
values of both life span and durability limits. In this
connection, the experimental data should be analyzed
statistically, which along with a usual fatigue curve
corresponding to nonfailure probability p = 0.5 yields a
probability diagram of the contact fatigue of the working
tooth profile surfaces that expresses the dependence
between the actual loads and the lifetime threshold under
different probability values of failure-free operation.
The general goal of statistical processing of the fatigue
test results is the determination of the functional
dependence between σ, N, p (p – probability that the
sample tested under strain σ fails at Nth test cycle).
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A nonlinear dependence is acknowledged between lg σ H
and lg N for a greater portion of the left section of the

fatigue curve (up to the number of cycles corresponding
to a low-cycle fatigue) [13, 14].
To find the correlation between the test values of lg σ H
and lg N , we use the method of nonlinear correlation
[13]. Based on experimental data ( lg σ H – lg N ), this
method helps to find the coefficients to a series of the
fatigue curve equations corresponding to different
nonfailure probability values.
Thus, the equation of regression N = f (σ H ) is of the form
[13, 14]:
lg N = r

S Nr
(lg σ H − lg σ H ) + lg N + K b S Nr ,
Sq H

(2)

Where lg σ H , lg N - average logarithms of stresses and
number of cycles to failure derived from:

lg σ H =

Σ lg N
Σ lg σ H
;
; lg N =
n
n

(3)

S Nr = S lg N 1 − r 2 – main conditional deviation;

(4)

K b - coefficient for the fatigue curve with a defined
nonfailure probability determined as shown in [14]; r –
coefficient of correlation found from the formula

r=

Σ(lg N − lg N )(lg σ H − lg σ H )
.
(n − 1) S lg N S lgσ H

where

(5)

S lgσ H , S lg N - mean square deviations of the

logarithms, correspondingly, for stresses and number of
cycles to failure determined by the formulas:

Σ(lg σ H − lg σ H ) 2 ,
n −1

S lgσ H =
S lg N =

(6)

Σ(lg N − lg N ) 2 ,
n −1

(7)

where n is the number of test objects;

S qH =

S lg N
S lgσ H

1− r 2
- mean square deviation of slope qH .
n

It is known that when load is increased dispersion of
service life is decreased. Because of when statistical
processing of test data is carried out hypothesis about
reduction of offset ratio of the fatigue curve at increasing
probability of nonfailure is used.
Taking into account above mentioned conditions,
equation (2) can be represented in the form [14]:
1
lg σ H = −
lg N +
qH 0 , 5 + K b S q H
(8)
+ lg σ H +

where

qH 0 , 5

1
(lg N + K b S Nr ),
+ Kb Sq H

qH 0 ,5 –

exponent

of

the

fatigue

curve

corresponding to nonfailure probability Р = 50% [14]:

qH 0,5 = r

S lg N
S lgσ H

5. The circumferential speed is:
.

V=

The sum of the values in Eq. (8)

presents the exponent of the contact fatigue curve
corresponding to nonfailure probability p.

4. CONSTRUCTION OF CURVES FOR
CONTACT FATIQUE ESTIMATED BY
ACCELERATED TESTIS OF A LIMITED
NUMBER OF GEARS
The technique for experimental-calculated construction of
curves is described to estimate contact fatigue of gear flanks;
each pair of mating teeth is treated as a separate test object.
1. The nominal static circumferential force Pst on the pitch
diameter is found from the load torque:

2000 ⋅ T1
, N,
d1

where T1 is the load torque applied to the gear, N·m; d1 = mz1
pinion reference diameter, mm; m – module, mm; z1 – pinion
tooth number.
2. The approach w0 along the normal of a pair of teeth free
from impacts is calculated as follows:

w0 =

Pst
, µm,
c

where с = c' · bw is the stiffness of a mated pair of teeth, N/µm;
c' – specific normal rigidity of a pair of teeth determined for xzero gears as follows [15]:
0.1425 0.1860 mm·µm/N,
1
),
= (0.05139 +
+
c'
zv1
zv 2

bw – gear working face width, mm; zv1 and zv2 are tooth
number of the pinion and gear wheel.
3. The active meshing error for each pair of teeth ∆ is
calculated using the measured results of the base pitch
deviations of pinion (fpbr1) and gear wheel (fpbr2), the approach
w0 and error in meshing compensated by the oil layer ∆0 [16],
[17]:

∆ = f pbr2 − f pbr1 + w0 − ∆ 0 , µm

(9)

∆ 0 = 5 µm at f pbr − f pbr + w0 > 10 µm;

(10)

2

1

1
∆ 0 = f pbr2 − f pbr1 + w0 at f pbr2 − f pbr1 + w0 < 10 µm. (11)
2

4. The active meshing error ∆ is used to calculate the dynamic
component of the load in meshing for each pair of teeth:
U = 0.248 ⋅ V ⋅ α ⋅ bw

aw ⋅ ∆ N,
,
u

60000

where n is the number of pinion revolutions, min-1.
6. The total load for each teeth pair is:

q H 0 ,5 + K b S qH = qH P

Pst =

π ⋅ d1 ⋅ n1 m/s,
,

(12)

Where V – circumferential speed of the gear wheel, m/s; a –
centre distance, mm; u – gear ratio; α – correction factor:
α = L / b , where L is the hub width of the gear.

P = Pst + U .

(13)

7. The calculated contract stress σH in a gearing is determined
according to GOST 21354-87 [15].
8. The base number of load cycles NHlim corresponding to
transition from the limited life to a long life (kink point in the
fatigue curve) is determined preliminary using the known gear
flank hardness HHB.
2.4
N H lim = 30 H HB
≤ 120 ⋅106 .

(14)

9. The permissible contact stress is calculated approximately
as follows [17]:

σ HB = σ H lim z w z L z R zV z X ,

(15)

where zR roughness factor for engaged tooth flanks; zL –
lubricant factor; zV – velocity factor; zX –gear size factor; zw –
work-hardening factor.
The calculated data are used as tentative ones in choosing
experimental approach for the contact fatigue life study; they
enable to control with more adequacy the results obtained.

5. EXPERIMENTAL RESULTS AND
DISCUSSION
The proposed method of obtaining contact durability curves
during testing of a limited number of test samples has been
tried in life tests of spur gears. The initial parameters of
experimental gears were: teeth number of the pinion z1 = 40,
that of the gear wheel z2 = 40; module m = 3, gear face b = 10
mm; transmission accuracy 7-B, cyclogram of loading at a
constant load M 1 =117.7 N⋅m, rotation frequency of the
driving wheel n1=1500 min-1, steel grade of the pinion and
wheel 40H, thermal treatment by HFC, hardness 50 HRC.
бн1100
, MPa
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Fig.2. Fatigue curves under nonfailure probability
p = –90% (1), 50% (2), 10% (3)

By periodic inspection during testing some teeth were chosen
in the limiting state judging by the surface area of spalling.
The whole range of loading perceived by the teeth was divided
into six levels, each having a corresponding teeth pair. After
the statistical analysis of the results based on above-described
method, the contact endurance curves were constructed with
the nonfailure probability p = 10%, 50%, 90% (see Fig. 2).
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The marks indicate the stress values and test time during
which spalling occurred on the teeth; by arrows the contact
stresses are shown that correspond to the endurance threshold
and to the level below it.

6. CONCLUSIONS
The developed methodical approach to construction of the
contact endurance curves based on test results of a
restricted number of gears has made possible to consider
each meshed pair of teeth as a separate test object. This
enables to enlarge several-fold the volume of obtained
experimental data on the progressing wear and fatigue
damages on the working surfaces of the gear teeth under
study, to raise essentially informativity level, and to
shorten by an order the time needed for the tedious and
costly life tests of transmission gears.
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2. NORMAL INTERLAMINAR STRENGTH
Normal direction apllies to the external load. The methods
introduced in the relevant technical literatures all consider
stress, arising from external loading, causing pealing-off,
as interlaminar strength.

R⊥ =

INTERLAMINAR STRENGTH-TESTS
DURING RENEWALS BY COLD METAL
SPRAYING METHODS
Lajos FAZEKAS
Zsolt TIBA

F⊥
A

(1)

where :
R┴ = normal interlaminar strength (MPa)
F┴ = force, operating perpendicularly to the surface (N)
A = size of the surface to be peeled off (mm2).
For carrying out tests we chose the method offered by E.
Nádasdi (1971) (figure 1).

Abstract: According to both the previous examinations
and the technical literature, the value of the interlaminar
strength of the thermal sprayed layers is lower in cases
when no subsequent heat is applied, because when
applying subsequent heat, there is a diffusion link with
significant strength.
Key words: Thermal spraying, normal interlaminar
strength, shear interlaminar strength

1. INTRODUCTION
The value of the interlaminar strength depends on the
basic component, the sprayed material, the spraying
technology and the circumstances of the tests. We can
measure the component of the stress arising from external
load. During the tests, we aim to superimpose normal or
shear stress to the surface boundary residual stresses, until
peeling-off.
The applied powders:
 DuroTec 19910 – tough and hard layer for dynamic
loadability
 HardTec 19400 – hard layer, protection against
abrasional effects
 LubroTec 19985 – particular sliding requirements
The content of the powders is crucial. Usually the main
components of the metal powders are the following: Ni,
Cr, C, B, Si, Fe, Co, W and the carbides of these
elements.
The main variable of the experimental systems is the
spraying distance. The recommended spraying distance is
180 mm, however it can differ by 40% in both positive
and negative directions (260 mm; 110mm). There are
further spraying distances between the extremities that
can be applied: 140 mm, and 220 mm.

Fig.1. Test equipment for determining the normal
interlaminar strength
The test equipment is made of BC3, the sprayed layers
were mixed from the three previously mentioned powder
types. The roughening of the surfaces before spraying and
the machining of the sprayed surfaces after spraying were
carried out by grinding.
The thickness of the sprayed layers during the
measuring of the normal interlaminar stress:
 XUPER ULTRA BOND 51000 subcoating powder,
0.2 mm thickness
 Spraying 1,5 mm of type HardTec 19400, LubroTec
19985 and DuroTec 19910 powder alloys when
measuring the normal interlaminar strength.
The experiment results of the normal interlaminar
strength measurements can be seen on figure 2. The
measuring points are the averages of 5 test equipments’
measure results. The ±2σ = 4σ range of scatter represents
a 95 percentage occurrence probability.
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RC =

FC
A

where
R║ = the shear interlaminar strength (MPa)
F║ = the load acting parallel to the boundary surface of
the sprayed layer (N)
A = the size of the surface to be peeled off (mm2)
 XUPER ULTRA BOND 51000 subcoating powder,
0.2 mm thickness
 Spraying 2 mm of type HardTec 19400, LubroTec
19985 and DuroTec 19910 powder alloys when
measuring the shear interlaminar strength.
Similarly to the normal interlaminar strength measures, I
indicate the average of the 5 test equipment results, and
the ±2σ = 4σ range of scatter representing a 95
percentage occurrence probability.

Fig.2. Results of normal interlaminar strength measures
When comparing the 3 metal powder alloys, the
following statements can be made:
 The alloys HardTec 19400 and LubroTec 19985 have
almost the same normal interlaminar strength in the
suggested spraying intervals.
 The somewhat lower normal interlaminar strength
values of DuroTec 19910 metal powder alloy results
from the fact, that the diffusive effect of silicon and
boron, added to its main components (C, Ni, Cr, Fe),
appears only marginally in the case of cold metal
spraying technologies.

3. DETERMINING SHEAR INTERLAMINAR
STRENGTH
When determining shear interlaminar strength the external
loading is taken into account.
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Fig.3. METCO’s test equipment and blade for
determining shear interlaminar strength
During the shearing process, the blade left no scar on the
surface of the test equipment, the sprayed layer peeled off
in on piece in the form of a 2 mm thick ring, the shearing
took place in the subcoating layer.

Table 1. summarizes the most important results of the
bounding strength measurements:
Table 1. Measuring results
Shear bounding
strength MPa
R║
Recommen
Recommen
ded
ded
Maximum
Maximum
spraying
spraying
value, MPa
value, MPa
distance,
distance,
mm
mm
Normal bounding
strength MPa R┴

Powder
alloy

R┴ /
R║
quoti
ent

DuroTec
19910

9

130 - 180

40

160 180

4,4

HardTec
19400

14 - 15

140 - 160

50

150 190

3,4

14 - 15

180 - 220

60

180 200

4

60%

81%

66%

90%

85%

Lubro
Tec
19985
Typical
deviation
in perc.

4. CONCLUSION
1. The result of Nádasdy’s normal bounding strength
measuring method is influenced by the spraying
distance, to different degrees and with different
features in the case of the individual powder alloys.
2. From the results of the METCO shear bounding
strength measuring process, it can be ascertained, that
spraying distance influences the shear bounding
process to different degrees in the case of the three
powder alloys, however this influencing effect is not
the same as the trend of normal bounding strength
measurements.

Fig.4. Results of the shear bounding strength
measurements
When comparing the measured strength values, the
following statements can be made:


LubroTec 19985 powder alloy provided the highest
shear bounding strength in the spraying range of 180200 mm. In this case the value of strength
approached the value of 60MPa, with a relative
scatter of 3-5%.



HardTec 19400 powder alloys provided shear
bounding strength of about 50MPa, when the most
advisable spraying distance is between 150-190 mm.
In this case the relative scatter of the measured values
is 3-5%.



DuroTec 19910 metal powder alloy provided a value
of about 40MPa shear bounding strength. This can be
maintained in the spraying distance range of 160-180
mm, which occurs along with advantageous relative
scatters (4-5%).

3. Comparing the strength results of the three powder
alloys, we can ascertain that the lower shear bounding
strength results measured in the case of the DuroTec
layer – similarly to the normal strength results – prove
that the diffusive effect of silicon and boron - added to
the main components that determine the features of
the powder alloys (C, Ni, Cr, Fe) – does not, or only
marginally influences the results of measurements. It
was proved by the measurement results that in the
case of cold metal spraying this diffusive ability is
highly affected and limited by the material and
technological system, the alloy structure and the
spraying procedure.
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THE TECHNOLOGICAL DOMAINS
IN AREA OF HALF-HARD NODULAR
CAST-IRON ROLLS – IN SOME
GRAPHICAL ADDENDA
Imre KISS
Abstract: The research was aimed to establish calculus
methodologies of values for the technological parameters
in the manufacturing process of the half-hard rolling mill
rolls, obtained through the simplex classical cast of the
iron with nodular graphite, for which the mechanical
features of rolling mill rolls have the required values.
Starting from the lamination equipments aspects, from the
form of rolls, the technological interest zones and the
structure, which assures the exploitation property, it was
establish, through molding, the mathematical description
of a direct influences, and in final, through successive
determinations, an optimum.
Keywords: cast iron rolls, chemical composition,
hardness, mathematical interpretations, mathematical
molding, technological parameters, working surface,
regression analysis, graphical interfaces, graphical
addenda

1. PRELIMINARY NOTES
Hot rolling mills rolls work in the variable compound
solicitations, due to lamination process and which repeat
to regular intervals of time. All these phenomena, which
are more or less emphasized depending on the type and
typical rolling mill, are not considered in classical
calculus of rolls.
The quality of rolls is determined through hardness and
through wear resistance, last index having a special
importance for all modern rolling mills with a growth
production. Of major importance for the rolls exploitation
is not merely growth resistance, but also the ability to
oppose to different types of wear. Thus, rolling mill rolls
considerable influence the specific production and the
qualitative level of laminates, reason for which they are
given a special attention, in manufacturing, as well as in
usage. These requirements cannot be completely fulfilled,
if they make compromises, compelling to the granting of
priorities depending on the type of laminates. At large, the
problem is reduced to the correct material choice, eased

by the rich available experience in the current conditions
of manufactured and burdened, in the same time, by the
large diversity of material used one of the parameters,
which determine the structure of the irons destined for
cast of rolls, is the chemical composition, which
guaranties the exploitation properties of each rolls in the
stand of rolling mill. First, the hardness achievement of
the crust of rolls is conditioned by the achievement of the
structure of iron. This structure is a result of the correct
chemical composition, which is respected at elaboration,
and the modification treatment of the graphite nodularity.
The realization of an optimal chemical composition can
constitute a technical efficient mode to assure the
exploitation properties, the material from which the
rolling mills rolls are manufactured having an important
role in this sense. From this point of view is applied the
mathematical molding, which is achieved starting from
the differentiation on rolls component parts, taking into
consideration the industrial data obtained from the
hardness measuring on rolls, which recommends the
hardness, for different chemical compositions.
The realization of optimum chemical compositions of the
cast-iron can constitute a technical efficient way to assure
the exploitation properties, the material from which the
rolling mills rolls are manufactured having an important
role in this sense. Although the manufacture of rolls is in
continuous perfecting, the requirements for superior
quality rolls are not yet completely satisfied, in many
cases, the absence of quality rolls preventing the
realization of quality laminates or the realization of
productivities of which rolling mills are capable.
Using the Matlab calculation and graphical programs it
was determinate some correlations between the hardness
(in this case the hardness on the body of the nodular cast
iron rolls) and the chemical composition. The use the
double and triple correlations is really helpful in the
foundry practice, as it allows us to determine variation
boundaries for the chemical composition, in the aim of
obtaining the desired and optimal values of the hardness’s
of this very important metallurgical equipments.
The research it was aimed to establish calculus
methodologies of values for the technological parameters
in the manufacturing process of the half-hard rolling mill
rolls, obtained through the simplex cast process, for which
the mechanical features of rolling mill rolls have the
required values.
Starting from the lamination equipments aspects, from the
form of rolls, the technological interest zones and the
structure, which assures the exploitation property, it was
establish, through molding, to the mathematical
description of a direct influences, and in final, through
successive determinations, to an optimum.
Through the original aimed elements mentioned above,
the research allows the enunciation of new approaches in
the area afferent to the theme. The applicative research
activity is directed to the knowledge broadening in order
to use this knowledge for developing new technological
processes or for improving significantly the existing
technological processes. These results are of immediate
practical utility both the cast-iron rolling mills rolls
manufacturing industry, and the rolling sectors. In this
sense, these researches results can be used in the
collective framework of the foundries and the rolling
349

mills sectors, for assurances quality of rolls as far back as
phase of production, as well as in their exploitation, what,
inevitably, lead to the assurance quality of produced
laminates.

2. MATHEMATICAL INTERPRETATION
The study had in view to obtain correlations between the
hardness of the cast iron rolls (on the necks and on the
working surface) and its chemical composition, defined
by basic and the representative alloying elements. It was
determinate some mathematical correlations, correlation
coefficients and the deviation from the regression
surfaces. This surfaces in the four-dimensional space
(described by the equations) admit a saddle point to which
the corresponding value of hardness is an optimal value of
the chemical elements. The existence of a saddle point
inside the technological domain has a particular
importance as it ensures stability to the process in the
vicinity of this point, stability which can be either
preferable or avoidable.
Therefore, we suggest a mathematical interpretation of the
influence of the chemical elements over the mechanical
characteristics (the hardness on the crust and on the necks
of the rolls) of this nodular irons, resulting the average
values and average square aberration of the variables HB,
and the chemical elements, the equations of the hyper
surface in the four dimensional space.
The behavior of this hyper-surface in the vicinity of the
stationary point (when this point belongs to the
technological domain) or in the vicinity of the point
where the three independent variables have their
respective average value, or in a point where the
dependent function reaches its extreme value in the
technological domain (but not being a saddle point) can
be rendered only as a table, namely, assigning values to
the independent variables on spheres which are concentric
to the point under study. Knowing these level curves
allows the correlation of the values of the two
independent variables so that we can obtain the hardness
within the required limits.
Because we dispose of real data, afterwards it is required
to present the model of optimization on industrial data,
sampled from rolling mills rolls. As parameters for
optimization has been selected the Brinell hardness. In
order to reduce the experiments number and to simplify
the optimization calculi, among the parameters of
influence, has been chosen the chemical composition of
the cast irons with nodular graphite. These hypotheses
lead the optimization model through the prism of the
multi-component correlations, enounced by mathematical
formulas. The performed study had in view to obtain
correlations between the hardness of the cast iron rolls (on
the necks and on the working surface) and its chemical
composition, defined by basic and the representative
alloying elements.
The values processed were made using Matlab calculation
program (with interactive environment for algorithm
development, data visualization, data analysis and
numeric computation, and all the graphics features that
are required to visualize engineering and scientific data
are available, include 2-D and 3-D plotting functions, 3-D
volume visualization functions and tools for interactively
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creating plots). Using this calculation program we
determine some mathematical correlations, correlation
coefficients and the deviation from the regression
surfaces. These surfaces in the four-dimensional space
(described by the equations) admit a saddle point to which
the corresponding value of hardness is an optimal value of
the chemical elements.
The existence of a saddle point inside the technological
domain has a particular importance as it ensures stability
to the process in the vicinity of this point. The behavior of
this hyper-surface in the vicinity of the stationary point
(when this point belongs to the technological domain) or
in the vicinity of the point where the three independent
variables have their respective average value, or in a point
where the dependent function reaches its extreme value in
the technological domain (but not being a saddle point)
can be rendered only as a table, namely, assigning values
to the independent variables on spheres which are
concentric to the point under study.
We searched for a method of molding the dependent
variables u depending on the independent variables x, y, z
(see equation 1). The optimal molding form is given by
the representative equations (2) and (3)
u = c1·x2 + c2·y2 + c3·z2 + c4·x·y + c5·y·z + c6·z·x +
c7·x + c8·y + c9·z + c10

(1)

HB(necks) = - 1517.8859 C2 + 371.0275 Si2 +
2542.0539 Mn2 + 752.5868 C·Si - 2570.8629
Si·Mn - 487.8739 Mn·C + 8776.4821 C 2156.8091 Si + 3277.8632 Mn - 13020.6111

(2)

HB(body) = 638.1423 C2 - 241.4879 Si2 +
1975.1556 Mn2 - 687.6853 C·Si + 310.443 Si·Mn
+ 142.3547 Mn·C - 2995.1496 C + 3009.1012 Si
- 3135.5616 Mn + 3363.0033

(3)

These surfaces cannot be represented in the threedimensional space. Therefore, we resorted to replacing
successively one independent variable by its mean value.
These surfaces (described by the equations – see the
representative equations 4 and 5), belonging to the threedimensional space can be reproduced and therefore
interpreted by technological engineers.
HB(necks)Cmed = 371.0275 Si2 + 2542.0539 Mn2
- 2570.8629 Si·Mn + 316.2565 Si
+ 1674.6672 Mn - 571.0181

(4)

HB(body)Cmed = - 241.4879 Si2 + 1975.1556 Mn2
+ 310.4431 Si·Mn + 749.3075 Si
- 2667.7716 Mn + 411.5766

(5)

The calculation program can generate some graphical
addenda, which presents the volume variation of the
regression surfaces HB(necks) and HB(body) for one of the
middle value of the selected variables, belonging to the
chemical compositions of these irons. Also, the program
can generate some graphical addenda, which presents the
level curves for the volume variation of the regression
surfaces HB(necks) and HB(body), for the middle value of the
chemical composition.
The graphical addenda represents some surfaces which
accept as stability points, extremely points (minimal or
maximal – figure 1.a, respectively figure 1.b) or inflexion

point (figure 1.c). The coordinates of these points are
included in the technological domain, are in the vicinity
of the technological limits, or can be situated much
outside of this area (represented by the level curves or by
the color maps). Therefore, the variation domains are
divided in some subdomains which bordered the optimal
domains, noted with I (see in Figure 1, 2 and 3).
These optimal domains, and also, the sub domains, can be
represented by the program through the significantly level
curves or by the color maps. These representations can be
interpreted by the technological engineers, and can be an
important reference for the optimal drives of the
technological processes in foundries.
Knowing these level curves, described for the rolling rolls
body and necks allows the correlation of the values of the
two independent variables so that we can obtain the
hardness within the required limits.

a

b.

a.

b.

c.
Fig.2. The level curves in the case of:
a. the maximal point, b. the minimal point, c. the inflexion
point

c.

Fig.1. The regression surfaces in the case of:
a. the maximal point, b. the minimal point, c. the inflexion
point

a.
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to use this knowledge for developing new technological
processes or for improving significantly the existing
technological processes. These results are of immediate
practical utility both to the cast-iron rolling mills rolls
manufacturing industry, and to the rolling sectors. In this
sense, these researches results can be used in the
collective framework of the foundries and the rolling
mills sectors, for assurances quality of rolls as far back as
phase of production, as well as in their exploitation, what
lead to the assurance quality of produced laminates.

REFERENCES
b.

c.
Fig.3. The color map in the case of:
a. the maximal point, b. the minimal point, c. the inflexion
point

3. CONCLUSIONS AND FUTURE WORK
The usage of the Matlab area can also be extended to the
study of influences other elements of the basic chemical
compositions (C, Si, Mn, S, P, Mg). An important
research area can be made in area of all the alloying
elements influences (Ni, Cr, Mo) upon the necks and the
working surfaces (bodies) of the rolls.
The research theme solicits the uses of knowledge from
science and the material engineering areas (elaboration of
the cast-iron, treatment in liquid state of the cast-iron,
preparation of the molding sands, preparation of the
combined casting equipments, drying of the forms, cast in
metallic and combined forms, preparation of surfaces,
quality of the cast pieces, reject forms of castings, metals
lamination, rolls calibration etc.), from the mechanic
engineering (hardness measurement, foundry equipments,
plastic deformation equipments, study of wear, thermal
fatigue study), from the mathematical sciences (statistics,
mathematical regressions, mathematical molding and
optimization etc.), and from the informatics,
programming and calculus techniques. For obtaining
outcomes in this research area, is required the transfer of
the concepts and the methodology between the mentioned
areas.
Through the original aimed elements mentioned above,
the research allows the enunciation of new approaches in
the area afferent to the theme. The applicative research
activity is directed to the knowledge broadening in order
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military industry, in sportive equipments, chemical
industry, etc., the new directions are oriented and to parts
required to cavitation in chemical and aeronautical
industry [3, 4]. Of titanium alloys, the most commonly
used in technique is Ti-6Al-4V. Now, over 50% of this
industrial processed materials belong to this brand [1].
This is why it is undertaken numerous researches related
to optimizing technological properties [1,2,4], including
those related to resistance to cavitation.
The present paper aims to analyze the cavitation behavior
of pure titanium, the annealed state and solution treatment
followed by aging Ti-6Al-4V alloy.

2. MATERIALS AND EXPERIMENTAL

CONSIDERATIONS ON THE EFFECT OF
HEAT TREATMENTS APPLIED ON A
TITANIUM ALLOY ON ITS RESISTANCE
TO CAVITATION STRESS
Marcela Elena DIMIAN
Ion MITELEA
Ilare BORDEAŞU
Abstract: The paper analyzes the effect of annealing,
hardening and aging heat treatments on the resistance to
cavitation erosion of Ti-6Al-4V alloy. Discussions are
based on the images of the eroded structures obtained by
scanning electron microscopy. The evaluation of the
resistance was accomplished by comparing the erosion
specific curves of treated Ti-6Al-4V alloy with those for
pure titanium and 41Cr4 steel. The conclusions shows
that the application of the annealing, hardening and
aging heat treatments leads to increased resistance to
cavitation stress, thus allowing the use of the alloy in the
construction of parts subjected to such stresses.
Key words: titanium, Ti-6Al-4V, cavitation, characteristic
curves

1. INTRODUCTION
The attention of researchers on the effects caused by the
cavitation erosion once returned with the finding that the
phenomenon is more frequent in technique than
previously thought and that affects many areas of
applications: aerospace, military and chemical industry,
etc. Cavitation erosion appears at the turbines, propeller,
pipeline, pumps and valves. Generally, the effects of
cavitation erosion can be minimized or avoided by
optimizing the hydraulic profiles, and by developing the
new resistant materials to cavitation erosion and by
applying of hardness treatments and structural
homogeneity (volume and surface, thermochemical
treatments, etc.) [2,5]. Lately had been performed
extensive theoretical and experimental correlation of
resistance to cavitation with material physico –
mechanical characteristics, as well as hydeomechanical
parameters of cavitation [2,6].
Due to high strength characteristics, although titanium
and this alloy are frequently used in aerospace and

Materials used for experimental tests are taken from
Ti-6Al-4V alloy which chemical composition is: 0.25%
Fe, 0.13%O, 0.05%N, 0.08%C, 0.015%H, 6.05%Al,
4.08%V and Ti-rest.
In Table 1 are presented the main mechanical properties
of the all tested materials and used for discussions [2,7].
Table 1. Mechanical properties

Material

Tensile
Yield
Strength,
Strength,
Rm
Rp0,2
N/mm2

Elongation
to break,
A
%

Commercially
Pure Titanium

230

150

70

Ti-6Al-4V
annealed

993

924

14

Ti-6Al-4V
Solution+age

1172

1103

10

41Cr4

808

790

12

The testing of this alloy is made by two state: the first is a
preliminary annealing heat treatment with partial at phase
recrystallization at 770°C and the second is solution
treatment at 930°C with water cooling and aging at 550ºC
with air cooling. For evaluations and discussions there are
used as comparison, materials commercially pure titanium
and 41Cr4 steel (with a good resistance to cavitation and
standard for the Cavitation Laboratory).
In Figure 1 are presented the microstructure of
commercially pure titanium (a), annealed state Ti-6Al-4V
alloy (b) and after heat treatment (c) obtained from optical
microscope, before the cavitation attack.
From Figure 1a may be seen that commercially pure
titanium has a homogeneous structure constituted from
solid solution α and from interstitial compounds placed
intergranular [3]. In annealed state (Figure 1b), Ti-6Al-4V
alloy presents a structure consists of light solid solution α
and dark solid solution β. After solution treatment at
930ºC with water cooling, part of the solid solution α
dissolves in solid solution β, favoring the appearance of
α’ martensite and β metastable phase. After aging at
550ºC, α’ martensite and β metastable phase decomposed
in α and β phases with a chemical composition close to
equilibrium (Figure 1c).
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a) Commercially pure titanium [3]

Fig.2. Cavity shape and dimensions of samples
Evaluation of resistance to cavitation and analysis the
behaviour on the period of attack, are made based on
MDPR parameter (medium depth penetration rate). After
each sequence of attack the samples were weighed to an
accuracy of 0.01 mg, purpose of determining the weight
loss by erosion. Medium depth penetration rate (MDPR)
(1) was calculate using the next equation:

MDPR =

b) Annealed Ti-6Al-4V alloy

4 ⋅ 60 ⋅ Vt
[mm / h]
π ⋅ d 2 ⋅t

(1)

where, Vt is the total eroded volume (in mm3) in t time, t
total duration of cavitation attack (165 minutes) and d
medium diameter of eroded area (in mm). Cavitation
erosion resistance is given by the inverse of medium
depth penetration rate, 1/MDPR.

3. EVALUATION OF THE EXPERIMENTAL
RESULTS
Figure 3 and 4 presents the variation curves of the volume
loss and the erosion rate depending on the cavitation
duration test. For highlighting the anticavitation qualities,
these specific curves are compared with the commercial
pure titanium and with 41Cr4 standard steel.

c)

Solution treatment and aging Ti-6Al-4V alloy
Fig.1. Micro structural aspects of experimental
evidence

Cavitation erosion tests were made in Cavitation
Laboratory of Politehnica University of Timisoara, on the
magnetostrictive vibratory apparatus with nickel tube T1
[2]. Liquid medium was drinking water from the network.
Experimental samples, Figure 2, were subjected to
acoustic cavitation attack over 165 minutes, divided into
periods of 5, 10 and 15 minutes.
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Fig.3. Variation of the volume loss with the duration of
cavitation attack

 a distribution almost uniform of the experimental
points against the theoretical curves shows that the
material samples from Ti-6Al-4V alloy after the heat
treatments given, acquired a homogeneity structure.
The resistance to cavitation erosion expressed by the
1/MDPR parameter is shown in Table 2. To gain evidence
of resistance these are reported to pure titanium and
41Cr4 standard steel.
Table 2. Cavitation erosion resistance (1/MDPR) and its
normalized values (with respect to Ti and 41Cr4)
of the tested samples

a)

Titan
pur

Ti-6Al4V
annealed

Ti-6Al4V
solution
+age

41Cr4

1/MDPR

38,46

28,57

45,45

30,96

(1/MDPR)/
(1/MDPRtitanpur)

1

0,74

1,18

0,80

(1/MDPR)/
(1/MDPR41Cr4)

1,24

0,92

1,46

1

From the comparison report may be observed a
substantial increase of resistance by applying of heat
treatments, especially by applying solution treatment
followed by aging. That the aging heat treatment leads to
an increase higher than the annealing process is due to
changes of mechanical properties and the report α phase/β
phase. So, the scanning electron microscope
measurements and analysis showed an increase of
hardness and the report α phase/β phase, and decrease of
elongation to break for aging samples (see Table 1).
Therefore, the dates from Table 2 and specific curves
showed the tendency to increase of cavitation resistance
of titanium alloys.
Scanning electron microscope examination of Ti-6Al-4V
alloy surfaces (for both states), destroyed by erosion
highlights a uniform material degradation with reduce
dimensions’ of craters formed (fig.5, 6).

b)
Fig.4. Comparison of the cavitation resistance of the
tested materials: a) volume loss; b) erosion rate
Analyzing the curves from Figure 3 and 4 develops:
 compared with 41Cr4 steel and pure titanium, Ti-6Al4V alloy under heat treatments presents a greater
resistance to cavitation erosion;
 the evolution of erosion rate curves for all the test
materials shows the tendency to stabilize the erosion
rate to a value close to the maximum of the rate,
which demonstrate that this materials have a good
resistance to cavitation attack [2];

Fig.5. Microfractographic image of damaged surface of
Ti-6Al-4V alloy in annealed state
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Fig.6. Microfractographic image of damaged surface of
Ti-6Al-4V alloy subjected to solution treatment followed
aging

4. CONCLUSIONS
Cavitation erosion researches carried out on Ti-6Al-4V
alloy shows a tendency of increasing resistance to
cavitation by applying heat treatments of annealing and
aging.
Electronic metallographic investigations made on the
degraded surfaces by cavitation attack showed an uniform
material degradation due to a homogeneous structure and
high strength characteristics.
Ti-6Al-4V alloy in annealing state and subjected to
solution treatment followed aging can be used of making
pieces that works in hydraulic regime because they have a
good resistance to cavitation erosion.
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2. PROPERTIES
2.1. Physical properties
PCs are amorphous polymers featuring:
 very good transparency (light transmittance = 8890%),
 very high refractive index (= 1,584) for the transparent
and colourless PC,
 molar mass ranging between 20000 and 50000 g/mole
for the industrial PCs
 high viscosity of the melted PC due to the relative
rigidity of the macromolecular chain
 changing colour in large thickness products
(i.e., transparent PC becomes yellow)

POLYCARBONATES - PROPERTIES
AND APPLICATIONS

2.2. Mechanical properties
2.2.1. Stress-strain curve

Gheorghe Radu Emil MĂRIEŞ

Abstract: Polycarbonates (abbr., PC) are polyesters of
the carbonic acid having the following general formula:
H – (- O – R – O – CO -)n- OH
Due to their remarkable properties (very good
transparency, low deformation prior breaking, almost
constant mechanical properties within a large range of
temperatures, very good impact strength even at low
temperatures, good dimensional stability in wet
atmosphere), PCs can be used for various applications:
transparent protective materials, automotive parts,
electrotechnical products, household appliances, optical
instrumentation, medical materials, sportswear, musical
instruments, etc.

PCs are characterized by low deformation prior breaking.
Fig.1 graphically illustrates the dependence between
stress (i.e., tensile stress) and strain (i.e.,
deformation/elongation) for PC in two states:
 pure (non-reinforced)
 reinforced with 30% glass fiber.

Key words: Polycarbonate, properties, applications

1. INTRODUCTION
Polycarbonates were discovered in 1898, but the process
for their industrial production was elaborated between
1956-1957 by H. Schnell for Bayer company [1,2,3].
PCs are polyesters of the carbonic acid having the
following general formula:
H – (- O – R – O – CO -)n- OH
Depending on the nature of the hydrocarbonated radical
R, the polycarbonates can be:


Fig.1. Stress-strain curve for pure PC and reinforced PC
with 30% glass fiber [4,10].
2.2.2. Elastic modulus, E
The mechanical properties of PCs are maintained almost
constant in a wide temperature interval, as can be noticed
from the graph representing the temperature dependence
of the elastic modulus.

aliphatic (saturated or unsaturated)

 aromatic.
The aromatic polycarbonates have the most important
industrial applicability [4,5].
The aromatic PC is produced through the
polycondensation reaction between bisphenol A and
phosgene [4,5,6,11], as follows:
CH3
HO

C
CH3

Cl
OH +
Cl

CH3
C=O

O

C
CH3

O C
O
n

Fig.2. Temperature dependence of the elastic modulus for
PCs, at different frequencies [4,10].
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Fig.2. shows that PC has a good elastic modulus within a
wide temperature interval (-150˚C /+150˚C) with values
ranging between 1000-1700 MPa, but before PC is
reaching the glass transition temperature, the value of the
elastic modulus is falling steeply.
PCs are suitable for use in various application fields due
to maintaining of rigidity, and of mechanical properties as
well, within this wide temperature interval.

2.2.3. Impact strength
PCs have a very good impact strength, even at very low
temperatures (-80˚C).
Fig.5 shows the comparison between the impact strength
of several technical polymers used in industrial
applications. As can be noticed, PC has the best impact
strength of all the industrial polymers compared.

 Typical curves for Xantar 18UR
Xantar 18UR is a grade of PC produced by DSM
Engineering Plastics, having the following features :
 ICT = 23 g/10 min (test conditions: 300˚C/1,2 kg)
 elastic modulus, E = 2800 MPa.
The following curves are represented for Xantar 18UR:
 temperature dependence of stress-strain curve (Fig.3)
 strain dependence of elastic modulus, at different
temperatures (Fig.4)

Fig.5. Comparison between the impact strength of PC
and several industrial polymers [4,10].

2.3. Chemical properties

Fig.3. Temperature dependence of stress-strain curve for
PC, grade Xantar 18UR [8,10].
It can be noticed that, the lower is the temperature at
which the stress is performed, the higher is the tensile
stress needed to elongate the test-piece till breakup.

PCs absorb water in small quantity (< 0,6%) with no
effect on their mechanical properties.
Also they are:
 invulnerable to attack of diluted acids, mineral and
organic
 insoluble in aliphatic hydrocarbons, ethers, alcohols
 partly soluble in aromatic hydrocarbons
 total soluble in halogenated hydrocarbons
 vulnerable to attack of hard bases
 stable to ozone, but with not very good stability
against UV rays.

2.4. Thermal, electrical and dimensional
properties
The products made of PC can be used within a very large
temperature interval which is wider than the interval of
other polymers.
Fig.6 shows a comparison between the use temperature
for PCs and various industrial polymers.

Fig.4. Strain dependence of the elastic modulus, at
different temperatures, for PC, grade Xantar 18UR
[8,10].
The higher is the strain, the lower is the value of the
elastic modulus. Higher breaking strains will occur at the
PC test-pieces stressed at lower temperatures.
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Fig.6. Comparison between the use temperature for PC
and other industrial polymers [4,10].

It can be noticed that the products made of PC are used
between -80˚C and +135˚C, which is a wider temperature
interval than the interval of PAs (polyamides).and POM
(polyoxymethylene).
PC is:
 an excellent thermal insulator (the best of all
transparent thermoplastics)
 hardly flammable and self-extinguishable.
PC has:
 good properties of electrical insulation with slight
variation due to temperature and humidity changes.
 low contraction during molding, as all amorphous
polymers (<0,6% for PC)
 good dimensional stability in wet atmosphere due to
the low absorption of water from atmosphere [9].
PCs absorb at equilibrium max. 0,15% water in a 50%
RH (i.e., relative humidity) atmosphere and max. 0,35%
water in a 100% RH atmosphere.
Tab. 1 presents the properties of non-reinforced PC
processed through injection molding and PC reinforced
with 30% glass fiber.

3. ADVANTAGES AND DISADVANTAGES
OF POLYCARBONATES
Advantages:
 excellent mechanical properties, especially the impact
strength between -80ºC and +135ºC
 good electrical insulators
 very good dimensional stability in wet atmosphere
 wide temperature interval (-80, +135ºC) for use ,
 transparent, can be used in contact with food products
 fire self-extinguishing materials
Disadvantages:
 low resistance against hydrocarbons and bases
 difficult processing if the material is not dry.

4. APPLICATION FIELDS
The most important application fields for PCs are [7]:
a) household items and appliances:
 hair driers, shaving razors, transparent lids, dishes
(plates, bowls, etc), mixers, coffee filters (Fig.7)

Table 1. Comparison between the properties of nonreinforced PC and PC reinforced with 30% glass
fiber [4,11]
PC
+30%
glass
fiber
1430

Units of
measure

Moldable
PC

Kg/m3

1200

Refractive index

---

1,586

Light transmittance
Water absorption at
equilibrium,
50%RH
Water absorption at
saturation
Breaking strength
Break elongation
Flexural strength
Compressive
strength
Tensile
elastic modulus

%

88

%

0,15

0,11

%

0,35

0,28

MPa
%
MPa

63
6
80-90

144
4
145

MPa

75

110

MPa

2430

MPa

2400

ºC

230-250

ºC

150

150

%

0,5-0,7

0,20,3

Fig.8. Lenses for eyeglasses

W/mK

0,2

0,21

Ωcm

1016

1016

---

2,9-3,1

3,2

d)





Properties
Density

Flexural modulus
Processing
temperature
Glass transition
temperature
Molding shrinkage
Thermal
conductivity
Transversal
resistivity
Dielectric constant
at 10-50MHz

Fig.7. Coffee filter
b) electrotechnical products:
 housings (e.g., electrical relays, phones, etc)
 power sockets
c) optical instrumentation and eyewear:
 cameras, binoculars
 lenses for eyeglasses and sunglasses (Fig.8 and 9)

600010000
67009500

Fig.9. Sunglasses

transparent protective materials:
eye shields, helmets, body shields
motocycle windshields
anti-vandalism urban furniture
roofs (e.g. greenhouses, pools, alpine huts/shelters,
airport buildings) and domes (Fig.10).
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Fig.10. Building dome
e) automotive parts:
 auto headlights, rear lights, ceiling lights
f) medical materials:
 blood filters, syringes , dialysis apparatuses,
g) sportswear
h) musical instruments (Fig.11).

Books
[1] ŞEREŞ, I., Materiale termoplastice pentru injectare,
tehnologie, încercări., Editura Imprimeriei de Vest,
Oradea, 2002.
[2] BRYDSON, J. A.., Plastics Materials, London,
Newnes-Butterworth, 1975.
[3] PICHON, J. F., Injection des matieres plastiques,
Dunod, Paris, 2001.
[4] TROTIGNON,
J.
P.,
VERDU,
J.,
DOBRACGINSKY, A.., PIPERAUD, M., Matieres
Plastiques, Mise en oeuvre, Normalisation, Editions
Nathan, Paris, 1996.
[5] MANOVICIU, I., Chimia compuşilor
macromoleculari, Institutul Politehnic “Traian Vuia”,
Timişoara, 1979.
[6] MANOVICIU, V., Bazele tehnologiei monomerilor
şi polimerilor, Institutul Politehnic “Traian Vuia”,
Timişoara, 1981.
[7] MĂRIEŞ, Ghe. R. E., Materiale plastice în designul
de produs, Editura Universităţii din Oradea, Oradea,
2008.
Company data
[8] DSM, Polycarbonate-DSM Engineering Plastics,
2004,
on http://depmdac.dsm.com./dsm/matdb/matdb.php.
[9] ***, BAYER, Makrolon the high-tech material,
Bayer Material Science, Product Range-Typical
Values, 01, 2005, p.6-15.
Journal articles
[10] MĂRIEŞ, Ghe. R. E., Contribuţii la studiul unor
caracteristici fizice ale polimerilor, utilizabili în
articole sportive de performanţă, prin metode
termice, Editura Politehnica, Timişoara, 2007.
[11] MANOVICIU, V., MĂRIEŞ, Gh. R. E., Materiale
compozite cu matrice organică, Editura Universităţii
Oradea, 2005.

Fig.11. Musical instruments

5. CONCLUSION
Polycarbonates are used for manufacturing of products
from various fields due to the following properties:
 excellent transparency
 remarkable impact strength at low temperatures
 good dimensional stability
 products can be used within a wide temperature
interval
 remarkable mechanical strength
The main application fields for PCs are:
 electrotechnical products
 household items and appliances
 optical instrumentation and eyewear
 transparent protective materials
 automotive parts
 medical materials
 sportswear,
 musical instruments
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PLASMA NITRIDING TREATMENT FOR
IMPROVEMENT OF FATIGUE
STRENGTH OF STEEL ENGINE PARTS
Radinko GLIGORIJEVIĆ
Jeremija JEVTIĆ
Djuro BORAK
Abstract: One of the main tasks in the process of
designing engine components is to determie safety against
critical stresses, i.e those stresses which cause unwanted
elastic and plastic deformation or fracture.
The application of surface heat treatment of engine
components can considerably increase their fatigue and
decrease the material share of the final parts. All surface
treatments harden the surface and produce volume
changes in the surface layer, and these increase the
fatigue strength.
Nitriding has the advantage that it minimizes unvoidable
distortions. Plasma nitriding is one of the most up-to date
surface treatments processes.
Wohler rotating-bending fatigue testing has been used to
study the fatigue behaviour of plasma nitriding steel
specimens for crankshafts.
Test results show that plasma nitriding improved the
fatigue bending stress limit by a factor of 1.5 and the
endurance curve exponent by a factor of 2.
Key words: plasma nitriding, fatigue, engine parts

1. INTRODUCTION
Determination safety against critical stresses is one of the
main tasks in the process of designing engine
components.
The application of surface heat treatment of engine
components can considerably increase their fatigue and
decrease the material share of the final parts. All surface
treatments harden the surface and produce volume
changes in the surface layer, and these increase the fatigue
strength.
Lightweight design is an important factor to rerduce the
exhaust gas emission of vehicles driven by internal
combustion engines since the vehicle weight is directly
related to the energy consumption.

The aspect of economical material selection (like cost and
environmental sustainability) at the time of designing a
certain component is very important. In view of the fact
that in the machine and automobile industries material
contribution to the final product cost amounts to 50%, the
challenge is to use surface technologies to improve the
properties of cheaper materials [1,2,3,4].
Modern surface engineering technologies have found
increasing applications in industry of engines the surface
hardening of various steel components such as
crankshafts [2-5], gears, bearings, dies, cutting tools
etc.[6,7]. Nitriding has the advantage that it minimizes
unvoidable distortions. Plasma nitriding is one of the most
up-to date surface treatments processes. During glow
discharge plasma nitriding, the nitriding reaction occcurs
not only at the surface but also in the subsurface, leading
to the rapid diffusion of nitrogen atoms from the surface
towards the core. As a result, a thin iron nitride layer is
produced on the surface. Below this nitride layer there is
relatively thick and strong diffusion zone, where the
hardenes and nitogen cocentration gradually reduce
towards the core, resulting in a diffuse case-core interface.
This enhances the fatigue strength, wear resistance and
load-bearing capacity of nitrided component.

2. EXPERIMENTAL
The fatigue rotary steel specimens (fig.1) have been used
to study the fatigue behavior of plasma nitrided steel
crankshafts.

Fig.1. The rotating specimens used in the fatigue test
evaluations
They were made using steel for crankshaft with following
elemental composition: 0.18% C, 2.0% Cr, 4.0% Ni, and
1.0% Mo. The specimens were subsequently hardened
and tempered to produce a core Vickers hardness of 275
HV.
Before glow discharge plasma nitriding the rotary
specimens were glow discharge hydrogen plasma sputter
etched for 2 h, then rotary specimens were plasma
nitrided at the temperature of 4800 C for 25 h using a glow
discharge plasma in 25% N2 + 75% H2 gas mixture, at a
pressure of 2,6 mbar. This condition, based on previous
work on similar steels [2-8], were chosen to produce a
monophase compound layer of γ,-Fe4 N type.
Evaluation of rotary steel specimens was performed by
optical
microscopy,
X-ray
diffractometry
and
microhardeness measurements.
Fatigue testing was conducted employing a constant
frequency using an Amsler bending fatigue machine,
where the number of stress changes is equal to the number
of rotations. Specimens were tested for their temporary
fatigue strength and endurance limit.
The value obtained for σ is the maximal compressive or
tensile stress in the surface layer of the rotary specimen.
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3. RESULTS AND DISCUSSION
The microhardeness profile produced by glow discharge
plasma nitriding reflects the quantity, size and distribution
of the fine scale of metal nitride precipitates, which are
dependent on the nitriding temperature and concentrations
of nitride-forming metals and carbon in the steel as well
as on the nitriding potential i.e. N2 : H2 ratio. Optimum
microhardeness can be achieved at temperature between
4800 and 5200 C. The development of the nitrided case is
a diffusion-controlled process.
The surface microhardeness was 750 HV and nitriding
depth about 0.5 mm.
Figure 2 shows optical photomicrograph of the crosssection of the surface layer of rotary specimens of steel
for crankshafts produced after 25 h glow discharge
plasma nitridied at 4800 C in 25% N2 + 75% H2 gas
mixture at a vacuum pressure of 2.6 mbar. It can be seen
from figure 2, that a thin compound layer of about 5 µm
is present on the surface of the sample. The layer
thickness was measured by the optical system of the
hardness tester whish incorporates a direct reading vernier
calibrated to 0.5 µm.

Fig.2. Optical photomicrograph of the cross-section of
the surface layer of rotary specimens of steel for
crankshafts produced after 25 h glow discharge plasma
nitriding at 4800 C in 25% N2 + 75% H2 gas mixture at a
vacuum pressure of 2.6 mbar
It can be say that optical photomicrograph on figure 2, is
typical of plasma-nitrided samples of steel comprising an
outer slow-etching iron nitride compound layer to a
strengthened zone or nitrided case.
The properties of a plasma-nitrided steel component are
determined by both the core strength and the structural
characteristics of compound layer and the diffusion zone.
It should be say that nitriding conditions were chosen so
as to ensure nitride layer formation, i.e. nitriding potential
was above the threshold value. The compound layer
develops when nitrogen species reach the work piece
surface at a rate greater then the diffusion rate of nitrogen
into the matrix. The nitrogen content at the cathode
surface of the glow discharge diode is primarily a
function of gas composition and nitrogen partial pressure.
The diffusion rate depends principally on the treatment
temperature.
362

Chosen condition of plasma nitriding were produced a
monophase compound layer of γ, -Fe4 N type. Figure 3
shows a Cr Kα X-ray diffractogram from a flat surface of
a sample of steel for crankshafts that was glow discharge
plasma nitridied at 4800 C for 25 h in 25% N2 + 75% H2
gas mixture at a vacuum pressure of 2.6 mbar. It can be
noticed that a monophase compound layer of γ, -Fe4 N
type is present.
During glow discharge plasma nitriding, the nitrided zone
tends to expand and is restrained by the unnitrited core.
As a result, a compressive residual stress develops near
the surface while a tensile residual stress evolves in the
core.

Fig.3. Cr K α X-ray diffractogram from a flat surface of a
sample of steel that was glow discharge plasma nitridied
at 4800 C for 25 h in 25% N2 + 75% H2 gas mixture at a
vacuum pressure of 2.6 mbar.
The level of residual stresses depends not only on the
glow discharge conditions but also on the treated material.
After nitriding alloyed steel show more stresses than
unalloyed carbon steels because alloying metals forming
their nitrided compound.
There is no direct relationship between microhardeness
and residual stress level. Although the origins of residual
stress generation and hardness increase are similar,
residual stress generation is also related to carbon
redistribution, carbon dissolution and formation of a grain
boundary phase in the nitrided case. As a result of
nitrogen uptake in the nitrided case, a decarburized zone
developed near the surface and a carbon reach zone
developed in the nitriding front. With increasing nitriding
temperature and time the extent of decarburization is
increased.
Owing to the presence of a compressive residual stress in
the nitrided case and the tensile residual stress in the
unnitrided case, the residual stress is decreased in the
nitrided case and increased in the core. The case-core
transition zone is the preferential site for fatigue crack
initiation.

In order to find the effects of glow discharge plasma
nitriding on the fatigue strength, unnitrided and plasma
nitrided rotary steel specimens were tested for their
temporary fatigue strength and endurance limit.
For the evolution of the temporary fatigue strength, the
rotary specimens were tested under two stress levels:
σ = 584 N/mm2 –which corresponding to F= 900 N and
σ =713 N/mm2 –which corresponding to F=1100 N. Ten
test pieces were tested et each level, where Zi is the
number of specimens destroyed after a number of stress
changes not greater than the current value, and ZΣ is the
total number of destroyed specimens. Based on the fact
that the number of test pieces is small, the formula PR = Zi
/ZΣ +1) was used for the evaluation of the probability of
destruction PR (N).

For the evaluation of the endurance limit at least ten test
pieces were tested. A failure limit of 5.0 x 106 was taken
as the limiting number of stress changes which is well
above the endurance limit. Testing begins at an estimated
level on the base tensile strength. In the case that the test
piece is destroyed before the endurance limit has been
reached, the estimated stress level is decreased by the
defined step size. In the opposite case, testing of the
current specimen is stopped, and it is started with a new
specimen at a stress level higher than the old one by the
defined step size.
Obtained test data were plotted using the known
logarithmic Weibull distribution paper. Figure 4 shows
the probability of destruction PR vs. the number of stress
changes for unnitrided rotary steel specimens within the
temporary fatigue strength.

Fig.4. Weibull probability distribution for destruction PR vs. the number of stress changes-N for unnitrided rotary steel
specimens within the temporary fatigue strength.
The straight lines are drowning through the set of plotted
experimental points, which leads to the following analytic
expression for the Weibull probability function:
PR (N) = 1- exp [(N/ η) β]
where No =105, and the scale parameter η and the form
parameter β are determined. The easiest way to find η is
to look for the value of the number of stress changes N
that corresponds to probability-value PR of 0.632 = 1- e-1 .
In this way it was found that the Weibull distribution
function for a stress value σ =584 N/mm2 is characterized
by the scale parameter η =190 000 and the form
parameter β=2.5; and, for a stress value σ =713 N/mm2 ,
by the scale paremeter η =58 000 and the form parameter
β =4.5.
Test results of the endurance limit evalution for unnitrited
rotary steel specimens shows figure 5, where a failure

Fig.5. Test results of the endurance limit evalution for
unnitrited rotary steel specimens
limit of 5 x106 was chosen as the limiting number of stress
changes, which is well above the endurance limit. It can
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be noticed that the endurance stress level belongs to the
interval 485-519 N/mm2 . It has been evaluted that σD
~510 N/mm2 .
For a stress σ =584 N/mm2 from the corresponding
expression for PR (N) above, it was found that N values of
77 200, 164 100 and 245 300 correspond to PR values of
0.1, 0.5 and 0.9 respectively. For a stress σ =713 N/mm2
from the corresponding expression for PR (N) above, it
was found that N values of 35 200, 58 500 and 80 000
correspond to PR values of 0.1, 0.5 and 0.9 respectively.

On these dates was obtained Fig.6, which shows the
scatter in the endurance bending stress value vs. the
number of stress changes for unnitrided rotary steel
specimens. The η value on the line for PR =0.5 which
corresponds to σ D ~ 510 N/mm2 has the value ND ~6.0 x
105 and represents the estimated number of stress change
corresponding to the endurance stress value. From the
condition σmD ND= σm N = constant, the exponent of the
endurance curve is found: m~7.6.

Fig.6. The scatter in the endurance bending stress vs. the number of stress change
for unnitrided rotary steel specimens

Fig.7. Weibull probability distribution for destruction PR vs. the number of stress changes-N for plasma nitrided rotary
steel specimens within the temporary fatigue strengt
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On the same way, as in case of unnitrided specimens,
were obtained results of temporary fatigue strength (fig.
7) and endurance limit (fig. 8) of plasma nitrided rotary
steel specimens.

Fig.8. Test results of the endurance limit evalution for
plasma nitrited rotary steel specimens

The stress levels were: σ = 908 N/mm2 –which
corresponding to F=1400 N and σ =973 N/mm2 –which
corresponding to F=1500 N.
It can be seen, from figure 8, that is σ D ~750 N/mm2 .
The data from figure 7 and figure 8 were used to get the
data for figure 9, which shows the scatter in the endurance
bending stress values vs. the number of cycles for plasma
nitreded rotary steel specimens. From this figure it can be
seen that is ND ~3.0 x 106 which corresponds to σ D ~750
N/mm2 for PR = 0.5.
For comparison, in the same figure 9 the corresponding
results for the unnitreded case are shown by a broken line.
It can be seen from figure 9 that plasma nitriding
improved the bending stress limit by a factor of 1.5, the
limiting value of the number of stress change by a factor
of 5, and the endurance curve exponent by a factor of 2.
This is consequence of fact that crack initiation on a
nitrided surface exposed to maximum load requires higher
stresses, and it means that a crack initiates below the
nitrided layer and propagates towards the core.

Fig. 9. The scatter in the endurance bending stress vs. the number of stress change
for plasma nitrided rotary steel specimens

3. CONCLUSION
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load intensity, but also on the number of its variations.
This type of destruction is called destruction due to
fatigue.
Dynamic characteristics of materials are obtained by
testing several samples with action of periodically
variable load. This paper describes the methodology and
an experimental analysis of dynamic axial stress carried
out by Mechatronic system TF100/10 developed at
Technical Faculty in Čačak.

2. CHARACTERISTICS OF MECHATRONIC
SYSTEM FOR DYNAMIC TESTS

PROGRAMMABLE DYNAMIC TESTS OF
ELEMENTS AND COMPLEX
STRUCTURES BY MECHATRONIC
SYSTEMS
Milomir MIJATOVIĆ
Dragan GOLUBOVIĆ
Abstract: Metal structures exposed to variable or cyclic
loads may fail without ever experiencing the projected
static loads. That type of damage in structures, consisting
of appearance and expansion of a crack or cracks is
called fatigue, and resistance of a structure to such
damages called dynamic endurance. In recent years, the
importance of dynamic resilience of parts and structures
has increased, and failure due to fatigue (fatigue failure)
has gradually become an important criterion in design of
mechanical structures, along with standard criteria of
flow limits. Cyclically variable loads of structures cause
vibrations, in case of the main drive system operation,
temperature fluctuation and effect of wind and waves.
Request for higher load capacity initiated optimization of
structures and increased use of steels with increased
strength, which caused an increase in general endurance
stress of mechanical structures.






mechanical structure
electro-computers structure
software support,
implementation.

2.1. Mechanical structure
The support frame structure is in the form of spatial frame
1.4 x 1.2 x 30m, with the possibility (depending on the
length of tested part) of fixing the immobile traverse part.
The mobile part of the device (trolley) is guided parallel
on the cast support by turntable rolls (wheels of SL18
movable). The support part of the structure is fixed by
profiles U14 every 2.5 m, and additionally fixed by
horizontal bars. The tested parts are fixed by chucks to the
mobile and immobile parts of the device, and the force of
stress, depending on the tested length, is generated by two
hydraulic cylinders. The maximum tensile strength of
1000 kN can be achieved on the 5 m span , and 500 kN on
12 m span. In this work will we shall test elements of
various structures, as an experimental example.
Programmable increase of elongation L, as well as
deformation of the tested part (sample) by various
velocities and forces is achieved by a hydraulic system
presented in Figure 2.

Key words: dynamic test, mechatronic system

1. INTRODUCTION
Elongation tests help determine major features of
materials like tensile strength, elongation crack,
proportionality limit, elastic limit, etc. These parameters
are still fundamental in a wide range of material
applications. Even if a certain type of material is
determined to be applied to a required stress (through
dynamic strength or crack due to embitterment), we
should not rely only on the analysis of static strength, a
part of which is elongation test. This paper deals with
dynamic analysis of a real profile U3 by Mechatronic
system.
The action of periodically variable load within cross
section of machine parts cause periodically variable
stress. With static destruction, the stress intensity
contributes most to destruction of machine parts. Unlike
this case of action of periodically variable load,
destruction of machine parts does not depend only on the

Fig.1. Support frame structure
1. Support structure
2. Immobile traverse
3. Mobile traverse
4. Valve block
5. Pressure relief valve
6. Proportional safety valve
7. Hydraulic power pack
8. Ball shut-off valve
9. Proportional solenoid-operated control valve
10. Regulation control valve
11. Hydraulic cylinder (linear motor)
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Fig.2. Functional scheme of programmable
12. Hydraulic cylinder (linear motor)
13. Valve grope of pressure accumulator
14. Hydraulic accumulator
15. Force booster
16. Pressure booster
17. Induction stroke booster
18. Digital measurement
19. Measurement bridges
20. Inductor generator
21. A/D convector
22. Hydraulic interface
23. Control electronics for proportional va
24. Actuators interf
25. Controller of motor speed
26. Electronics power supply

Fig.3. Position of PLC within the control system
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3. DEFINING THE CONTROL SYSTEM
The control system is a set of electronic devices and
equipment which provide stability and accuracy of the
process or production activities. It can be of any form and
it can vary in size depending on the use, ranging from
power supply facilities to simple machines. These systems
are a result of fast technological development, and they
resolve complex control tasks achieved by highlyautomated control system which can be in the form of
PLC (Programmable Logical Controller), and server.
Besides the signal within the device area (such as work
panel, motors, sensors, switches, solenoids, valves, etc.,),
the possibility of communication within the network
allow exceptional application and coordination of the
process in providing
higher flexibility in realization of the distributed control
system. Each element of the control system has an
important role depending on the size. For example, in
Figure 3, PLC does not know what is happening around it
without a sensor. If necessary, there should also be a
server to coordinate the activities within a certain area. A
PLC can also control simple applications and devices.
An important characteristic of mechatronic systems is
precise control by computers. „Control“ in this aspect
comprises control of the operator’s interface work safety,
diagnostics and signal processing , and in any other place
requiring multiple control.
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4. DYNAMIC TESTS
After reconstruction, that is adding a proportional
distribution control valve, the mechatronic system is
prepared for variable loads, which makes it possible to
carry out dynamic tests. For this experiment there is a
programme written to control the system by easily
changing parametres which determine the system
behaviour.

Fig.4. Programme select
The following methodology has been used for programme
dynamic tests:
 setting the testing system
 placing the test sample
 starting the programme






setting the stress force
determining the number of changes per a time unit
determining the process duration
printing

variable loads and tested to fatigue failure. The test results
are shown as diagrams (Figures 9, 12 and 13).
Based on the values calculated, the Mechatronic system
was set and the programme was written for dynamic
testing of the required profile. The behavior of the
material is observed by diagrams in the computer, and
typical points and results are recorded. The first test
sample is exposed to the force F = 67200 N, and the load
diagram indicates the load decrease as the cycle number
increases (Fig. 9), and Figures 9 and 10 show the
fractured sample.

σ

N
mm 2
400

300
200

Fig.5. Programme starting

100
0
0

5000000

10000000

15000000

20000000

-100
-200

Number of stress changes, N

Fig.9. Diagram of the first test sample load to fracture

Fig .6. Determining the number of changes per a time
unit

Fig.10. Dynamically fractured test sample.

Fig.7. Setting the force amplitude for dynamic test

Fig.11. Appearance of a fractured test sample

Fig.8. Setting the force amplitude for dynamic tests

4.1. Results of dynamic tests
In testing by variable stress force, three test samples
were used and they were exposed to various external

The second test sample was exposed to the same force,
but the load amplitude was reduced at
FA2 = 15 kN as per expression 4..5.The diagram of
dynamic load for the second experiment shows that at
appropriate amplitude decreasing gradually, regardless of
increase in the number of cycle changes, results in slower
and gradual stress drop. (Fig. 12)
The third test sample was exposed to the same force as
the previous ones, and the load amplitude was reduced
from FA=10 kN according to the expression
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Fig.12. Stress diagram at carrying out the second
experiment
The observed behavior of the material as in diagram in
Figure 13 indicates that based on all the set parameters, at
any number of stress changes, the total stress will not
decrease, and the results of permanent dynamic load
capacity in case of force F=67200 N, and the load
amplitude from 5 to 20 N
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Fig.13. Behavior of materials at carrying out the third
experiment
It can be easily seen from the diagram that the average
dynamic stress ranges between 200 and 190 N/ mm2.
This means that the maximum force of dynamic pull
without causing further material deformation, i.e.
permanent dynamic force is
FD = 200 × 240 = 48000 N.
The results given in diagrams for all the three test samples
give the collective diagram which, at the whole, represent
the behavior diagram of NPU3 profile to dynamic axial
stress (Figure 12).

5. CONCLUSION
The device developed and described herein mechatronic
device for mechanical programme testing of elements and
complex strructures (programmable MEHATRONIK TF
100/10) thanks to the incorporated measuring and
regulation equipment offers a variety of possibilities of
reception tests, and also of quality verification. Some of
the possibilities can be seen in the functional and control
schemes. It can be used for testing of cables, chains,
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levers, connecting elements, and many other parts and
devices. Major users include MI „Proleter“ Arilje, Power
Supply Industry of Serbia, Railways of Serbia and
Montenegro. One of the advantages of this device is that
it can be upgraded and reconstructed, thus increasing the
possibility of its use for testing. The possibilities of static
tests it had in the past, thanks to this work, now also
include dynamic programmable tests.
To accomplish this task, besides upgrading the hydraulic
control system, by developing a new programme to
control the system, it was made possible to have
programmable change of the material stress and to count
the cycles of load change, which is one of the conditions
for dynamic tests. The programme makes it possible to
directly observe the process on the screen, number of
cycles, stress force, stress amplitude, and the relation
between all the parameters is presented in the form of a
diagram. The described methodology and capacities of the
device greatly incresae accuracy of dynamic tests, and
decreases to almost one third the time that was needed by
previous methods of dynamic
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ENERGY SAVINGS FOR BUILDINGS
USING PHOTOVOLTAIC PANELS
Ioan SARBU
Calin SEBARCHIEVICI
Abstract: Using solar panels leads to a considerable
reduction of energy consumption in both residential and
industrial buildings using an important renewable energy
source, the Sun. A special importance for the operations
of these types of facilities is the technology of making
photovoltaic panels, resulting in raising the energy
performance of a high efficiency in operation, because the
primary source of energy is available only part of the day.
Also, the efficiency of these facilities is subject to
performance photovoltaic inverter, an essential
component of this system. Given the maximum points of
the day and the possibility to store this energy for later
use during the night, we can say that these systems for
electricity production have an important contribution in
reducing energy consumption of buildings and providing
a high comfort.
Key words: photovoltaic panels, solar radiation, air
mass, global primary energy.

1. INTRODUCTION
Recent years have been characterized by a considerable
increase in the global awareness of global warming,
increasingly associated with human influence on climate
changes. In the G8 meeting, held in Germany in June
2007, a slight emphasis was put on global warming by
sending the change to the years 2050. European Union, in
its view, believes that in 2020 approximately 20% of all
European energy is to be produced from renewable
resources. This strong signal of the European community
policy has put the emphasis on the present and future,
namely to obtain energy from unconventional sources,
and has put the basis for energy conversion of the
European energy system.
Energy consumption for residential space heating is
achieving 70% of all energy consumed, and through
effective technologies for constructions and facilities Isolation tire, mechanical ventilation with heat recovery,
boilers using the condensation technology - can achieve

significant effects even on a short or medium term,
reducing consumption by 16% to 23% over a long period
of use.
Regarding the use of renewable resources: wind, biomass,
solar heating and producing hot water for residential
consumption, solar energy for electricity generation, as a
first step they are marketed and used and then the second
step of its use is a superior stage compared to the first one
due to past experience and research at a high level of
technological development.
The investments in energy research will refer increasingly
on those technologies, which, in view of energy efficiency
and environmental benefits will take account of their
integration into urban space. Striving to reduce CO2
emissions can be a way to launch the development of
technologies with reduced environmental impact to
improve energy efficiency and, not least, increasing
electricity supply security and independence from
conventional energy sources.

2. THE TECHNOLOGY OF PHOTOVOLTAIC
PANELS AND SOLAR RADIATION
Because of the nuclear reactions taking place within its
core, the Sun is a vital energy source for our planet. The
huge amount of energy radiated as electromagnetic
waves, shows that this star can be considered with a good
approximation a blackbody (full radiation) with an
average surface temperature of about 5780 K.
Inside the Sun, through thermonuclear fusion, each
second 600 million tons of hydrogen are converted into
595.5 million tones of helium, and the 4.5 million tones of
hydrogen (representing 0.75% of total), is directly
converted into energy following the Einstein equation: E
= mc2.
The energy thus generated is about 405 000 TJ billion, an
unimaginable amount of energy at the level of the earth’s
crust. All this extraordinary power of our star is due to the
energy conversion of a tiny part of Sun's total amount of
material, quantity comparable to the weight of a small
mountain range on Earth.
The flow of radiant energy reaching a unit area
perpendicular to the rays outside the
terrestrial
atmosphere is defined as the solar parameter, and has a
value of 1367 W/m2. The value of this constant can be
calculated starting from the power radiated by the sun,
given by the equation:
−7
⎡ erg ⎤
33 ⎡10 J ⎤
26
≅
⋅
L = 4πRs2σTs4 ≅ 3,9 ⋅ 1033 ⎢
3
,
9
10
⎢
⎥ = 3,9 ⋅ 10 [W ]
⎥
⎣ s ⎦
⎣ s ⎦

(1)
Given D = 1 AU, that is the distance between Earth and
the Earth, where 1 AU is one Astronomical Unit,
approximately 150 million kilometers, the transported
flow of energy (solar parameter) Ф will be represented by
the following value:
Φ=

2
2
⎡
L
⎛R ⎞
⎛ AU ⎞ ⎤ ⎡ erg ⎤
≅ 1371 ± 5[W / m 2 ]
= ⎜ s ⎟ σTs4 ≅ ⎢1,366 ⋅10 6 ⎜
⎟ ⎥⋅⎢
2
2
4πD
⎝ D ⎠ ⎦⎥ ⎣ s ⋅ cm ⎥⎦
⎝D⎠
⎢⎣

(2)
where
-σ=5,67·108 W/m2K4 is the Stefan-Boltzmann parameter;
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-D=1 AU is the average Earth-Sun distance of
approximately 1,496·1011 m;
-L is the solar luminosity 3,9·1026 W;
-Rs is the solar rays (6,958·108 m);
-T is the black body temperature (5780K).
Knowing that the distance between the Sun and the Earth
is not constant - because the revolving movement of the
Earth is an ellipse, consequently the distance is changing
with ± 3% in a calendar year - and given that sunspots
which affect the amount of energy transmitted by the Sun,
is can be considered in the calculations an average value
of solar energy received on Earth's surface (Figure 1).

Stopping us now on the flow of radiant energy, a
parameter that tends to encompass all the effects which
the atmosphere exerts on the solar radiation is the
parameter of relative air mass (AM = air mass), which
corresponds to the relative length of the road of the direct
radiation through the atmosphere (Figure 2).
At an international level, to distinguish the conditions in
which a solar energy convertor can operate, it is defined
as AM0 (Air Mass 0) the curve corresponding to the solar
radiation measured outside the global atmosphere and
AM1 (air mass 1= unitary air mass) the spectral
composition which is met at the standard sea level when
the atmospheric thickness is crossed by the solar rays in a
perpendicular direction to the earth's surface.
At sea level relative air mass can be calculated to the
approximate formula:

AM =

1
sin α

(3)

The effect of the atmosphere expressed in air mass on the
solar spectrum is represented in figure 3.

Fig.1. Alternation of solar radiation depending on
sunspots
If one takes into consideration the fact that each year
about 1.51 1017 kWh reach Earth's surface and that the
annual global primary energy needs in 2006 is estimated
at 5.39 1013 kWh of oil, 1013 kWh of gas 2.7 3 1 1013
kWh of coal, 8.47 1012 kWh of nuclear energy and 1.65
1013 for waste recovery and renewable resources it
results that the Sun can give us about 1100 times more
energy than we need.
However, the enormous amount of energy from the sun
has a disadvantage, it is less concentrated and it suffers
little change along its path to Earth.

Fig.3. The definition of the spectral radiation

Fig.2. The definition of the relative air mass

Along the road to terrestrial area, not all existing solar
energy outside the atmosphere is able to reach Earth
because of the influence of many physical phenomena
that manifests itself in different layers of the atmosphere,
of which diffuse reflection, refraction and absorption,
leading to the presence of true holes at every determined
intervals of wavelengths in spectral intensity diagrams.
 Cell temperature: 25oC;
 spectrum: 1,5 PM;
 wind speed: 0 m/s.
This value, useful to legal certification of photovoltaic
modules, gives us little information about the normal
functioning of photovoltaic panels. To have a more
concrete example of operation of photovoltaic systems
one has introduced the term NOCT (nominal operational
cell temperature) ie nominal operating temperature of the
cell, which gives nominal working temperature of a cell
that is part of a module within the following conditions:
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ground level is approximated at 1000 W/m2, while the
solar radiation of reference for laboratory evidence of
photovoltaic components is considered the value
correspondent to the curve PM 1.5 as provided by the
normative IEC EN 60904-3.
The measuring of solar radiation on an inclined plane is
done with various tools such as: pyranometer,
pyranometer with a band for obscuring part, solarimeter.

 incident radiation: 800 W/m2;
 ambient temperature: 20°C;
 wind speed: 1 m/s.

3. SIZING CRITERIA

Fig.4. Positioning of photovoltaic panels on the
roof of a building fitted with roof structure
This parameter generally varies from 40 to 50oC,
indicates how performant will be a PV module, as the
heat loss is concerned, which will be tension and current
values and thus the power values in conditions
comparable to those of actual operation.
Another possible parameter that influences the probable
power produced by photovoltaic module is tolerance.
Expressed in percentages, this parameter indicates how
much power can be issued by the panel, how much power
we will have in the exit of the module, thus one could
estimate the real power during the operation of the
photovoltaic system.
And last but not least, a very important parameter is that
of the guarantee of the production of modules, which
normally falls to 80% after 20 years of operation. It is
defined by the coefficient of performance of photovoltaic
modules CPMF, and can be determined by the
relationship:
CPMF =

{[V0 − CTV ⋅ ( NOCT − TSTC )] ⋅ [ I SC − CTI ⋅ ( NOCT − TSTC )]} ⋅ (1 − t ) ⋅ (1 − d )
V0 I SC

(4)
where:
- Vo is the initial voltage of the module (V);
- ISC is the module short circuit current (V);
- CTV is the initial temperature coefficient of the module
(V /°C);
-CTI - short circuit module temperature coefficient (A
/°C);
-NOCT is nominal operating temperature (CA);
-TSTC is photovoltaic cell temperature in the standard
test conditions (25oC);
-t is the tolerance for power (0.03 to 0.05);
-d is the damage modulus (degree of aging) 20 years: 0.2
to 80% at 20 years, 0.16 for 80% at 25 years, 0.13 for
80% at 30 years of operation.
Diffusion, one of the most relevant phenomena is the
result of the impact of photons and molecules of water, air
and atmospheric dust, while the absorption is mainly due
to ozone, the water vapor and carbon dioxide.
In photovoltaic systems design, maximum radiation at

The sizing of a photovoltaic system on the network can
grow on various technical or economic parameters,
namely:
 budget available for investment;
 the user's power consumption;
 the area available.
In low power systems, it is important to take into account
user power consumption, estimated by direct analysis of
previous consumption and for large systems, intended for
high output power where the size and type of the
photovoltaic generator is carefully determined, we take
into account the available surface and, not least if the
investment will involve costs that are too high for a short
term amortization.
When sizing photovoltaic systems primarily takes into
account the electric energy consumption of the user, it is
appropriate to evaluate even from the feasibility study
stage the final results for the energy economy.
Thus, an optimization of power consumption can be
achieved by use of consumers with high efficiency:
compact fluorescent lighting fixtures, replacing spot type
light fixtures with LED type ones, A energy class
appliances, etc.. In this way, one can obtain a
considerable reduction of PV generator size and cost
which involves the implementation of such a system.
If there is no indication of actual consumption, for
example in systems for new constructions, one should
carry out an approximation of point of maximum power
consumption considering the number of users, the
consumers’ power of electricity and the average
utilization ( life) of the photovoltaic system.
In the design of the photovoltaic systems and the
implementation of this systems, the designer or installer is
often found in the situation to evaluate the characteristics
of photovoltaic modules that are commercially designed
for different types of buildings (Figure 4) focusing more
on the commercial aspect than on the technical one. The
large number of parameters entering the discussion - such
as photovoltaic
modules power, normal operating
temperature of the cell, voltage and current change with
temperature variation, allowed tolerances - resulting in a
slow choice of the photovoltaic system corresponding to
the offer. Therefore, after research, it was to establish a
coefficient that takes into account all relevant
characteristic parameters for selecting a PV module,
representing an index of product quality. When choosing
a PV module, the first parameter to consider is its used
maximum power, if the maximum power it can develop
under a STC (standard test conditions) condition, if
standard test conditions, namely:
- incident radiation: 1000 W/m2.
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4. CONCLUSIONS
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