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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 Eighth International Symposium about machine and industrial
design in mechanical engineering – KOD 2014. This year, symposium KOD, for the
second time, takes place in Hotel Marina in Balatonfüred, Hungary on 12th and 15th
June 2014, 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, industrial design and
shaping, product development and management. 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.
Fifty one articles are published in the Proceedings. It is much smaller number of
papers than in last symposium. Of course, we believe that time for organizing
symposium has not passed and we want to prove it. However, published papers are
very interesting, contribute to the understanding of design building relationships
across multidisciplinary design domains including engineering and product
development, innovation, manufacturing, management, complexity, human
behaviour and system design, so that means these topics have potentials and have to
be further researched.
Thank You for coming in Balatonfüred to take part in symposium KOD 2014 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.
Prof. D.Sc. Miroslav Vereš, Eng.
Chairmans of the Organizing Committee of KOD
Balatonfüred, 12 th June 2014
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Therefore application of innovative products and product
processes is very complex and demands new work
approach, which is primarily related to resource
optimization, precision defining of competence and
cooperative work approach. In comparison to
convectional primarily functional oriented approach,
cooperative work process is based on interdisciplinary
project teams, methodical work approach is connected to
specific parallel process structure (simulate engineering)
with use of modern information technologies. This
approach has influence on shortening time period for
creating and lunching new product (time to market),
reduction of prices (design to cost) and to insure quality
(best quality).
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Abstract: University, in field of technical sciences, has the
task to increase professional skills of students, by using
effective and coordinated teaching, to the level of science
educated engineers as very important profession in
industrial world. Dynamical development of modern
industrial society demand continuous improvement and
adaptation of course content and methodology of
education in order to provide appropriate quality of
teaching. This is primarily related to education in the
areas of Product Development, which is the main priority
in education of product development engineers. This
teaching integrated professional and methodical
knowledge of theoretical and applied basic objects in
design and dimensioning of systems and components
based on defined requirements in a holistic engineering
thinking and action. Paper discusses this problem and
gives relevant competencies that are necessary to ensure
in education of development engineering at the bachelor
and master studies.
Key words: university teaching, product development

1. INTRODUCTION
A company success in modern conditions is possible to
achieve by introducing innovative products and product
processes. It is necessary to consider market needs,
customer wishes, concurrence etc. Innovative products in
mechanical engineering are different from other products,
in one hand it is assembly of mechanical, electronic and
informatics components and on the other mechanical
product development must consider all product life cycle
phases. Application of micro mechanical, micro electronic
and micro optical components in combination with
software components (Fig.1), manufacturing and
assembly process are completely automated. Innovative
products are characterized by strong logistic backup
related to product exploitation maintenance and recycling.

1970

1980

1990

2000

2010

Fig.1. Perpetrators of functions by modern products
Cooperative processes foundation are methods and
systems which in all phases transparently present
complete
product
development
process
and
manufacturing. Methodical approach implements
application of different product development methods,
methods for planning and process management, as well as
project management and organization management.
Systematic approach implements computer backup in all
phases of the product development process and
manufacturing. Modern prototyping can significantly
accelerate the product development process. This is
largely present application of simulations and virtual
reality.
Future market determines the strategy of planning
products and process. Starting from the strategy of the
company analyzed the potential for new business, identify
ideas for new products and processes, and develop and
evaluate product concepts. The result of the strategic
planning of products and processes are development of
new innovative products, their production and market
launch.
Modern companies must have access to comprehensively
educated engineers so that they can solve complex
problems. This raises the need for universities to
undertake a proper education reform, according to the
demands of contemporary techniques and technology.
The word engineer is derived from the Latin root
ingenium, meaning "cleverness". Engineers are today
researchers, designers, technologists, analysts, managers,
agricultural (and bio) engineers, architects and builders of
roads, bridges, railways, machinery, tools, buildings and
equipment for various purposes.
The engineer tasks in the field of product development in
the future are varied. They deal with the entire life cycle
1

of a product, from a product idea to its concretization
through manufacturing, distribution and recycling. The
development is about developing new products or
improving existing products and to fulfil market needs
through creativity, innovation and technology. For
realization of this tasks of develop engineers has to
possess knowledge of which technologies for successful
creation of products and production are availably and to
take in account available material and energetic resources
as well as environmental protection.

2. PRODUCT CREATION, PRODUCT
DEVELOPMENT, DESIGN
Development of successful product represents important
factor for value of today’s companies. Furthermore will
be defined concepts of product creation, product
development and design. This is necessary because the
current understanding of the concept allows different
forms
and
interpretations,
which
leads
to
misunderstandings and problems in communication
between participants in research, teaching and industrial
practice.
Mechanical elements are perpetrators of the elementary
functions of machinery, apparatus, equipment or technical
systems in general.
Structural elements are functional technical systems and
assemblies for the technical construction. They consist of
a large number of building blocks (machine elements),
whose combination is build appropriate units.
In Machine elements belong, beside mechanical elements,
also mechatronic, pneumatic, electrical, electromagnetic,
electronic, optical, biological and other elements.
The product creation is the part of the product life cycle
(Fig. 2). It starts by determining needs, developing ideas
for products and finishes with production.
Under the product development involves the
interdisciplinary process in the company. This process is
based on product planning, begins by defining the product
profile, within this process continuously running further
development, and ends with the product that is feasible
for production and it can properly work. Therefore, the
iterative procedures of the analysis and synthesis are
performed, which are represented on Figure 3 through 7
activities. This process should aim at close cooperation
between the various departments and divisions.

Fig.2. Product life cycle
2

The development process is carried out in the core of the
organizational unit "product development", but also in
various other departments such as design, testing,
analysis, prototyping and with support of Department for
Standardization and Patent Department.
So, organizational unit Design should be considered as
part of product development. It is located next to other
organizational units, such as Testing. On the other hand,
the expression Design is in the company includes the
process. This iterative process begins by clarifying the
task and ends with the production documentation.
In product development there are different professions
such as, for example, designers, CAD engineers, test
engineers, standardization and patent engineers. Various
activities oriented towards synthesis or analyses are
performed depending on the profession.
University -educated engineers in the field of Product
Development does not have to be specialists in all the
seven fields of activity (Fig. 3), but they need to be able to
take into account all of the above.
Product Development engineers, whose main task is in
modelling of functions, to determine the form, choose the
material, dimensioned product and its components and
preparation of production documentation, referred to as
designers. Designer therefore mainly takes steps of
synthesis, with a focus on budgets and testing. Designers
are therefore in the process of formation of new
mechanical and mechatronic products involved in the
development, management and shaping.

3. TASKS AND GOALS OF UNIVERSITY
TEACHING IN PRODUCT DEVELOPMENT
One of the key areas related directly to product
development are machine elements. Lectures of machine
elements have to provide an overview of machine
elements, to describe the main stresses, to give knowledge
of methods of dimensioning and design and to deepen
their knowledge in selected examples. A large number of
products and industrial sectors in mechanical engineering
make it impossible to complete mastery of specific skills.
It is the task of further education in professional fields.

Fig.3. Position of Product Development in process of
Product Creation

The demand for completeness in considering the
mechanical elements can not be filled because of the
diversity and continuous progressive development in
technical areas and a limited number of weekly teaching
hours. To include the new machine elements in teaching it
is necessary to continuously adapt the contents of the
current developments in the industry.
Priority in education of product development engineers
makes the teaching of machine elements and design
methods. In the basic (bachelor) studies in education is
used a structured methodological approach. This includes
the methodological development of products at a basic
level, a systematic approach for designing and shaping
including CAD as well as arrangement of elements and
transfers to other machine elements. Scientific
specialization methodological approach in solving
structural problems and switching of used methods as the
focus of teaching methodological product development in
subsequent semesters.
Focus of teaching in the area of machine elements/science
of the design should be a synthesis of technical systems as
a structural problem. It allows the acquisition of technical
and methodological competencies, which provide a
fascinating process of innovation and increase creativity.
The synthesis of technical systems has special importance
in education. Shaping of parts and components to the
design of machinery confronts students with the structural
complexity of the work and conveys the necessity of
continuous finding suitable compromise.
Tasks should be adapted to acquire skills, which promote
creativity and motivation creased through success. For a
holistic approach – from the market and the product idea,
including design and prototyping to the planning process
and considerations of costs including and project planning
- required intensive exercise and teamwork on the project.
It is very good to connect with colleagues in the field of
production engineering and economics.
It should be noted that the theoretical basis of mechanical
engineering indispensable foundations of teaching in the
field of machine elements and complete professional
competences acquired during their studies. When
comprehensive teaching of machine elements is
performed, it is essential important is connection
transferred the contents to the basics of mechanical
engineering. Main subjects here are Mathematics,
Engineering
Mechanics,
Materials,
Production
Technology and Electro and Information Technology.
Measuring and control technology as well as
thermodynamics complement the basic knowledge needed
to acquire professional (technical) skills. It is important
also education in the knowledge of the rules of the
technical drawing in terms of technical language.
Generally with machine elements must be taken into
account the importance of the current guidelines and
standards.
Basic knowledge of production with the corresponding
parameters of the production process, shaping and
material processing is a prerequisite for understanding the
machine elements as well as production-oriented and cost
effective design. Students must at an early stage identify
and detect opportunities and constraints of modern
production processes. Industrial practice has the same

importance for learning the theoretical basis from the
beginning of the actual education of machine elements.
Future-oriented, successful teaching in the field of
machine elements/basics of design on basic or bachelor
studies of dimensioning and shaping of parts and
components for the given conditions integrates technical
and methodological knowledge of basic subjects in
complete engineering approach. An important goal of
learning in the teaching of machine elements/basics of
design is the integration of technical and methodological
knowledge of individual disciplines.
Because of the importance of Product Development in
terms of professional competence and innovation
readiness mechanical engineers need to ensure adequate
distribution of classes and distribution points of study for
teaching and especially in exercises. Requirements for the
shortening of studies must lead to a reduction in the
volume of training in the field of Product Development.
Content of teaching in the field of machine elements must
constantly be updated and aligned with trends in industrial
practice. In addition to conventional mechanical machine
elements should be taken into account and a number of
pneumatic, electric, electromagnetic, electronic, optical,
biological, and other elements.
The study of mechanical machine elements such as, for
example, joints, springs, bearings, guides and gears are a
central part of the class of Machine elements. The goal of
learning machine elements is that in variable terms of the
spectrum of application of machine elements (many
classic elements become obsolete) tends to their correct
application in industrial practice.
The diversity of modern machine elements demand
coordinated teaching and learning concept. Nonmechanical machine elements due to time and the
teaching constraints may not have the same amount of
teaching as a mechanical machine elements. There is a
possibility that some of the teaching contents transferred
to other subjects at the bachelor and master studies.
Design of technical systems in terms of price (Design to
Cost) is a priority in the product development process.
Economic selection criterion must be constantly present
in the consideration of machine elements. Design to cost
as the basis for a successful construction must be
methodically examined. It is important from the very
beginning to future mechanical engineers to demonstrate
the importance of product prices, they have to adopt as a
significant factor in his work. Exclusive transfer ideal
technical solution does not correspond to the professional
reality. Discussion of possible alternative solutions in
terms of costs, having in mind the possible disadvantages
and risks must be constantly present in practical training.
The engineer is required to always act in accordance with
the state of art in technique. Central importance in the
description of the state of art has guidelines and standards.
Accordingly, students must be trained to use these
documents. In the area of product development, there are
a number of guidelines and standards. Guidelines and
standards for the design and dimensioning of machine
elements should be learn on the basis of physical
principles, as a result of scientific research. Of course, it
can not and should not any standard in teaching Product
Development discussed in detail. Implementation of
standards should always work through appropriate
3

examples. Thereby should always emphasize
importance of legal guidelines and standards.

the

4. SKILLS, ABILITIES AND TEACHING
METHODS
4.1. Skills and abilities
Through teaching and exercises in the field of machine
elements students must acquire basic knowledge for
understanding the process and content of work in the
design and product development. The work system must
overcome through the exercises and thus gain their own
experience. They must govern the application of the
theoretical basis for dimensioning and design the concrete
machine. Knowledge of machine elements and criteria for
their selection in the design process are the basic
competences for further education in Product
Development.
Special significance for the individual activities of design
and interdisciplinary communication between engineers
and others involved in the process of industrial product
development and production is the ability to sketch. 2D
and 3D drawings can be quickly in any situation to
convey
important
information.
Despite
the
implementation of CAD, the practice of sketching
layouts, sections and spatial representation is very
important. Drawings are an important element of
communication to discuss alternative solutions to the
team and the starting point for further CAD modelling.
CAD technology is now further advanced and offers
powerful features to create 2D drawings and 3D models
for products. Thus it provides information about the
product that are essential in the chain of product
development process (eg. ⇔ FEM CAD, CAD ⇔
simulation, CAD ⇔ Rapid- Prototyping, CAD ⇔ PPS,
CAD ⇔ CAM). CAD technology applied today as a
standard tool in product development. Therefore, CAD
technologies have to be involved in the teaching of
Product Development. It must also be taken into account
through the use of new technology of virtual product
development which leads to changes in procedures
regarding the product development process. For mastering
the field of CAD technology must be provided additional
teaching in education in the field of product development.
The scope and content, and applied systems must be
coordinated with the capacity and capabilities of a
particular university.
During the study, students must acquire a higher level of
skills and abilities. These include social and
communication skills (eg. teamwork, responsibility, selfesteem, decision-making ability, capability presentations),
problem solving skills, the use and application of
computational tools and the provision of information.
Acquiring these skills can not be achieved in isolation of
the individual courses, but must be a fundamental element
of the entire concept of teaching faculty.
Teaching in machine elements should be organized as a
separate structure - a combination of lectures with
intensive exercises in groups - with appropriate forms of
training such as team work, project work and tests.
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4.2. Didactic (teaching methodology)
In structuring the content of subject teaching of machine
elements and their didactic presentation of methodology
of design should be used as a "red thread", to enable the
classification of teaching materials in the overall context
of the science of the design. Considering the available
time and capacity, good knowledge of mechanical and
non-mechanical elements can contribute to a better
understanding of the similarities in the structure,
dimensioning and shaping elements. Consequently design
methodological aspects rely on connections of function,
operation and construction as the basic features must be
represented by general principles for the concrete
embodiment of machine elements. This contributes to a
design methodical structuring of machine elements makes
an important contribution to thinking about variants and
systems.
In education in the field of Product Development should
be integrated work with real objects. Presentation of real
objects in the classroom encourages knowledge and
concepts about the construction and properties machine
elements and technical systems. "Active Analysis" of
technical systems - through the disassembly and display
functions on real examples and finally generalization of
abstract functions - should be integrated in the teaching.
Therefore it is necessary to have available an adequate
technical systems.
In the process of synthesis should provide the ability to
produce simple components or semi-finished products and
the process of developing the model of rapid prototyping.
The significance of this didactic element increases with
decreasing practical knowledge and skills of today's
students.
Student learning should be enhancing through the active
work (exercise). In order to continue the product
development increased space and capacity to discuss
practical teaching materials that are lighter teaching
volume based on the simple fact switched to independent
learning
Technical and methodological knowledge and associated
skills to strengthen and deepen through independent
development of design tasks and projects. Exercises
preferably in small groups, they are very important part of
education in the product development. Active student
participation must be ensured through proper exercises. In
this way, the project work in small groups increases
student motivation and thus success in the teaching.
Independent studies in university education have great
significance. By moving the acquisition of factual
knowledge - which can easily be found in the relevant
textbooks - in self-learning frees space for enhancing
teaching and to gain additional experience through
discussion with teachers to students. This kind of
education corresponds to the original principle of
university education according to Humboldt, where the
professional competence of students significantly
increases through practical experience.

5. AUTHORITATIVE COMPETENCES
5.1. Profiles of engineering competences
Task of teams in Product Development is to achieve
multiple compliance, exchange of information, to debate,
dispute resolution and formal policies. It is important to
establish the personal competencies, which are very
important for the successful operation of the team. It is
also important real competence, which team members

have in relation to the upcoming task, only to be
successfully solved. After extensive research in this
direction,
clearly
defined
following
relevant
competencies: professional competence, methodological
competence, social competence, creative potential and
ability elaboration. Furthermore will be defined the above
mentioned competences.
Under social competences are following parameters or
social behaviour and personal characteristics:

Fig.4. Authoritative competences in field Product Development on basic (bachelor) studies

Fig.5. Authoritative competences in field Product Development on master studies
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Fig.6. Authoritative competences in field Product Development on doctoral studies
Endurance
It can be determined through answers to indirect
Motivational parameters
questions. There is difference between direct and indirect
 initiatives
questions. In direct questions it is possible to estimate its
 work motivation
own performance and skills of tested person. In indirect
Work styles
questions, tested persons are required to on the question
 Analytical way of thinking and working
choose between several possible answers. The rating is
 Orientation towards target
then performed through a personality test based on the
Penetrability (the possibility of implementation)
long experience of psychologists. The team members are
Problem solving
different personality types according to their personal and
 Organizational skills
social characteristics.
Determination
Creative potential includes the following abilities:
 Determination of behaviour
Sensitivity to problems,
Creativity
The appropriate use of creative techniques
Team behaviour
Availability of a large number of good ideas,
 Cooperation
Intellectual flexibility,
 Coordination
Ability to abstract thinking.
 Willingness to discuss
Elaboration ability includes:
 Competence for discussion
Ability to achieve goals
The behaviour in social situations
Orientation towards the customer,
Keep in mind the requirements of the user,
The term professional competencies include the practical
Knowledge of the consequences of costs and prices,
knowledge and professional experience, as well as
Knowledge of the techniques of systematic work,
theoretical knowledge that an engineer in his own work
Durability in crisis situations,
use. It can be defined as "the willingness and ability to
Enthusiasm in decision-making,
take on the basis of professional knowledge and skills of
A high level of tolerance.
tasks and problems oriented towards a goal, if done
correctly, methodically and independently solved and the 5.2 Authoritative competences of product
development engineers
results obtained adequate evaluation."
Methodical competence includes methods and proper
procedures used by experienced specialists in resolving Based on the above given, in Figures 4, 5 and 6 are
presented the authoritative competencies that need to gain
known and partially unknown problems.
Due to the accurate determination and a clear definition of as the primary product developers (bachelor), master's
and doctoral studies.
professional and methodological competence, both
At the basic studies, priority is acquisition of technical
competences are determined through answers to direct and methodological competencies, which are the basis for
questions.
further upgrading and acquiring other competences at
Social competence is more or less subjective but it is a master studies. At this stage of education are acquired a
very important factor, so it can not be easy determined.
certain extent and social competence primarily through
6

teamwork in the exercise, through the organization of
workshops and learning active work.
The main part of the education of product development
engineers and acquire the necessary competencies are
achieved during the master studies. Competencies listed
in Figure 5 are possible to obtain on the two-year master
studies. Professional competence leaning on the
knowledge acquired at the bachelor level are primarily
oriented to obtain knowledge and skills in the areas of
product development and the processes which are carried
out at the same time. To acquire methodological
competencies presented is the practical application of a
number of methods to solve problems in Product
Development, the ability to synthesize technical solutions,
as well as the successful implementation of innovations.
Social competences are focused on communication and
articulation skills, teamwork and leadership as well as the
ability to solve problems through their own initiatives.
Very important are the competences related to the ability
of elaboration. These competencies are expressed through
the skills of systematic work style, integration of technical
and methodological knowledge and managing in crisis
situations. Competencies related to the creative potential
include acquiring skills for applying creative techniques,
safety at work and the implementation of new solutions as
well as a holistic approach to product development.
In education of product developers engineers in doctoral
studies (Fig. 6) is planned acquisition of expert scientific
competencies related to the methods of scientific research,
but primarily for application and development research
that can be successfully applied in the development of
new, sophisticated and commercially successful products.
Methodical competence primarily are aimed at developing
methods and procedures for the rapid implementation of
the results of basic and applied research in the
development of new products. Social competence are
aimed at acquiring the ability to create and manage multidisciplinary project teams, skills for conflict resolution
and stability in critical situations. Competencies related to
the ability of elaborating are referring to the successfully
hypothesis, identification of scientific research of interest
to engineering practice and formulation of research results
in writing form. Creative potential involves acquiring the
ability to create models for testing, prototyping and pilot
plant, creating innovations and new technical solutions.

6. CONCLUSIONS
The survival and success of modern companies can be
provided through innovative products and manufacturing
processes. However, the use of innovative products and
manufacturing process is quite complex and requires a
new approach to the work, which is primarily related to
the optimization of available resources, the precise
definition of competence and cooperative approach to
work.
Modern companies must have access to comprehensively
educated engineers for work in interdisciplinary project
teams so that they can solve complex problems. This
raises the need for universities to undertake a proper
education reform, according to the demands of
contemporary techniques and technology.

Synthesis of technical systems is particularly important in
education while it confront students with the structural
complexity of the work and conveys the necessity of
continuous finding suitable compromise. Tasks should be
adapted to acquire skills, which promote creativity and it
increases motivation through success. For a holistic
approach – from the market and the idea of the product,
including design and prototyping to the planning process
and considerations of costs including and project planning
- required intensive exercise and teamwork on the project.
It is very good to connect with colleagues in the field of
production engineering and economics.
Due to the acquisition of professional competence and
innovation readiness, mechanical engineers need to
ensure adequate distribution of points of studies for
classes especially for exercise. Outdoor education must
constantly be updated and aligned with trends in industrial
practice.
CAD technology today allows creating the necessary
chain of product development process (eg. FEM ⇔ CAD,
CAD ⇔ simulation, CAD ⇔ Rapid-Prototyping, CAD ⇔
PPS, CAD ⇔ CAM). CAD technology and virtual
technology of product development must be involved in
the teaching of Product Development.
In education in the field of product development should
be integrated the work with real objects because it
encourages the acquisition of knowledge and concepts
about the construction and properties of technical
systems. This is best achieved through the active work of
the students.
After extensive research in this direction, clearly are
defined the following relevant competence of product
development engineers: professional competence,
methodological competence, social competence, creative
potential and ability elaboration. Based on a detailed
analysis of the work presents authoritative competencies
that product development engineers need to gain at the
basic (bachelor), master and doctoral studies.
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IMPROVING SKILLS AND
COMPETENCE OF ENGINEERSCONSTRUCTORS THROUGH NEW
STUDY PROGRAMS AT TECHNICAL
FACULTIES
Cvetanka MITREVSKA
Eleonora DESNICA
Tale GERAMITCIOSKI
Vesna MUNDISHEVSKA-VELJANOVSKA
Abstract: Distinctive features of modern society are
dynamic
changes,
intensive
development
of
manufacturing, information and telecommunication
technologies, which are all prerequisites for qualitative
changes in all spheres of society, especially in education.
Determining the curriculum of studies of technical
faculties is a very responsible task to be solved by
awareness of the needs for new knowledge to be used
when current students are active participants in the
production of, and restrictions related to the duration and
the effectiveness of graduation. The paper shows the
necessary skills to own a engineers-constructors to meet
the demands and challenges of the labor market, and to
be compatible with the European standards. The paper
also offers a new approach to modeling the curricula for
education of engineers-constructors.
Key words: technical faculties, engineers-constructors,
model of teaching, skills

1. INTRODUCTION
Knowledge is the most important resource of every
modern nation and investment in knowledge is essential.
Therefore, the education system – from elementary
education to higher education – should be in accord with
the individual phases adjusted to every age. In addition,
the universities have a very complex role in modern
society and must focus on design of a suitable educational
process that will best satisfy the needs for competent
graduate technical engineers who can acquire and develop
new knowledge and become trained to solve technical and
managerial problems. [1]

Therefore, determining the curriculum of studies of
technical faculties (mechanical engineering, electrical
engineering and other sub-disciplines) is a very
responsible task to be solved by faculty awareness of the
needs for new knowledge and not to be solved by
inclusion of subject matter that is of interest to the faculty
only and has little use or application in the industrial
world.
Considering the fact that mechanical engineering belongs
to the group of progressive sciences and that it is one of
the pillars of technological development, which is
dynamic insofar as it permanently changes and improves,
it is necessary for engineers themselves to continue their
post-university and to improve their knowledge and skills.
Indeed, there is an obvious need to revise education for
engineers as a response to changes in society. [2]
Improvements in science and technology offer new
possibilities to the vocational education. Furthermore,
developments in the study of being a teacher or the
process of teaching as well as in strategies and/or styles of
instruction will lead to new approaches of relationships
among student, teacher, course content, educational
environment, understanding modern technology and in
preparing students for the realistic expectations of the
workplace.
Declining interest in technical sciences by young people
is detected not only in transition countries, but also in
other countries, so all technical disciplines (including
mechanical engineering) are under threat of extinction.
Being a country which is striving to fulfill all conditions
in order to become a member of the EU, both Serbia and
Macedonia face the same situation. Restrictions in
development in small countries (fewer that 5 million
people) are more numerous and serious. Therefore, small
countries should deal with the problem of higher
education with more responsibility and with a special
accent on studies which educate professionals for
production.
The machine manufacturing industry in Serbia and
Macedonia is still an important area for development
especially when the interest for foreign partners is
considered (i.e., availability of infrastructure, cheap labor
force, and vicinity of the market) in spite of the problems
existing for many years (such as outdated equipment, lack
of financial capital and lack of innovation).
Long time on the universities in Macedonia and Serbia,
during re-compositions and redesigning the curricula of
technical faculties, the role of direct beneficiaries i.e.
future employers was negligible. In recent years separate
business entities (domestic and foreign) show interest in
terms of giving suggestions, proposals and opinions about
the contents of the new study programs and plans. This
activity is closely associated primarily with new trends in
technique and the demands of the labor market in Europe.
The role of the employers is essential for the
establishment of a complex mechanism for motivation,
vocational-technical and material assistance to the student
throughout his study.
This paper shows the necessary skills to own a engineersconstructors to meet the demands and challenges of the
labor market and also to be compatible with European
standards. It also indicates the need for a multidisciplinary
approach to the defining of the study programs and based
9

on it is offered a structure of a model for the education of
engineers-constructors.


2. SKILLS AND COMPETENCE OF
ENGINEERS-CONSTRUCTORS
Effective engineers must possess a wide range of
knowledge and skills which extends far beyond the
technical expertise of their discipline. Engineers must not
only have an understanding of the theory, but also the
skills necessary for successful implementation of theory
into practice, effective communication skills, ability to
work in teams, management skills and capacity for
lifelong learning. Engineers who possess these
characteristics in abundance they are able to apply not
only in engineering but also in research, management, as
well as in numerous other areas.
Rapid and exponential growth in knowledge in all
engineering fields will lead to increased specialization in
education programs for engineers. A great challenge is
engineers to meet the growing needs for using and
integrating materials from different sources and different
disciplines when the content of their programs becomes
more and more specialized. These questions, with all its
consequences, challenges and relationships were at the
heart of numerous conferences, studies and documents for
education of engineers. [3] Some of these are quite
common, while others focus on specific issues such as
design, breadth of education and integration with other
engineering disciplines, environmental sustainability,
ability to work in multidisciplinary teams and professional
skills. Typically, these studies emphasize the importance
of having professional skills and cultural awareness
necessary for successful engineering practice.
In this paper we define certain characteristics that will
mark the engineer’s profile required for the labor market
in the Republic of Macedonia and Serbia in the current
stage of development, but while respecting the projected
requirements of developed countries – members of
European Union in creating a profile of an engineer
(engineer-constructor) which will adapt the European
labor market.
From one aspect of the broader analysis of requirements
arising from the needs of businessmen, modern profile of
an engineer should have: [4]
 deep theoretical education and understanding of the
technical processes
 ability for creativity and design
 ability to find alternative and optimal solutions
 broader knowledge of the basics of related disciplines
 understanding of the quality of the process and its
influence to it
 good communication skills
 some experience and
 ability for teamwork.
In order to develop the professional skills of the engineers
it is necessary to accomplish the following goals:
 increasing
the
opportunities
for
improving
communication skills: verbal and nonverbal
communication with expert and non expert audience,
technical discussion with professionals from other
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disciplines and promoting the learning of other
languages;
increasing the content of the design curriculum:
development of a sense of aesthetics, work in
multidisciplinary teams to design complex systems or
equipment, development of open and innovative
approach to design problems;
developing skills for lifelong learning: promoting
curiosity, developing initiative in seeking information,
ability to identify, locate and evaluate relevant
information, as well as confidence;
increasing social awareness and understanding of
social responsibility: understanding the social
organization of individuals and raising ethical
questions;
increase the understanding for management and
business topics: introduction to finance and
accounting, higher education in the field of
management, opportunities for communication with
industrial and government agencies;
increasing understanding of the environment: an
analysis of the life cycle and the role of environmental
design, and knowledge for sustainable energy sources;
increasing awareness of issues related to public safety
and health: introduction to the hazards and safety at
work legislation;
improving teamwork skills: introduction to the
structure and functioning of teams as well as
participating in the work of different teams;
knowledge and understanding of other engineering
disciplines: knowledge and appreciation of other
professions.

With the completion of the Engineering faculty, the
engineer should have the following capabilities:
 applying knowledge of mathematics, science and
engineering,
 analyzing and interpreting data,
 designing of systems, components or processes
according to the needs,
 work in multidisciplinary teams,
 identifying, formulating and solving engineering
problems,
 understanding
of
professional
and
ethical
responsibilities,
 effective communication,
 harmonization of engineering solutions to social
needs,
 lifelong learning,
 monitoring current trends in engineering,
 using the techniques, skills and modern engineering
tools necessary for engineering practice.
To achieve these requirements the most important
prerequisite is actively and fully include all direct and
indirect stakeholders in the higher education process:
students with ambition and their desire to actively
participate in teaching on the one hand, and teachers and
other colleagues on the other hand Indirect stakeholders
are: parents, employers, government institutions, and an
important part in creating an efficient and effective
system of education of the engineering staff are the
medias .

If professors with collaborators and students work
together to deliver the stated requirements, then are
achieved real goals of education - use the acquired
knowledge and skills, and the ability to continue learning
throughout life (LongLifeLearning).
The transfer of knowledge is the easiest part of teaching.
The greater challenge is students to gain critical skills or
in other words creating an environment for their active
participation in teaching issues, for their own proposals
and suggestions for specific problems and possible
solutions.
For this purpose we propose the following strategies:
 separation of the capabilities that we want to develop
in students by explaining the meaning of it. With the
discovery of natural affinity and interest in certain
scientific disciplines and areas of interest and directing
the student towards them, it achieves greater
effectiveness in creating a quality engineer for a given
area;
 use of research, not personal views. It allows a
reduction of subjectivism in decision making and the
use of results from scientific data and expert bases.
The use of IC technology and good knowledge of
required software is necessary;
 review of implicit skills related to successful research.
This includes continuous review and evaluation of
acquired knowledge and skills in the regular flow of
education;
 detailed explanation of the processes and experiences
of the familiar practice of application of skills, where
the activities will be structured. This is the weakest
part of the old model for the education of engineers in
which dominates the theoretical education and
practical is poorly represented, while somewhere
completely absent due to lack of necessary laboratory
equipment and teaching aids;
 active process, not just product. This means giving
priority to actions to solve the problem. In this way
are created skills that later are used in practice;
 using a standard form for feedback. The existence of
criteria for evaluation is necessary in order to avoid
subjectivism and to obtain an objective assessment.

3. STUDY PROGRAMS AT TECHNICAL
FACULTIES FOR EDUCATION AND
ECONOMIC DEVELOPMENT
Engineering requires a multidisciplinary approach and
relies on knowledge. Program to be applied to the
education of engineers must define specific measurable
goals and learning to be directed towards achieving the
same. An important step in teaching for engineers is to
identify the skills. When it takes three sets of skills. The
first group consists of abilities or skills that must be
acquired in early education because further learning
depends on them. The second set of skills is acquired
during the training, and the third is generic skills aimed at
developing communication, teamwork and project
planning.

The benefits of such a structured model of education are:
 general knowledge from different scientific areas
close to each other and closely related with the
constructors work;
 constant practical work during the four-year
apprenticeship;
 phased upgrade of the knowledge for constructors
work and graded upgrade of the skills, competencies
and practical expiriences through the study of the
construction as a process of the bases in the first year
of education, construction as a process in the second
year of education, practical realization of the process
of construction through the use of software,
measurement methods and equipment in the third year
of education, and final preparation of complex real
problem with participation in team in the fourth year
of education. This is shown in Fig. 1. [5]

Fig.1. Structure of model for education of engineersconstructors throughout the study program -curriculum
Fig. 1 clearly shows that the scientific area of construction
is surmounted gradually through all four years of
schooling. In the first year basics of construction are
developed through Methodological construction (stages
from idea to product: conceptualization, design,
engineering, detailing, final designing), through
Designing constructions and other specialized
professional courses in the second year (study of
constructions, loads, voltage conditions i.e. distribution in
the field of operating voltages, voltage levels, static and
dynamic endurance, reliability, static and dynamic
stability, detailing and optimization); in the third year
through Engineering design and optimization methods
and other specialized courses are taught interdisciplinary
practical sides in the realization of the construction
process through real structures, with using computers,
specialized software for preparation of the project,
analysis of the construction, graphic display and
modeling, knowledge gained from electrical engineering
are applied to implement tenzometrical, vibro-acoustic
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measurements of the voltage constructions of actual
objects and their analysis. In the last year of the studies by
the subject Virtually engineering the student receives a
task represented by a complex real product to be realized
during the year using all prior knowledge realized in
teamwork.
The essence of this model is in an integrated
interdisciplinary designed project that passes throughout
the engineering study program.

Constituent entities of the model are interwoven through
the implementation of the curriculum and the study plan
(Curricula and Syllabus).
The model should be flexible, i.e. at each premature end
of school year (stage) thereof, to enable the student to
acquire certain knowledge, competencies and skills on
recognized level.

Тable 1. Preview of the distinctive skills and competencies by typical subjects offered in the model for education of
engineers-constructors
Skills and competence
Global and strategic

Industrial

Social

Practical

Professional

Scientific

Characteristics
Enabling to implement in the world the
achieved knowledge

Foreign language
Business and entrepreneurship

Skills and knowledge that are not
scientific and professional but are
required in advanced career phase of
graduate studies

Introduction to Industrial design Safety and
health at work
Environmental design
Technical regulations and engineering law
Methods of diagnostics and maintenance
Construction and testing of prototypes

Creating engineer with high ethical and
moral standards

Ergonomics in construction

Direct involvement of students in
activities or situations from real life, thus
providing the basis for integrated
knowledge of intra and inter-engineering
and nonengineering

Doing projects
Constructive product development Design
and product development
Convenient construction

Acquiring professional and technical
competencies required to perform specific
engineering tasks

Laying a solid foundation in engineering,
enabling future engineers to restructure
and to engage in changes in the scientific
field, as well as to develop an interest for
design

Such an integrated blocks of training model was first
introduced in USA at the Hartvord University. [6] The
model that is proposed in this paper is adapted and
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Typical subjects / courses

Mechatronic design
Methodological construction
Computer-assisted shaping
Programming modeling of mechanical
structures with MEHANICAL DESKTOP
Design of constructions
Engineering design and optimization
methods
Reliability in construction
Construction in terms of noise and vibration
Selection and use of materials

Engineering mathematics I
Engineering mathematics II
Kinematics and Dynamics
Statics and strength of materials
Construction materials
Product and process technologies
Selected chapters from mechanical
engineering
Engineering metrology
Engineering programming
Fundamentals of finite element method

recomposed according to the conditions in the economy,
the needs and real setting in Republic of Macedonia and
Serbia.

Table 1 provides an overview of the distinctive skills and
competencies that will hold the engineers-constructors
according to their characteristics and by typical subjects
(courses) offered in the model for education of engineersconstructors.

4. CONCLUSION
Modern economy requires engineers quickly and easily to
adapt to the changing needs of the world around them.
Engineers of the future, in addition to technical
knowledge, should possess a wide range of personal,
interpersonal and systemic knowledge and skills that will
enable them to function successfully in actual engineering
teams and to produce real products and systems, meeting
the needs of the organization and the needs of the society
in general.
Of course, this raises the question of reform in higher
education of engineers. Bologna Process, through its
requirements for defining the results of education and
competences that every engineer should obtain after
completing his higher education, is actually a request for a
different placement of the interaction between higher
education and the labor market.
Great challenge and of primary importance for the
faculties of sciences in Republic of Macedonia and Serbia
is to educate cadres who will be able to engage in the
economy.
Recognizing the opinions of numerous experts and
analyzing the practical experiences of designing a model
of engineering education in Europe and worldwide, we
can conclude that it is required a special engagement of
the academic institutions in finding and designing new
models of education for engineers, and creating profiles
of required engineering staff that will be attractive to
employers
The essence of the model for the education of engineersconstructors that is offered in this paper is in an integrated
interdisciplinary designed project that runs through the
entire engineering program of study, through the
introduction of integrated training block. The process of
defining a model for the education of engineersconstructors will mean raising the level of quality in the
education of engineers. Despite the direct beneficiaries students, also will benefit the indirect beneficiaries - the
parents, the local community, universities, the labor
market and the entire society.
The model requires strong collaboration between
university and industry through active participation in the
economy through direct interventions in the curriculum
modules and permanent resident students study in
development production capacity of such entities.
The actual programs of study in universities in Republic
of Macedonia and Serbia (especially in faculties of
technical sciences) can, with an improvement in teaching
methods and professorial attitudes towards industry,
prepare engineers for challenges they will face in an
economy in transition, while companies have confidence
in engineers who are educated in higher education
institutions that have the ability to focus on industrial
technology as a part of the course teaching.

University and college administrators, as well as various
levels of government, have a role to play in increasing
teaching excellence and transforming the engineering
programs, not solely to the needs or vision of the
university, but mainly to industrial needs. Along with
financial and material resources, active support should
range from appointing the relevant engineering educators
to examining policies that present obstacles to effective
teaching and learning for industrial careers.
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ASSESSMENT OF ENGINEERING
STUDENTS SPATIAL ABILITY
Gordana MARUNIĆ
Vladimir GLAŽAR
Abstract: The first-year students at Faculty of
Engineering University of Rijeka, Croatia were tested on
spatial ability before and after one semester of
engineering graphics course tuition. Two available
classical tests, Mental Rotation Test (MRT) and GuayLippa Test (VVT), were utilised for the assessment at
mechanical engineering, naval architecture and electrical
engineering studies both, undergraduate university and
professional.
The improvement of student spatial ability has been
investigated and analysed after tuition performed in
multimedia environment. The comparison of the detected
spatial ability for different studies has been made related
to initial spatial ability that students had approached to
the course and related to the achieved gain in tests scores
after engineering graphics course.
The students with higher initial spatial ability found
electrical engineering study both, university and
professional, appropriate and attractive compared with
the studies of mechanical engineering and naval
architecture.
The gain in scores for the tests administered after in
relation to the tests before accomplished engineering
graphics course is obvious for all studies and confirmed
the development of student spatial ability.
Key words: spatial ability; engineering graphics; testing

1. INTRODUCTION
The shift from traditional contents and modii engineering
graphics is taught have initiated in the 1979’s driven by
intensive and constant development of new tools offered
by the CAD (Computer Aided Design) systems and the
associated computer technologies [1-3]. Accordingly,
new multimedia environment has been established step by
step, among engineering graphics is running today.
An important factor that has been taken into consideration
and that has influenced dynamic changes of engineering
graphics is spatial ability. According to Miller [4], spatial

cognition is the underlying mental process that allows an
individual to develop spatial abilities. Spatial cognition is
“one mental ability crucial for navigation, both in the real
world and in a virtual environment ”.
The introduction of 3D CAD systems has given additional
importance to the necessity of highly developed sense of
spatial reasoning.
Therefore, engineering graphics courses have embraced
both, the advantages of CAD system recent possibilities
and the recommendations based on research results of
spatial ability [4].
This paper deals with the evaluation of spatial ability of
first-year students at Faculty of Engineering, University
of Rijeka, Croatia. The participants belonged to different
studies that are performed: mechanical engineering and
naval architecture, and electrical engineering studies both,
undergraduate university and professional.
In spite of Faculty of Engineering University of Rijeka,
Croatia tradition long more than 50 years, the evaluation
of initial or acquired spatial ability/skills has been not
measured until today and therefore the results obtained
for spatial ability are of utmost importance.

2. ENGINEERING GRAPHICS COURSES AT
FACULTY OF ENGINEERING RIJEKA
In general, engineering graphics courses at Faculty of
Engineering Rijeka are performed through first semester
for all studies and levels. The exception is engineering
graphics education for undergraduate university studies of
mechanical engineering and naval architecture, which
runs for first and second semester and includes two
courses. First course contents correspond mainly to
university electrical engineering study and all professional
studies. The second course establishes the foundations for
further design courses and processes the 3D modelling in
detail. This course was introduced in academic year 20082009., when the curricula were adjusted through the
Bologna process.
The environment engineering graphics tuition has been
performed through from 1995 included 2D CAD tools
additionally to traditional ones. The contents regarding
3D modelling and the role of engineering graphics in
design process were introduced from the beginning, but
the circumstances did not allow the use 3D CAD tools at
that time.
The use of CAD tools and the recognised importance of
spatial reasoning for engineers, have pointed to the
necessity of efficient incorporation of contents that can
develop and enhance spatial ability/skills.
The considered engineering graphics courses in the first
semester represent the combination of traditional contents
and tools, 2D CAD tools and the basics of 3D CAD
modelling (the later excluded from the course for
undergraduate university mechanical engineering and
naval architecture studies due to the mentioned additional
course). The software package AutoCAD [6] as 2D and
3D CAD tool has been utilised from the beginning.
The instruction is running through multimedia
environment and it is the combination of traditional/CAD
instruction, e - learning by means of software package
MudRI [7], and the utilisation of advantages offered by
Internet [8].
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The students were encouraged to take the participation in
both tests, before and after completed engineering
graphics course, to get few extra points, regardless of the
obtained test scores. The scores obtained by the students
who participated in the tests before and after completed
engineering graphics course, and who participated in
both tests have been taken into account for analysis.
In this paper the question of gender influence on spatial
ability was not taken into consideration, as well as the
student´s previous experience. Due to small population
corresponding to naval architecture study both, university
and professional, the related data were united with the
data for mechanical engineering study.

3.1. MRT- Mental Rotation Test
Fig.1. The analysis of object edges and faces
Traditional contents are based on descriptive geometry
necessary to understand the shape description and to
successfully move from 3D to 2D environment, and vice
versa (Fig. 1), and the contents regarding efficient
documenting according to the standards. These contents
represent the means of indirect development of spatial
ability. As well documented in literature, the most
effective way for the enhancement of spatial ability/skills
is sketching and drawing [9, 10], and accordingly the
attention has been put on these activities.
For all considered studies the course has 1 hour (45
minutes) of lecture and 2 hours of laboratory exercises,
per week, during one semester. The exception is the
course for mechanical engineering and naval architecture
professional study that has 2 hours of lecture per week.
As regarding the student´s attendance during lectures and
laboratory exercises, it is determined at minimum value of
80%.
Practical work in the laboratory is accomplished in a
group up to 20 students with the instructor circulating to
assist the students. In addition, student has usually 2
homework assignments which are based on the materials
presented through the e - learning package MudRI. For
laboratory and homework assignments student
predominantly use CAD tools, mainly 2D, traditional
instruments are considerably less engaged, and the stress
is constantly on the freehand sketching.
During the semester student has 2 partial exams when
practical problems are to be solved. The exception is
electrical engineering professional study without partial
exams. Final exam consists of 10 theoretical questions
that have to be answered for the limited time. The
achieved scores (points) for every required activity during
the semester, including the scores for attendance, forms
the final course scores.

This test includes 20 problems to solve in two parts. Each
part has 3 minutes for the solution and the parts are
separated by 4 minutes. For the 2D representation of 3D
object seen from one angle, the participant has to identify
two rotated versions of object between four offered
representations (Fig. 2). The scores can be achieved from
0-20 and one point is given when both answers/ choices
are correct.

Fig.2. The example from MRT-Mental Rotation Test

3.2. VVT - Guay –Lippa test
3D object is given in isometric view positioned in the
middle of the glass-box and below it the same object is
represented from new viewing position. The participant
has to identify the corner of the glass-box from which the
object is viewed (Fig. 3). The test consists of 24 questions
with maximum possible score 24 through 8 minutes. Final
scores are influenced by incorrect answers, too.

3. METHODS OF ASSESSMENT
For the measure of spatial ability, two classical paperpencil tests were chosen owing firstly to their availability,
then the frequency of their usage and consequently the
possibility of the obtained results comparison.
The tests represent the measure for both components of
spatial ability: spatial visualization i.e. its component
mental rotation (MRT - Mental Rotation Test) [11], and
spatial orientation (VVT Guay-Lippa Test) [12].
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Fig.3. The example from VVT-Guay-Lippa Test

4. RESULTS AND DISCUSSION
The results of testing performed at the beginning and at
the end of semester i.e. before and after engineering
graphics course are provided in Fig. 4 and Fig. 5, for
different studies and tests under consideration. For the

calculated student mean test scores, the corresponding
mean percentage correct is utilised.
Two findings are obvious: MRT generally representsmore
difficult task for the students in comparison with VVT,
and the students of electrical engineering both, university
and professional study, approached engineering graphics
course with higher spatial ability than the students of
other studies.

Fig. 4. Mean percentage correct for MRT before and after
engineering graphics course

Fig. 5. Mean percentage correct for VVT before and after
engineering graphics course
In the absence of previous education impact on the
development or improvement of spatial ability/skills, the
facts that are known and can be helpful for some
explanation of the obtained results, are as follows.
The students of both university studies are proved to be
more successful during previous education than the
students of both professional studies. For university
studies the students of mechanical engineering & naval
architecture achieved higher total scores than the students
of electrical engineering.
The students that approach to mechanical engineering &
naval architecture professional study are recorded as
previously less successful in relation to the students of
electrical engineering professional study.
At the beginning of tuition the poor performance can be
noted for mechanical engineering & naval architecture
professional study, regardless of the test.
The relationship between the tests is determined based on
the analysis of differences in mean scores by use of
standard statistical procedure of t-test. The differences
between the tests are significant for all studies except for
mechanical engineering & naval architecture professional
study.
Table 1 shows the mean scores, standard deviation,

number of students and the gain of scores for tests after
the course in percentage correct. The population in Table
1 corresponds to the number of students that took both
tests, at the beginning and at the end of the semester. The
number of students that were administered the tests after
the course was lower in comparison with the number of
students that took the tests before the course. It is to be
noted that some students achieved lower test scores after
the engineering graphics course, which can be explained
by the diminishing of interest doing the same test for the
second time. This is mostly expressed for electrical
engineering professional study with small population
accompanied by lower scores for VVT test after the
course and consequently lower gain scores. The highest
test gain occurred at mechanical engineering & naval
architecture professional study for MRT, but the test gain
for VVT is among the highest, too. The reason can be that
engineering graphics course for this study includes 2
hours/week of lectures, unlike 1 hour/week for other
studies.
The gain of scores for the tests after in relation to the tests
before the course is obvious, regardless of tests and
studies. The gain of scores for tests after the course
indicates the overall development of student’s spatial
ability resulting after one semester tuition. As in [13] was
pointed to, the obtained results have to be interpreted with
caution considering various factors that can be hardly
identified and that ”can influence and be influenced by
mental rotation performance”. Therefore, the gain in
scores is not purely the result of one semester tuition, but
it is certainly affected by.
The comparison with the gain in scores for MRT reported
in literature [14] for 2 hours/week through one semester
and multimedia tuition environment is made. It shows that
the gain in scores for the students of mechanical
engineering & naval architecture professional study (2
hours/week) at Faculty of Engineering Rijeka is
considerably greater, while for other studies (1
hour/week) varies being higher and lower.

5. CONCLUSIONS
The performed assessment of engineering students`
spatial ability at Faculty of Engineering University of
Rijeka, Croatia have been intended to give an overall
insight into initial level of spatial ability the students are
approaching to different studies. The assessment was
performed by means of two confirmed classical measures
of spatial ability.
The students with higher spatial ability found electrical
engineering study both, university and professional
appropriate and attractive compared with other studies.
The gain in scores for the tests administered after in
relation to the tests before accomplished engineering
graphics course is obvious for all studies and confirmed
the development of student spatial ability. The highest
gains in scores are achieved for mechanical engineering &
naval architecture professional study with the
corresponding double lecture hours/week and the same
exercises hours/week, in relation to other studies under
consideration. This result points to the significance of
solid theoretical basis establishment in engineering
graphics education.
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Table 1. Mean scores for tests before and after course and gain scores in percentage correct

Professional

University

Study

Mechanical
Engineering &
Naval
Architecture
Electrical
Engineering
Mechanical
Engineering &
Naval
Architecture
Electrical
Engineering

MRT
Mean
Standard deviation
Number of
students
Before After
course course
49,13
67,33
19,74
18,69

18,20
18,52

86
48,48
19,75
47
7,48

65,27
17,02
56
72,50
12,09

55
18,63

73,18
17,49
11
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direct surface manufacturing processes [1]. Laser beam
machining (LBM) is one of the most widely used thermal
energy based non-contact type advance machining
process which can be applied for almost whole range of
materials. Laser beam is focussed for melting and
vaporizing the unwanted material from the parent material
[2].

2. BIOINSPIRED SURFACESS

DESIGNING INJECTION MOLDING
TOOL WITH BIO-INSPIRED SURFACE
Martin BORUVKA
Abstract: The design of natural surfaces remains a
challenging scientific and technological task. The
diversity of plant surface structures, evolved over 460
million years, has led to a large variety of highly adapted
functional structures. This special biological solutions
provides some inspiration for scientists and engineers to
design multifunctional artificial materials with multiscale
structures. The plant cuticle provides structural, chemical
and physical modifications for surface wetting, ranging
from
superhydrophilic
to
superhydrophobic.
Understanding the physical mechanism of wetting
transitions is crucial for the design of those biomimetic
surfaces. This paper investigates the process of designing
injection moulding tool inspired by hydrophilic structure
of the moss. Enlarged hydrophilic structure has been
replicated by laser beam machining on cavity insert in a
mold base of standard two plates tooling core.

Driven through millions and millions of years has evolved
structural diversity and properties of bilogical surfaces by
long-lasting game of mutation a natural selection.
Different environments led to huge variety adaptations
and development of multifunctional, protective interfaces.
The diversity is based on the variability of cell shapes,
micro and nanostructures on the cell surfaces and by the
formation of multicellular structures [3]. Those
hierarchical structures with dimensions of features
ranging from the macro to nanoscale provide interesting
properties. Superhydrophobicity, self-cleaning, drag
reduction in fluid flow, molecular-scale devices, energy
conversion and conservation, high adhesion and
reversible adhesion, aerodynamic lift, fibres and materials
with high mechanical strength, biological self-assembly,
antireflection, thermal insulation, structural coloration,
self-healing and sensory-aid mechanisms are some of the
examples found in nature that are major objects of
scientific interest [4].
Table 1. Typical biological materials with function
integration [5].

Key words: biomimetic, hydrophilic, tool design, injection
molding

1. INTRODUCTION
Replication of workpiece geometries is a well-established
method within various manufacturing technologies such
as metal casting and plastic moulding. The method
involves a mould geometry that is replicated by filling a
material into it. Depending on the material characteristics
and process control, such a replication process can be
more or less successful. Usually the degree of
resemblance between the mould geometry and the final
workpiece geometry is used as a measure of quality of the
replication. As such, the method has been known for
centuries using both expendable and permanent moulds.
Replication is a recognized technology for mass
production.
The increased focus on precision manufacturing also is
reflected in the demands for replication precision and
quality. Material removal processes, where the tool
geometry (e.g. cutting edge, electrode geometry, etc.) is
determining the workpiece surface features are considered

Hierarchical micro and nanostructures of plant surfaces
are also relevant for surface wettability. During the last
years has been given a lot of attention to the
superhydrophobic and self-cleaning properties of plant
surfaces, but in plants also water-spreading
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Fig.1 Four classes of surface wettability and representative leaves examples: a) hydrophobic, b) superhydrophobic ,
c) hydrophilic , d) superhydrophilic [3]
(superhydrophilic) surfaces. Wetting of surfaces is related
to surface structuring and surface chemistry. Wetting is
process of liquid interaction at solid–gas interfaces. It
describes how a liquid comes in contact with a solid
surface. The main method for the characterization of the
wettability of surfaces is contact angle (CA)
measurement. Contact angle is the unit for the surface
wettability.

A high CA describes surfaces on which a water droplet
forms a spherical shape, and the real contact between the
adhering droplet and the surface is very small. Wettable
surfaces, on which an applied drop of water tends to
spread, have a low CA. The wetting behaviour of solid
surfaces can be divided into four classes, defined by their
static CA (Fig. 1). The CA of a liquid on a surface
depends on the surface tension (molecular forces) of
involved liquid, solid surface and surrounding vapour.
Thus, wetting depends on the ratio between the energy
necessary for the enlargement of the surface and the gain
of energy due to adsorption [3].
Based on lessons from nature, one of the ways to increase
the hydrophobicity is to increase surface roughness. Due
to this roughness-induced hydrophobicity has become a
major object of scientific interest. Superhydrophilic
surfaces are if the contact angle is below 10°. Plant
surfaces can either absorb water or let water spread over
its surface. Surface roughness on a hydrophilic or
hydrophobic surface decreases or increases the contact
angle, respectively, based on the so-called Wenzel effect.
Air pocket formation in the valleys can increase the
contact angle for both hydrophilic and hydrophobic
surfaces based on the so-called Cassie–Baxter effect.
Formation of air pockets, leading to a composite interface,
is the key to very high contact angle and low contact
angle hysteresis [4].

3. DESIGNING PROCESS

Fig.2 Various wetting states occurring on rough surfaces:
(a) Cassie air-trapping state,
(b) Wenzel state, (c) Cassie impregnating wetting state
and (d) mixed wetting state [6]
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Firstly has been captured micrographs using scanning
electron microscope (SEM) (Fig. 3) on representative
moss specimen. By investigation of natural pattern has
been suggested hierarchical structure for replication
(Fig. 4). This structure has been consequently transferred
by the laser beam machining to the cavity insert in a mold
base of standard two plates tooling core (Fig. 5). Used
laser beam machining technique provided still that
smallest possible manufacturable surface 40x enlarged
compared to real natural surface structure. Due to this was
suggested testing specimen with four different types of
enlarged hierarchical structures for replication.
Consequently were injected on injection molding machine
termoplastic testing specimens from PP, ABS, PA.

Fig. 5 SEM micrographs of laser beam machined hierarchical surface of cavity insert.

Fig.3 SEM micrographs of moss hydrophilic surface structure.
Chemically speaking, PA with its amide bonds is a polar
polymer, resulting in its typical water absorption. ABS,
on the other hand, is a non-polar polymer like PP.
Because of non - polar character of PP and ABS paid for
years as unvarnished plastics.

4. CONCLUSION
Surface structuring based on natural patern allows surface

functionalisation by means of surface geometrical
modification without back end processing (coating or
further treatments) or it can for example improve
varnishability of non-polar polymers. Given a micro/nano
pattern on a mould master, various tailored properties can
be attributed to the replicated substrate. Bio-inspired
special wettability is a promising field in materials and
surface science.
Testing specimens from all suggested polymers were

Fig.4 Design of hierarchical surface structure for replication by laser beam machining.
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successfully injected. Problem caused at demoulding
phase due to increased surface volume was solved by
using mould separators. Further investigation will be
focused on evaluation of wetting transitions on injected
testing specimens according to varnishability of non-polar
polymers. Investigated will be methods for replication
structures in exactly same size like natural pattern. For
example replication techniques like soft and nano
lithography. Laser nano-manufacturing is a promising and
rapidly growing field but the research is still at basic
phase. Many opportunities for research and development
exist.
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2. THE PROJECT DEFINITION

DEVELOPMENT OF A MATHEMATICAL
MODEL FOR RISK ASSESSMENT FOR
DESIGN PROCESSES
Eszter VARGA
Attila PIROS
Abstract: Modelling and analyzing the risk of various
processes holds a vast amount of uncertainty factors. This
statement is especially true in the field of product design
and mechanical design within, since human factors have
huge impact on these areas considering the risk of
processes. The purpose of recent paper was to develop
such a method and related mathematical model that has
the ability of modelling and monitoring possible risks
during design procedure and to collect data in order to
evaluate those well in advance. Although the presented
mathematical model contains many simplifications it
gives the opportunity to expand the number of the treated
risk factors and according to this to refine the forward
method of risk assessment. The mathematical model
based on the well-known management methods and tools
(for ex. PERT network, Gantt diagram, etc.) works with
fuzzy logic to deal with uncertainties in the process and
also points out human subjectivity.

The very first step of building the model was defining the
project. In our case we mean a design process by saying
project. In the first phase of this step the general
characteristics of the project should have been clarified.
In most cases projects cover a time-limited process and
produce a unique product. The second step of defining the
project was identifying the project’s requirements and
objectives. The design of the fully electrical sport car was
selected to test our mathematical model (Figure 1). A
student team were working on the project in the BME
Department of Machine and Product Design. Nowadays
the pure electric drive comes to the front thanks to the
increasing weights of the environmental aspects. It is
common sense, local pollution is not emitted by solely
electric driven vehicles. Furthermore – in comparison –,
the drive-train of the electric sports car is much simpler
than the drive-train of an internal combustion car, for e.g.
it requires less moving parts and auxiliary components. A
uniquely electric powered vehicle has weak points as
well. Most of the difficulties are caused by the batteries
because due to their size and weight, although this is the
most intensive area of research.
Independently of these disadvantages electric vehicles
have great perspective, so leading car manufacturers
cannot afford to ignore this type of cars. This area is
interesting and – what is more important – really a
rewarding area for higher education and research
institutions. These reasons led us to choose this subject
for the project.

Key words: Fuzzy logic, project management, risk
assessment, design process, monitoring

1. INTRODUCTION
Nowadays the application of the project management
techniques is very common. It helps the work by using a
structured, transparent system for any kind of processes.
Its role in technology planning processes is also
significant, but in this area is not widely used yet.
However Fazar hereby introduced mathematical model
uses project management tools in many points, such as
the PERT method [3], and the critical path calculation [5].
In addition, building our model fuzzy logic was also used,
which is a great tool for uncertain cases of the decision
making [12]. There is a fuzzy theory developed for
managing risks, which was implemented in our work. We
performed defuzzyfication with CFM method [8] which
utilizes a more simple calculation process as for the
conventional fuzzy techniques.

Fig.1. The design of electric-driven sports car
The car got a modern design and is also a high quality
product. Planning the interior design the latest
technologies were used. As already mentioned students
worked on the car. One student developed one
component. This means that the human resources were
constant from phase to phase. In the examined project
period 6 students were selected to work on the car during
their summer internship. In order for students to be able to
start work the main parameters of the car were provided.
After the development of the design the main
characteristics of the drive train must be determined by an
MSc student in the context of his thesis.
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3. PROJECT RISK MANAGEMENT
Risk management projects are complex processes that
consist of several steps, continuous iteration [10]. An
average project execution is loaded with different risks
which is particularly typical in the design processes [2].
Developing the initial model simplifications have been
applied. Since the model deals with the planning of the
project, which is characterized by a period of time
required to complete, it was hard to plan. This is why we
decided to calculate the risk of the time needed. The risk
of a delay (meaning that the project cannot be completed
within the scheduled time frame) was analysed. Our goal
was to define the risk by numerical data, taking into
account during the human factors. The goal of the model
was to reduce the subjectivity of the risk analysis. Future
goals include the effect of multiple risk factors be taken
into consideration.

iteration, because iteration sections can always be divided
to serial sections. In the network diagram rectangles
represented the activities, the upper-left corner is the ID in
the upper right corner is the time for each task. Arrows
indicated the direction of the progress (Figure 2).
The times in the network diagram were counted from the
available time for the whole project. Developing the
model three times accurate estimate was applied. The
accuracy of lead time estimation improved that the risks
were taken into account. The lead time, which was
available separately for each task, was considered as a
realistic time.
After the network diagram was formed and the lead times
were defined to each task, then the students got their own
tasks. The development of the subassemblies and the task,
which do not depend on each other, were processed
parallel.

4. PROJECT SCHEDULING MANAGEMENT
Planning and scheduling of the design process is always
hard because the output and the run-off paths are affected
by numerous factors and therefore the risks are high [13].
So the scheduling of the design process needs careful
preparation. The final success of the project is
significantly influence by the proper planning of these
design steps. Project scheduling always begins with
defining the activity and creating the work breakdown
structure (WBS) [4]. Here the project managers broke the
project into separate tasks and activities. In a technical
design project the steps of creating the WBS are similar to
the other types of projects, but there are some design
considerations that have to be taken into account from the
beginning of design (for example what kind of design
method will be used during the product design).
Concurrent engineering (CE) can be used for the product
development process [14] CE is the commonly accepted
design method in industry for decreasing the time to
market of the product. [1]
The project’s output is a product, so first it was necessary
to determine the main parameters of the product and
create the conceptual design. The applied design method
begins with the plan of the conceptual design. All of the
required levels of the product and the subassemblies
based on the conceptual design. It is called top-down
design [7]. In general the subassemblies are designed by
an engineer, in this case a student. The subassemblies had
to be broken into components and determined what
activities should have been done. Each unit had to be
broken down until we got those basic activities that are no
longer worth breaking down. The result of this phase was
a task list that contains the properties of the activities. For
better monitoring the tasks were signed with an
identification number. The identifier shows the place of
the task in the project (which subassembly belongs to the
task), and the nature of the task as well.
After the activities were determined the next step was to
define the relationship among them, and prepare the
network diagram. PERT method was used to plan the
network diagram. The activities that do not depend on
each other could be done parallel. The activities were
organized into branches, which could not contain any
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Fig.2. The network diagram

5. MONITORING
As has already mentioned in our model the main risk was
the risk of the completion within a given time frame. So
during the monitoring any data should have been
collected, whose evaluation made it possible to measure
an assumable delay or earlier completion of the project
from week to week. During the monitored period the
participating students had to estimate the probability of
their delay or early termination, without dealing the
length and severity of these time periods.
The monitoring table had to be filled by the students
twice a week, always on the same work day (Figure 3).
The table was divided from task to task and the students
gave the number of hours spent by working on the given
activity. They did not have to use any scientific methods
(like PERT method) to estimate the time, they only had to
choose from five options, (such as: sure , it is likely,
possible , unlikely , impossible) estimating the probability
of a delay and a punctual termination. They had to explain
the delay by choosing a prepared answer.

Fig.3. The monitoring table
This estimation procedure provided a more accurate view
of the delay’s probability, as it is better suited to human
thinking. Estimating risks the role of human factors is

very significant, which could then be treated by a soft
computing method of fuzzy logic.

6. CRITICAL PATH METHOD
Design projects usually have complex network diagram as
they are required to apply a method, which pays attention
to those activities that mean a hazard to the project time.
This method is called critical path method [5].
Developing the model realistic times had to be assigned to

this process was automated. A computer program had
been used, which was written in MATLAB language [9].
First you should have given the activities, their duration
and the dependency relationships in a table for the
program. Then, the program calculated with forward
analysis the earliest start times. Backward analysis plans
the latest completion time, and with the above mentioned
formulas it calculated all other required dates. It not only
calculated the values, but also drew out the PERT
network and the critical path. The program marked the

Fig.4. The PERT Network Diagram with the CP
the tasks, so it was the duration of the tasks. For creating
the critical path the earliest start (EST) and earliest finish
times (EFT), and the latest start (LST) and latest finish
times (LFT) had to be calculated using the duration of the
task (D) and the relationship between them. The

tasks with different colours, depending on how much
slack time it contained (Figure 4). For example red was
the colour on the critical path. In the project plan the
activities were indicated with rectangles, which were
divided into several smaller cells.

Table 1. The table which contained all the necessary data
NAME
START
E041
E042
E050
D011
D012
D021
D022
D023
D030
D040

ID
1
2
3
4
5
6
7
8
9
10
11

Predecessors
''
'1'
'2'
'2'
'1'
'2 5'
'2 5'
'3 4 6 7'
'8'
'9'
'1'

TO
0
10
5
5
5
5
5
20
20
15
10

TML
0
10
5
5
5
5
5
20
20
15
10

TP
0
10
5
5
5
5
5
20
20
15
10

TRO
10
10
10
10
10
10
10
10
5
5
5

PO
0,005
0,005
0,005
0,005
0,005
0,005
0,005
0,0005
0,05
0,05
0,05

following formulas could be used to calculate that time:

EFT EST D

(1)

LST LFT‐ D

(2)

After that it was necessary to determine the critical path,
in which path had no slack time (SLT). The slack time
could be calculated with the following formulas.

SLT LST‐ EST

(3)

SLT LFT – EFT

(4)

Calculating these figures would take a long time
especially in case of a wide network diagram, therefore

SO
5
5
5
5
5
5
5
5
5
5
5

TRP
3
3
3
3
3
3
3
3
5
5
5

PP
0,0005
0,0005
0,0005
0,0005
0,05
0,05
0,05
0,05
0,05
0,05
0,05

SP
0
0
0
0
0
0
0
0
0
0
0

SLT
0
0
0
0
5
0
0
0
0
0
60

SUMT
70
70
70
70
70
70
70
70
70
70
70

LSTART
0
0
10
10
5
10
10
15
35
55
60

LEND
0
10
15
15
10
15
15
35
55
70
70

In the last step of the program wrote back the calculated
values into a table, which contained the input data. This
1
8
table was the base for further analysis containing all the
(9) project.
necessary data which were available for the

7. FUZZY LOGIC BASED RISK
MANAGEMENT
The aim of the mathematical model 10
was to replace
subjective risk assessment based on the estimation (11)
with
fuzzy logic based risk estimation. The risk consists of
severity and probability, which were calculated with
fuzzy logic [11]. Human factors were also taken into
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account, based on the obtained data from the monitoring.
There was a specific risk for each task. The risk
calculation was performed by a program, which was
written during the research. The program used fuzzy
membership functions to calculate the required values.
All of the calculations were done in the program. The first
step is the calculation of the risk was based on the
probability and severity.

7.1. The severity calculation
In the model the severity was the influence of the time
course of the project. If the severity of the tasks was low,
the potential slip did not have a significant effect on the
time completion of the project. If the task had high
severity value, it meant that if the task delays it has a
serious impact on the completion of the project.
For the calculation of severity a fuzzy membership
function was used, which was characterized for the given
project, and was determined by the project managers. The
vertical axis represented the severity, and the horizontal
axis shown the relative slack time.
The relative slack time (
) depended on the task
duration (T ) and the task’s slack time ( ).
(5)
In our model the severity function was linear (Figure 6).
The membership function’s vertical axis was scaled
between 0 and 1 values, where 1 represented the lowest
severity, as in the defuzzification the CFM method was
used. In this method the low values represents the
dangerous cases. If the severity was near to 0, that task
was serious in the model. The equation of the severity of
fuzzy membership function is:
1

(6)

In our case, x = relative slack time. The k parameter as
shown in this project was chosen to be 0.25.
Determination of this parameter can be different for each
project.

Fig. 6.The severity fuzzy membership function

7.2. Calculation the probability
The probability consisted two parts: the objective and the
subjective probability. From the two probability values
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the fuzzy logic (here is the CFM method) was used to
calculate the entire probability.
7.2.1. The objective probability
In the model, the objective probability also had a fuzzy
membership function. The vertical axis of the objective
probability was scaled from 0 to 1. Values of the
horizontal axis were based on the methodology used for
general risk management. The manager should have
determined these values with estimation before the project
began.
In our model values of this axis were determined the
following way: the activities were arranged to categories
based on the nature of the tasks and we assigned a
specific value to each category, depending on the
probability of the delay due to the nature of activities. If
an activity got a high value of the delay probability, the
objective probability value became small (similar to the
severity range). If the objective probability got higher
value, the delay due to the nature of probability was
lower. The horizontal axis was logarithmically scaled up
in -0.7 - to -4 range, where the values of the probability of
base exponent of ten (10x).
7.2.2. The subjective probability
In the subjective probabilities human factors and the
estimation trends based on the literature read and
monitored measurement data were also taken into
account.
The estimation depends mainly on people being
optimistic or pessimistic, and also depends on what is
needed to estimate, and whether the outcome of the event
is, positive or negative. Therefore, on the monitoring it
was asked separately about the delay and earlier
completion probability. Generally people have always
underestimated the probability of delay. In addition, it is
also typical that people assigned small probability values
to a greater probability events, and the greater probability
values to the smaller probability events. [6] These
characteristics were taken into account the probability
calculation. We expect that risk assessment profile will be
formed, based on the data collection of the monitoring.
The risk assessment profile will be different from person
to person. As the real run is available for the entire project
it is possible to compare it with the planned time, and by
these test the accuracy of the estimation.
Subjective probability also had a fuzzy membership
function. It had a value for each specific task was
assigned. The function’s horizontal axis represented the
probability estimated by the students during the
monitoring, and the vertical axis represented the
subjective probability. It was not considered to be a linear
function, because we wanted to illustrate the human
factors in the model, so that the shape of a function was
changing based on how the people estimated the
probability.
The shape of subjective probability membership function
is shown in Figure 7. It was used the same scaling like the
values of the objective probability membership function,
During the monitoring the students only had to estimate
the probability of the delay the earlier completion with
choosing from the following values: “sure”, “it is likely”,
“possible”, “unlikely”, “impossible”. These values were

entered on the horizontal axis of the fuzzy membership
function.

calculated using the given task’s current delay and the
task length. The program considered different cases,
depending on how the given task should have stood on
the given monitoring occasion. In this development phase
of the model, only those cases were examined in which
contains delay on the task. In this case, the program
calculated the relative delay of the task according to the
following equation:
(9)
TRD: relative delay

Fig.7. The objective and the subjective probability
membership function

7.3. The aggregate probability calculation
After the subjective (U (Phum)) and objective (U (Pobj))
probabilities were available, the aggregate probability
could be calculated (U (P)). This part of the fuzzy logic
risk analysis was the defuzzification. In the model CFM
method was used. The probability was calculated in this
case with the following formula:
∗

(7)

7.4. Risk calculations
If the task’s severity (
) and the aggregate probability
(
) were determined, risks (
) were calculable.
The CFM method had been used for the risk calculation.
The formula is:
∗

(8)

This part of the model is suitable for modelling any risk,
depending on the monitoring.

8. EVALUATION
After the risks have been calculated, in which the human
factor also played a role, the evaluation could begin. The
aim of evaluation was to determine how good the human
estimation of the probability of the delay during the
project. The results of the real-runs were also available, so
we could judge the accuracy of the estimates from a given
monitoring occasion to the next project phase. If the task
had high-risk from the estimation, it is probably going to
show delay compared to the planned runs. If the risk was
low, then the task is not likely to delay. In these cases, the
estimate were rated as good, if the risk, based on
estimates, was consistent with the real progress. To
qualify the estimation the risk and the relative delays were
taken into account. The risk assessment was available to
all tasks and monitoring occasion. The relative delay was

TP: completed hours in the planned case
TR: comleted hours on the real case
T: duration
In the model, to qualification the estimations a matrix
(Qualification matrix) was applied. One side of the matrix
located the risk, and the other side was the relative delay
located. Both were given in percentage and broken down
by categories. The qualification matrix is shown in Table
2. In the interpretation of the matrix, if the task had low
risk and the relative delay was also low, the estimation
was good (G). M denoted moderate estimates. B was for
bad estimates. In case of bad estimation low risk was
estimated, but there was a huge delay on the tasks, or high
risk was estimated, but there was no delay in the next
monitoring occasion. These cases could be read from the
matrix.
Ratings of the matrix could be displayed on a Gantt chart.
The program drawn the Gantt chart based on the proposed
network diagram. In the Gantt chart the columns
represented the individual tasks. On the vertical axis were
shown the tasks, and the horizontal axis stood for the time
Table 2. Qualification matrix
Qualification matrix
Risk

0%
100%

Relative delay
0%
G
M
B

M
G
M

-100%
B
M
G

of the project. This program gave different colours for the
tasks based on its qualification. The red denoted the bad
estimation, the moderate estimation was blue, and green
was for the good estimation. The program can displayed
the estimation separately by monitoring occasion (Figure
8), but it could give a more comprehensive view about the
project by colouring the whole diagram (Figure 9).

Fig.8.The Gantt-diagram on the second monitoring
occasion
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Fig.9. Colouring the whole project
The finalized Gantt chart is very useful because it shows
the changes of the estimation over time in a selected task.
In addition, it shows how the estimation was changing
during the project run. This can be very useful for every
project, because we can infer from it to the further
development of the project. A possible direction for
further improvement of the model is developing risk
assessment profiles for people, who are working on the
project. Risk assessment profiles can be applied in all
project estimates in the future.

9. CONCLUSION
The greatest achievement of the research is the creation of
a mathematical model that supports modelling of riskrelated projects, especially the risks of the period of the
project. It reduces the risk of human factors and
estimation by using fuzzy logic. Because simplifications
have been applied in many places our further objectives
also includes the elimination of these simplifications,
meaning taking into account multiple risk factors. Besides
these several other options are available for further
improvement. We are planning to collect more data, to
use the model for other projects, and to develop a risk
manager profile by qualifying estimates. We also would
like to take into account more human factors while
estimating the risk.
Our model has been developed primarily for design
projects with a lot of high risk and significant role of
human factors in the estimates. In spite of this the method
can be applied in all aspects with any project. Our model
is based on known processes of the professional literature,
but is also a new, working system for risk management.
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2. SKELETON METHOD IN CAD
The skeleton is collection of specifications (part in
assembly, geometrical set in part or design table), which
keeps functional characteristic of entire model
(assembly). The specification can be:
Surface geometry.
Wireframe geometry (Points, line, planes).
Parameters and formulas.
Axis systems.

APPLICATION OF CAD SKELETON
METHOD IN GENERATIVE DESIGN OF
VIRTUAL VEHICLE
Jozef BUCHA
Jana GAVAČOVÁ
Abstract: This paper deals with application of skeleton
method modelling in process of design of virtual vehicle
in CAD program CATIA V5 with CAVA extension. The
composition of skeleton is based on philosophy of MBD
program ADAMS/CAR. Created skeleton can be used
simultaneously in both programs.

The main reason of skeleton modelling is to centralize
key information (model specifications) in one place. Main
advantages of using skeleton modelling in process of
design are:
All information in assembly is stored in one placed
and transferred trough product structure.
Every part or subassembly is constrained only to
skeleton part. Assembly do not contains unnecessary
constrains. Easy replacing of assemblies.
Designers involved in design can work individually,
all necessary information are stored in shared skeleton
part.

3. DESIGN OF VEHICLE MODEL IN CATIA
The skeleton model of vehicle in Catia V5 is made
according fig.1.

Key words: Skeleton, CATIA V5, ADAMS/CAR, car
suspension, virtual vehicle

Cava base data
Skeleton

1. INTRODUCTION

Coordinates

Skeleton
Parameters
Coordintaes, parameters,...

Modern car design process needs more than just a simple
step-by-step
modelling.
Nowadays
there
are
interdisciplinary connections between different fields of
Mechanical Engineering and various types of programs
(CAD, FEM, and MBD). This is the case especially in the
field of Generative Computer Aided Design. Apart from
an instant parametric CAD process, it involves several
operations carried out independently. This paper focuses
on interactive connections among mechanical system,
geometry module and parametrical modelling. It is
demonstrated on the skeleton modelling of a car and its
components (suspension, steering, and chassis) in CATIA
V5. Basic characteristics of a car are defined in the
CATIA module CAVA as a determining part of the
skeleton model. Other components of vehicle are
connected to this base skeleton as assemblies with their
own skeletons. At the same time there are equal or
compatible models made as templates of suspension,
steering, body, etc. in the ADAMS/CAR, these templates
are used in vehicle subsystems, subsystems together form
a virtual vehicle (full vehicle assembly or suspension
assembly) in ADAMS/CAR. Geometrical interfaces for
copying geometry (.stl, .stp or native .catpart ) and
properties (mass, inertia and CG position) between
CATIA and ADAMS is carried out with macros in
ADAMS/CAR.

Front suspension
assembly

Overall data
Seats
Wheel
Planes

Rear suspension
assembly
Skeleton
Steering
assembly
Skeleton
Body
assembly
Skeleton

Front suspension
components

Coordinates
Parameters

Rear suspension
components

Coordinates
Parameters

Coordinates
Parameters

Steering
components

Body
components

Fig.1. Skeleton model of vehicle
The basic characteristics of vehicle in CAVA consist of
four parts:
Overall vehicle data. This section describes basic
vehicle dimensions such as wheelbase, front and rear
overhang, vehicle width. CAVA uses SAE J1100
standard.
Wheels. This section parameterizes position of
wheels, wheel dimensions, toe and camber values.
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Seats. This section parametrizes position of driver and
passengers, steering wheel, pedals according standard
SAE J826.
Planes. This section describes position of loading
planes.
The main skeleton in CAVA also contains positions of all
subassemblies of vehicle component. Fig.2 shows main
skeleton of virtual vehicle.

Table 1. Double wishbone suspension skeleton
Suspension
component
Lower arm
Upper arm
Tierod
Knuckle
Wheel hub
Lower strut
Upper strut

Front suspension
references

Wireframe geometry
H1,H2,H3,H9
H4,H5,H6
H7,H8
H3,H6,H7,H11
H11
H9,H10
H9,H10

Axis syst. coord.
Suspen. skeleton
Wireframe geom.

Seats+Manikin

Planes

.xsl file
Wheels

Axis syst. orientation.

Knuckle, wheel hub

Rear suspension
references

Coordinate
reference
CR1
CR2
CR3
CR4
CR5
CR6
CR7

Vehicle skeleton
H11 point
(Wheel center)

Fig.2. Basic parameters of vehicle

Fig.4. Parameters flow for knuckle and wheel hub

3.1. Suspension skeleton
The suspension skeleton (left part) of double wishbone
suspension used in virtual vehicle is shown in fig. 3. H1H10 mark wireframe geometry (points) is basic
topological elements. The predefined variants of
suspension layouts are stored as design tables in .xls file.
CR1-CR7 mark axis systems of suspension components.
Colored lines are used just for visualization purposes.

H10

Fig. 5 shows complete parametrical model of double
wishbone suspension based on skeleton.

H5
CR2

H4

H6

Fig.5. Double wishbone suspension

H8

CR7

In Fig. 6 are depicted different suspension topologies
based design tables with parameters stored in excel files.

CR3
CR6

H2
CR4,5

CR1
H1

H7

H11
H9
H3

Fig.3. Double wishbone suspension skeleton
Table 1 shows components of suspension used in
assembly, names of coordinate references, and important
wireframe geometry which is submitted from suspension
skeleton to individual parts. CR4 and CR 5 are references
of knuckle and wheel hub. Orientation of these axis
systems is taken from vehicle skeleton, H11 point is
wheel center, and position of this point is taken from
vehicle skeleton (fig. 4). Position of H8 point (tierod inner
point) is shared from steering skeleton. Other points are
defined directly by coordinates in suspension skeleton.
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Fig.6. Different suspension topologies
Simple geometry representations of suspension
components can be simply changed to real components by
replace command in CATIA. Fig. 7 shows double
wishbone suspension with replaced lower control arm
(red), upper control arm (green), lower strut (blue), upper
strut (dark red).

types of assemblies have prescribed minimum necessary
types and number of subsystem (fig. 9).
Templates
Wheels.

Suspension

Steering
.

Body

Subsystem
Front
wheels

Rear
wheels

Front
susp.

Rear
susp.

Sterring.

Body

Fig.9. Full vehicle assembly

4.1. Suspension template
Fig.7. Replaced suspension component
Fig.8 shows base skeleton model in CATIA CAVA with
front and rear suspension, steering and body. Other
subsystem can be added as necessary

The suspension template is designed with same procedure
as suspension skeleton in CATIA. The basic topology is
defined by points (green), every part has defined position
and orientation (yellow) of reference coordinate system
exactly same like in skeleton, every part has defined
simple geometry representation. In addition joints are
defined (light blue), and force elements (spring (white)
and damper (gold)). The connection to other templates is
made with communicators. The complete double
wishbone template is depicted in fig. 10.

Fig.8. Base skeleton model in CAVA

4. DESIGN OF VEHICLE MODEL IN
ADAMS/CAR
Program ADAMS/CAR is part of software system
ADAMS and it is tailored for vehicle simulations.
Program can use two types of assemblies:
Suspension assembly.
Full vehicle assembly.
The process of vehicle building can be divided in three
phases:
Creating templates.
Creating subsystems.
Creating Assemblies.
The template serves as basic block of vehicle; it defines
basic topology of vehicle component, properties of parts,
geometry of parts, used types of joint. It cannot be used
directly in simulations.
Every subsystem is based on template. One template can
be used by multiple subsystems. In subsystems it is
possible to alter some parametrical values, change
properties of spring, dampers, but the modification of
behaviour of vehicle component is not possible.
Assembly is collection of subsystems, which together
compose valid suspension or full vehicle assembly. Both

Fig.10. Left side of double wishbone suspension template
Fig. 11 shows full vehicle assembly of virtual vehicle
driving on 3D road.

Fig.11. Full vehicle assembly
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4.2. Geometrical transfer
The main reason to use real geometry instead of simple
representation is possibility to change rigid parts to
flexible parts and incorporate flexibility to simulation,
computation of stress in components.
The macro is used in template phase of vehicle modelling.
Macro can be divided into following steps:
1. Delete simple geometry representation.
2. Import new geometry as .stl or .catpart file.
3. Compute new part properties from geometry (mass,
inertia, position of CG).
4. Change colour of part.

[2]

[3]

[4]

Fig. 11 shows result of geometrical transfer with macro.

[5]

[6]
[7]
[8]
Fig.11. Replaced components via macro
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5. CONCLUSION
Using CAD skeleton method, in design of vehicle gives
many advantages, mentioned in article. Also designer or
team of designers using CAD program CATIA and MBD
program ADAMS/CAR together connected with
described skeleton models can benefit from advantages of
both programs (modelling in CATIA, testing the
fulfillment of vehicle standards during design process in
CATIA CAVA and virtual vehicle testing in
ADAMS/CAR).
Also
application
of
plugins
(ADAMS/DURABILITY,
ADAMS/CONTROL,
ADAMS/MECHATRONIC) in ADAMS/CAR makes
able to make durability analysis, incorporate control in
MATLAB or electronic parts of vehicle or make
optimization using ADAMS/INSIGHT. The main
disadvantage of skeleton method is that it should be used
from beginning of design process, trying to use skeleton
method in middle of design process can lead to problems
and delaying of design process. The skeleton method is
suitable mostly for mechanical models with different
variations of dimensions but same kinematics or function
(suspensions, engines, boom arms, etc.).
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HYBRID AND REVERSE ENGINEERING
IN ACTUAL DESIGN OF TECHNICAL
SYSTEMS
Milosav OGNJANOVIĆ
Sanja VASIN
Miloš RISTIĆ
Abstract: The new technical systems are with the existing
and traditional principles of action but with increased
level of action quality, with additional mecatronic and
software functions which are result of increased
technological level. These are hybrid TS which includes
function carriers with action principles which are in
strong contradiction. The objective of the article is to
perform analysis of hybrid systems action and established
procedure of these systems design based on reverse
engineering and linking of function carriers with physical
contradictions.
Key words: Hybrid TS, Reverse engineering, Eng. Design

1. INTRODUCTION
Economic prosperity and market competition need
permanent creation of the new products especially
technical systems (TS). It is easy to notice that exist the
lack of TS with the new principles based on the new

scientific inventions and the new power sources. Instead
of it, the new TS are with the same principles of action
but with increased level of action quality, with additional
mecatronic and software functions which are result of
technological knowledge level and design methods and
design tools perfection. Linking of mechanical, electronic,
software and human function and function carriers it is
not easy to linking. Carriers of this functions are from
different domain of actions and with in strong physical
contradiction. In Fig.1 relations of action domains are
presented. Function carriers act within some range of
action domain, mechanical and electronic in the physical
action domain, software functions in the software action
domain and human functions in the range of mental action
domain. Human action can be objective (carrying out
human functions) and subjective (decision making).
Physical actions can be oriented to carrying out the TS
functional structure (Known physical action) and to have
other actions (Unknown physical actions). Applied
software can act directly to carry out the TS functions and
can be applicable to other actions. The TS functional
action domain is the space of action, where the aim is
fulfillment of all aspects, technical, aesthetic, social,
economic and emergence, discussed by Arisicchio et al. in
[1]. In the space of action domain there can exist (act)
function carriers with various physical and other
principles. As a rule, these principles are not compatible
(non-friendly) and it is not possible to link them directly
in the TS structure. These contradictions are much more
intensive between physical and software function carriers,
or in relation with human function carriers than between
function carriers with different physical principles. For
the purpose of function carriers linking with contradictory
principles of action, the secondary functions in the
function structure have to be added to create the
corresponding valences (links). For example, to link
mechanical and electronic (M-E), software and electronic
(Stw-E) function carriers, various solutions for this
linking have to be developed.
Development of design methodology was started with the
task to create structure of TS – S and by VDI-2221 is
established the sequential systematic procedure which
consists of suggested phases and operations (Fig.2). In

Functional
Mental Action Domain Action Domain

Non-functional
Actions
Subjective
Actions

Known Physical
Actions
Objective mental
Actions
Direct Software
Actions

Physical Action Domain

Unknown Physical
Actions

Software Actions
Software Action Domain
Fig.1. Function action domine relation
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order to define relations between design structure S and
TS behavior – B, as result of many efforts and work based
on and inclusion of various design properties of structure

contradictions understand that if one parameter or
property is enhanced another one is deteriorated. Physical
contradiction means that the same parameter has to be

F

S

P

B

System
d i
d

Fig.2. Areas of developed design methods in relation to FSB-model
parts and assemblies, by VDI-2206, the V-model of
design procedure is established. Decomposition of design
architecture to the level of simple components, together
with desired functional requirements and limitations,
gives possibility, using approaches such as axiomatic
design and robust design to define and harmonized design
parameters which will provide desired behavior B of TS.
Actual activities and orientation of design methodology is
in relation between F-B (Fig.2) with the task by adding of
additional functions additionally increase quality of action
i.e. behavior B of TS. Mecatronc components and
software in interaction with human decisions and actions
will fulfill this objective. Technical systems in this way
will, step by step, get the part of human action and release
him of action, except of the key decisions. These are
hybrid TS with the function domains presented in Fig.1.
Whereas these TS are result of reverse reengineering of
existing, predominantly mechanical systems, the approach
belongs to reverse engineering which got important part
of methodology in the new products development. It can
by transition to the future when will arise resources for TS
development based on the new principles. For it we can
expect significant scientific discoveries and principally
the new power sources.
This article will present hybrid TS with more details and
methodology of these systems development based on
reverse engineering using actual innovation techniques
TRIZ and WOIS.

2. HYBRID SYSTEMS
According to explained term of hybrid TS, the mine
problem in these systems development is linking of
function carriers in physical contradictions. In general in
design can get administrative contradictions, technical
contradictions, and physical contradictions [2].
Administrative contradictions presents the question that it
is necessary something to do, but how? Technical
34

enhanced or deteriorated in the same time. This also
means action of function carriers which in the same time
have unconnectedly inputs and outputs. Linking various
principles in the same and compact technical solution
presents a serious challenge to creativity in the
engineering design process. In the past, the problem of
function carriers linking with different physical principles
was solved using empirical methodology and knowledge.
Today, based on developed principles of linking, it is
possible to carry out a review and analysis of principles
and solutions for this purpose. As a result of this research,
Table 1 shows ten groups of possible contradictory
principles of function carriers that need to be linked in
technical solution structures. Contradictory principles
can’t be linked directly and solutions for this purpose
were gradually developed (from one to another TS
generation) or directly. Representatives of these various
solutions are presented in Fig. 3.
Table 1. The ten groups of contradictory function carriers
Types of function carriers
with principles in contradictions
1
Mechanical
Mechanical
2
Mechanical
Electronic
3
Electronic
Mechanical
4
Electronic
Software
5
Software
Mechanical
6
Mechanical
Hydro/ Pneum
7
Hydro/Pneum. Electronic
8
Human
Mechanical
9
Human
Electronic
10 Human
Software

Type of linking
solutions
Adapters/Connectors
Sensors
Actuators
A/D convertors
Digital actuators
Pumps/compressors
Sensors
Human action
Control panel
Computer

In the relationship and linking of function carriers with
mechanical principles (group 1 in Table 1), physical
contradictions can arise if these principles are not the
same, or if direct linking is not possible. Usually, it is
possible to say that these carriers do not accept each other

and in morphological matrix stay out of linking. However,
the solution for linking can be the result of additional
secondary functions and function carriers that solve this

2

1

electronic systems were gradually transformed into
software (information) systems. Software function carriers
had to be linked to electronic function carriers (group 4 in

5

3

7

9

8

6

4
10

A/D
Conversion

Fig.3. Representatives of secondary function carriers’ solutions for linking of function
carriers in physical contradictions
contradiction. These are various kinds of adapters or
connectors. Fig. 3 shows a representative of this group of
secondary function carriers. This is synchronic coupling
which makes possible alternative connection of various
gears with the same shaft in an automotive gearbox.
Furthermore, physical contradictions are common if the
function carriers, which should be linked, have a different
physical operating principle. As mechatronic systems are
a combination of mechanical and electronic components
(function carriers), linking presents the main task in those
systems design. The relationship between mechanical and
electronic function carriers principles (group 2 in Tab.1),
and vice versa (group 3), was a challenge for special
design and production of separate components for this
purpose. This is a group of various sensors which
transforms mechanical actions of function carriers with
mechanical principles into electric charge, voltage or
current that can be used for electronic components
(function carriers) action. Also, electric physical values in
connection with mechanical components have to be
transformed into mechanical values such as force, motion
etc. Various kinds of actuators (the group 3) are
developed for the purpose. The range of sensors and
actuator families is broad. The reason is that the number
of physical values that have to be transformed is large and
the range of these values variation is large too. For the
purpose of manufacturing transducers (group 2) and
actuators (group 3), a specialized area of product
development and industrial production is arranged.
In the past, in technical systems development, mechanical
principles gradually gave way to electronic principles, and

Tab.1) and to mechanical ones (group 5). The linking
problem distinguishing electronic and software systems is
a different type of signals that define physical values.
Electronic signals can be analogue and digital. Since
software systems are digital, analogue values have to be
transformed into digital, and vice versa. This secondary
function of the signal transformation is carried out by an
analogue-digital (A/D) converter (4 in Fig. 3). In the case
with digital electronic function carriers this transformation
is unnecessary. For example, in digital motors used in
robotic systems for different kinds of motion, the control
process is carried out directly by software digital signals.
These solutions present a direct link between software and
mechanical function carriers (group 5 in Tab. 1 and Fig.
3). Function carriers with hydro and pneumatic physical
principles are also in physical contradictions and linking
with mechanical or electronic function carriers is the
result of secondary functions and function carriers for this
purpose. Fluid pressure has to be provided by highpressure pumps and compressors (group 6 in Tab.1 and
Fig. 3). Fluid pressure control in the pumps-compressors
and hydro or pneumatic actuators is carried out by fluid
sensors (group 7).
Human action (carrying out some of the functions) also
has to be linked with mechanical, electronic or software
function carriers. Human action is, as a rule, cognitive and
it is the result of information processing and decision
making according to the results of technical process
monitoring. Cognitive decisions are transformed into
mechanical human actions by hands or legs. These actions
also have to be transformed at initialization of mechanical
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or electronic and software action of corresponding
function carriers. Mechanical action at the control bars of
steering mechanisms presents mechanical linking of
mechanical function carriers with human action (group 8
in Tab.1 and Fig. 3). Human communication with electric
or electronic function carriers is provided by control
panels and corresponding buttons or similar control
devices (group 9 in Tab.1 and Fig. 3). Interactive
communication with a software system linked to
electronic or mechanical function carriers is carried out
using a computer with the corresponding software (group
10 in Tab.1 and Fig. 3). The trend in the new technical
systems development is the replacement of electronic
function carriers (analogue and digital) by software
systems that operate using artificial intelligence or
interactive correspondence with human (user).
In figures 4-6 is presented the cases of empirical linking
of function carriers with physical contradictions. The
objective of these cases study is to identify the process of
a certain design solution quality level increase by the
application of function carriers with the contradictory
physical principles and the process of contradiction
solving. Furthermore, the objective is to identify the
challenges and the future trends in this course by using
previously developed and existing solutions, including the
methodology of problem solving.
As explained above, the contradictory physical principles
of function carriers exist in technical systems that consist
of all mechanical function carriers. Fig. 4 displays a
differential gear unit which is applied in mobile machines
(passenger cars and other). The function of this unit is to
provide different rotation speeds of wheels in curvature
motion. The disadvantage of the classic solution of these
function carriers is disappearing of the traction torque at
both wheels when one of them starts to slip. The new
solution presented in Fig. 4 contains two friction
couplings which blocked free rotation of one wheel
relative to another. In the course of curvature motion it is
necessary to increase the pressure at the coupling near the
wheel that has to slow down and reduce the pressure at
the coupling near the wheel that has to increase speed of
rotation and enable coupling slipping. When it is
necessary to increase and reduce pressure force at the
same time, this is physical contradiction. The solution is
found using the mechanical principle. The force adapter is
based on inclined planes with difference in angles for the
left and right side. The difference in angles is opposite for
opposite direction of relative motion between the wheels.
Higher angle produces higher force, and vice versa. This
adapter together with the friction couplings makes
possible to have traction torque at both wheels
proportional to the pressure at the friction coupling and at
the same time wheel rotation with different speeds.
Hybrid passenger cars are powered by a combination of
internal combustion engine and electric motor-generator.
In the combination of these power sources, excess of
mechanical power is transformed into electric charge of
batteries. The car traction provides electric motor and the
function of engine is to help electric drive or battery
charging. The functions of engine and motor are in
multiple physical contradictions. Both of them are the
sources of mechanical power, but the direction of this
power transmission frequently changes. Furthermore,
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speed and level of the necessary torque varies. Linking of
these two components was a very complex task. Research
in this direction resulted in the development of
Continually Varying Transmission (CVT) unit. This
adapter is based on the mechanical principle similar to the
friction (belt) variation (Fig.5). Control of CVT
transmission ratio and change of power flow direction, is
performed using electronic subsystems. The CVT in itself
is a complex mechatronic system, whose main function is
to link the engine and motor-generator in the traction unit
applied in passenger cars.
Force adapter

Fig.4. Mechanical function carriers linking
with physical contradictions in automotive
gear differential unit using force adapter

To the car
wheels

To electric motorgenerator

Fig.5. Linking of engin and el. motorgenerator in hybrid passenger car traction
unit using CVT
The wind turbines are not really a new technical solution.
The wind power is transformed by the propeller into a
slow rotation with the high torque. The task of the
gearbox is to transform (increase) the speed of rotation to
the level sufficient for current production in an electric
generator. The speed of rotation is closely related to the
wind speed and electric power produced by electric
generator does not correspond to a common electric net.
The transformation of electric power parameters is a
complex process and significantly reduces the efficiency
of wind plants. The new idea is to provide a link between
wind turbine and electric generator to produce electric
power with parameters ready to be directly synchronized
in the common electric net. The unit which can provide
this adaptation consists of one additional planetary gear
set (Fig. 6) with the outer toothed ring which is not fixed,
and also free for rotation [3]. The rotation of this toothed

ring is controlled by electric motor-generator. If the wind
speed is slow, the gear ring rotation increases the

between contradictions. Since the TRIZ methodology is
formed on the basis of patents, then the TRIZ and the

Motorgenerator

Speed actuator

Controller

Gearbox

Generator
Speed sensor

Fig.6. Continual variation of gear unit transmission ratio in the wind turbine directly synchronized
in the electric net and linking of mechanical, electronic and software components
transmission ratio and in the case when the wind speed is
high, the motor will act as an electric break and will
decrease the gear unit transmission ratio. The speed of
electric generator has to be maintained at the same level.
Electronic controller provides this condition. Motorgenerator varies the speed of rotation according to the
Controller signal, and consumes or produces electric
power. The main electric generator with permanent and
constant speed of rotation is synchronized directly at the
electric net. Gearbox and electric generator are linked
using a complex mechatronic system combined of the
generator speed sensor, controller, speed actuator and
motor-generator.
All the three cases (examples) show as follows. Linking
of the main functions carriers with physical contradictions
requires complex hybrid technical solutions (Fig. 1).
Secondary functions, for this linking, present a complex
structure and play an important role in the system
operation. The objective of this presentation is to identify
those principles in the existing solutions, and to establish
the procedure and methodology for efficient solving of
these problems at first attempt.

3. PROCEDURE OF CONTRADICTORY
COMPONENTS LINKING
The two approaches to solving contradictory problems are
available, using the TRIZ and the WOIS methodologies.
These methods also have contrary approaches in creating
the design solution. Althsuller [4] created 40 TRIZ
inventive principles and 39 engineering features, which
resulted from the existing patents analysis. Using the
TRIZ principles, the solution to a contradictory problem
solving is developed by searching for a compromise
between contradictions [5]. The WOIS principle solves a
contradictory problem without a compromise, depending
on paradox necessity and in the direction that is more
important. The WOIS approach is more common in
creating patent solutions. The patent inventor has the
target and is looking for a solution that is more ideal in
paradox requirements fulfillment without a compromise

WOIS can be coupled by the same token via inventive
principles and engineering features established by patent
analysis. In this case, solutions in terms of function
carriers with contradictory principles linking (Table 1 and
Figure 3) were developed mainly by a methodology that
would meet the WOIS approach. These solutions
represent some kind of patents. If these 10 groups have
been already taken as a basis of the existing linking
solutions, analogous to 40 TRIZ principles, it is possible
to define integrated WOIS and TRIZ methodologies
oriented to searching for the new solutions for the purpose
of function carriers linking with contradictory principles.
This means that the solutions developed so far by the
WOIS methodology, create directions in looking for the
new solutions, using the TRIZ methodology. These
evolutionary searches have the task to find out the new or
more efficient solutions to linking of function carriers
with contradictions in action principles. Fig. 7 shows this
integrated procedure that is based on: (a) identification of
contradictions and properties of function carriers which
have to be linked, (b) integration of TRIZ and WOIS
methodologies based on existing linking solution and the
new one produced by Biomimetic methodology, and (c)
interactive decision making in iterative convergence to
linking solution. These three aspects create the proposed
methodology and present guidelines for further research
in this area.

3.1. Physical contradictions identification
According to Altshuller [4], physical contradictions
present conflicts of physical properties in the space
domain, time domain, structure domain and material
domain. Functions and function carriers presented in
Table 1 contain all of them and even more. On the other
hand, these principles have to be in operating status at the
same time and in the same space. Linking valence
creation is based on identified function carriers’
properties which need to be linked. In Fig 7 the two
activities for this purpose are anticipated: identification of
contradiction and then identification of the properties of
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function carriers which need linking. The procedure has
the next steps. The first one arises from the inability to
connect the two function carriers in TS organ structure.
Identification of contradiction means to find out the
difference in the principles of action, such as various
Function carrier with
one principle

establish FC link with the existing linking components
and the development of new. Step by step the search
process converges to a definitive solution. In this process,
the application of I-TRIZ software (Ideation International
Inc.) is contained. This application firstly contains
Physical
contradictions
identification

Properties of
function carriers’
identification

-SolutionLinking function carrier

New priciples
-Biomimetics?

Function carrier with
another principle

TRIZ
-Engineering features
- Invention principles

?

Base of
procedure
entities
WOIS
Target, Intuition,
Analogy

Fig.7. Contradictory function carriers linking – CFL methodology
kinds of physical principles (mechanical, electronic,
magnetic, nuclear,…), chemical, biological, software and
mental (human). The difference in the principles of
function carriers’ action can be inside of one of them, for
example in two function carriers with two different
mechanical principles of action or different electronic
principles, etc. A higher level of principle differences is
found between mentioned groups, such as mechanical or
software, or biological and others. The next step is the
properties identification of both function carriers that
should be connected. For example, among electronic
components this is current, voltage, charge, for
mechanical components these are velocity, displacement,
force, etc. The value of identified properties
determination is the last step in the procedure of
contradiction identification.

3.2. The TRIZ and WOIS technique integration
Searching for methodology of function carriers linking
with incompatible properties is performed applying the
analogy of TRIZ development. This method was
developed based on the analysis of patent solutions. In
this case, the base is created by ten groups of solutions for
function carriers (FC) linking presented in Tab.1 and Fig.
3. The contradictions and properties identified in previous
activity correspond to one of these groups. For every
group, the proposed procedure for further activities is
found in the base of contradiction type entities (Fig.7).
The base contains entities for contradictions already
recognized. When the new contradiction appears, a new
entity is possible to add in the base. The identified
properties of FC are the output and input of FC in conflict
which have to be linked. Linking needs first their
mathematical transformation (modeling) of these
properties transformation. Then follow the search for a
carrier capable of carrying out this transformation. This
search is an iterative process that consists of attempts to
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preliminary analysis using a corresponding questionnaire
and then formulation of the problem using the Problem
formulator. The choice of direction for problem solving is
the action, which has to be done before the concept
solution is suggested. In order to provide the costeffective solution it is necessary to attempt to apply the
existing components such as presented in Fig.3. If in
some cases there is no convergence or if convergence
leads to expensive solutions, the user of methodology can
apply the WOIS method to find the solution that will
satisfy the contradictions, including cost, without a
compromise. This is the action undertaken by the
methodology user, which forms an integrated approach by
combining the TRIZ and WOIS methods. This integrated
methodology for contradictory function carriers linking –
CFL includes the procedures based on the existing
solutions for linking and search for possible new ideas
and principles that will be in the future predominantly
based on the principles taken from biological systems –
Biomimetics [6].

3.3. Iterative decision making
The dominant role in CFL methodology is cognitive
decision making, made by methodology user. The TRIZ
methodology is guiding the process but can’t replace the
designer. The I-TRIZ software makes combinations and
relations, and supports decisions. The background for
decision making can be cognitive thinking, intuition, or
application of some methods for decision making such as
optimization, genetic algorithms, fuzzy logic, neural nets
etc. Cognitive thinking provides: (a) convergence to
definitive solution (Fig.7), (b) choice of the procedure
entity for creating a solution, (c) guidance for the process
of linking solution creation and choice of the TRIZ or
WOIS method, (d) choice among the existing linking
components in order to reduce cost, (e) proposal or
creation of new biomimetic solutions in order to enhance

the existing solutions, and (f) making definitive decision
about linking solution. A designer or designers’ team
carries out a complex network of interactive decision
making according to CFL methodology. Involved
methods and tools only support decision making.

4. REVERSE ENGINEERING IN TS
DEVELOPMENT
As already mentioned the actual trend in engineering
design is increase the quality of function execution of
existing technical systems and transformation of
mechanical TS into hybrid systems by application reverse
engineering approach. According to Fig. 2 these
understand activities in relation B-F. In reverse direction,
desired TS behavior – B, with artificial intelligence or
interactive relation with user, it is necessary to obtain by
transformation of function structure – F and then to carry
out reengineering of TS in order to fulfill the task i.e. to
obtain desired behavior of TS. Functional action domain
(Fig.1) of TS has to be spread out by the new physical
actions, software actions and with interactive control
carried out by human action. AS the rule, the new
physical actions (functions) together with software and
human functions are in physical contradiction. Input and
output signals for these function carriers linking have to
be in the same time different and satisfy the both
connected function carriers. This contradiction can be
solved by application of approach presented in the chapter
3 and using model presented in Fig.7. This means that
instead of direct linking of function carriers which are not
valet to be direct linked, it is necessary firstly to develop
corresponding valence. The process of valence creation
contains adapting linking signals of both function carriers
(Fig.7) by adding complementary secondary functions and
carriers for these purposes. In dependence of the level of
physical contradiction, the complexity of valence
structure can be more or less complex.
In Fig. 8 is presented the model of reverse engineering
which supporting improvement of TS behavior i.e.
transformation existing TS into hybrid which are much
more user friendly. The V-model contains TS
decomposition for the purpose to TS embodiment design

(mechanical, electronic, software,…) and TS integration.
In reverse direction desired behavior – B of TS
decomposes simultaneously with decomposition of
existing TS structure. Decomposition of structure
provides possibility to identify existing function structure
and properties of design components (first block in Fig.8).
The next block contains refilling of identified function
structure with the new additional functions (electronic,
software, human,). Refilling process is based on at desired
and decomposed indicators of TS behavior – B.
Contradictory principles of these functions carriers action
need contradictory signals for linking. The next block
contains application presented methodology for linking of
function carries with principles in contradiction. The last
block in Fig.8 is final system design and integration
which includes additional and secondary function carriers
and creation of hybrid TS with high level ob behavior – B.

5. CONCLUSIONS
A new generation of technical systems is predominantly
based on the existing principles but enriched with
electronic and software control (hybrid -multidisciplinary,
integrated and intelligent systems). Procedure of
development is based on reverse engineering
(reengineering) of existing systems, refilled by electronic,
software function carriers controlled by interactive
communication by human (user). Function carriers are in
strong principle contradictions and their linking opens up
a special field of interest. The article contains the
following results.
 resentation of the cases of hybrid TS and linking of
function carriers in contradiction.
 the CFL methodology for contradictory function
carriers linking is established.
 rocedure of reverse engineering of existing TS with
the aim to obtain hybrid TS is presented and
discussed.
The main objective of the article is to present and relief
methodology of hybrid TS development and to encourage
the development of technical systems closer to biological
ones, where function carriers are harmonized with various
physical and biological principles.
Quality
Indicators

Requirements
Function -F

System
Design

Assurance
of properties

System
Integration

Behaviour -B

Mechanical Design
Decomposition

Electronic Design

Decomposition

Software Design
Function structure
Identification:
refilling by:
-Function structure
-Design structure electronic, software,
human functions
-Property structure

Linking of
function carriers
with physical
contradictions

Fig.8. Reverse engeneering procedure in transformation of existing mechanical into hybrid technical systems
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DESIGN CHALLENGE OF LARGE
FRAME STRUCTURES
Miomir JOVANOVIĆ
Goran RADOIČIĆ
Danijel MARKOVIĆ
Abstract. This theoretical-experimental analysis shows a
contemporary dynamic structural modelling by the
required quality and applying frame linear elements. FEM
models with tested dynamical properties were formed to
consider the two heavy structures. Elastic translations,
eigenfrequencies and mode shapes of models were
determined. Theoretical solutions were numerically
computed and compared with experimental solutions.
Deviations mainly less than 2% are the result of the
application of quality modern modelling. The paper
indicates the quality of modelled elements, the scope of
structural elements, the required precision of individual
description and the importance of finite element type. On
the basis of these analyses, it is possible to develop
analogous models of good dynamic design that would
provide the safety of responsible structures.
Key words: Support structure, structural design,
dynamical properties, modal analysis, experimental
verification

500 t and geometry over 100 m [7]. Characteristic of their
geometry is to have a rotating platform which carries the
mechanical plant and boom with band conveyor. Tower
cranes are also large construction machines whose height
exceeds 100 m and boom range reaches up to 60 m. The
tower cranes are characterized by a similar frame support
structure.
Dynamic analysis determines the vibration amplitudes of
structure parts at forced harmonic action, incidental
resistance at aero and mechanical impact, random and
seismic actions. These analyses are a way to check the
dynamic stability of structural parts as well as to search
the locations of the highest stress.
Therefore, the basis of dynamic design is an
understanding of own behaviour of structure parts. The
basic dynamic analysis is known as the modal analysis.
The modal analysis of support structure in the case of
stacker and tower crane is the subject of numerical and
experimental research in this paper [4, 5, 6, 7, 9].
Transient analysis is based on the modal analysis and the
previously modelled damping. Modal analysis is
performed before the harmonic and transient analysis.
Complexity of modelling is conditioned by constructive
design, material (elastic properties and material damping),
structural damping [1], eigenfrequencies and eigenvectors.
Large frame structures, such as cranes, offshore platforms,
towers, are modelled using the linear beam structural
elements for the dynamic analysis [4]. The beam as a
linear structural element has 6 degrees of freedom in each
of nodes. Adding beams, models of complex structures
can be relatively easy developed. Thereby, the mechanical
beam model can quite successfully describe the properties
of real structures. The description of nodes of a support
structure is a more complex. Node plates restrict
deformation of frame structures in the local area which
lead to the deviations of linear analytic solutions in reality.
Based on all of these elements of complexity can be set up
the basic design issue, i.e.: How realistic is the target
accuracy of dynamic properties of numerical models? The
answer to this question can be obtained by experiment.
Compliance of numerical and experimental model allows
the design of new solutions beyond the borders of our
experience.

1. INTRODUCTION

2. DYNAMIC MODELLING OF
STRUCTURES

Dynamical behaviour of responsible support structures of
heavy lifting and construction machinery is the main
feature of which the success of technical design will
depend. The number one criterion in design is the
dynamical behaviour. This criterion determines the
general safety of structure. Contemporary design is
realized by using dynamic simulations to deterministic
and random effects. The final assessment of success is
performed by experimental testing of real objects because
they were built. Experimental behaviour does not
correspond often to the initial dynamical model. Structure
eigenvalues (eigenfrequencies, eigenvectors) participate in
free, forced and transient vibratory movement.
The largest opencast mining transport machines are
stacker and bucket-wheel excavators on surface mining.
Stacker has the construction whose masses often exceed

Dynamic modelling of large support frame structure was
made by forming of a discrete system mass of support
structure elements and equipment involved. The masses
are mutually coupled with elastic connections structure
elements. The modelling was done using the pre/post
processor FEMAP [11] for the finite elements analysis.
The support structure of tower and boom are a lattice type
and was modelled by finite element type beam. The
accessories, belts, rollers and material are modelled with
grid point-mass finite element in the frame structure parts.
For example, design of slewing mass of stacker with 175 t
and geometry 55/16/5.4 m [7, 9] has the total of 2012
finite elements (mass) and 934 nodes, Fig. 1. This great
number of masses makes modelling more real and leads to
better results. The model enables an easy dynamic
checking of incidental situations with failures of structure
parts.
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Fig.1. View of the ground - Dynamic model of slewing support structure of the stacker

a)
b)
Fig.2. Tower crane Potain 744e - Similarity of numerical FEM model in the parallel perspective (a) and real
technical object in the central perspective (b)
The dynamics modelling is supported with elastic rotating
bearing to underframe stacker with the tracked system the
moving. The elasticity of rotating bearing is placed in the
domain of rigid links. The influence of the incoming
conveyor (at the top stacker bunkers), is modelled with
elastic link using spring elements.
Frame structures of heavy lifting and construction
machines as the subject of dynamics research require
mechanical models that faithfully represent real
structures. A special attention is paid to the choice of
type, shape visualization and orientation of finite
elements. The frame structure modelling is most often
performed using linear elements considering the large
mass of several tens of tons. Beside main masses, the
modelling covers other present masses of smaller
elements in the structure such as drums, motors etc.
Fig.2 compares the numerical FEM model, i.e. the
central part of tower crane frame structure which
contains turntable, boom and counter-jib pendants, tracks
etc. with the photo of real crane.
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In paper 4, the numerical and experimental
investigations on the developed FEM model of the frame
structure were shown. On this occasion, the discrete
tower model with performances of 23.5 m of height, 45
m of reach and 10 t of maximal carrying capacity was
used. For modelling the entire structure were required
1146 nodes and 1667 finite elements. Three types of
finite elements were applied. The beam element, with 6
degrees of freedom in each of nodes, was used for the
description of frame structure. For description of jib
pendants the rod element was used. The reinforced
concrete footing was modelled by the 8-node solid
elements. For modelling the foundation reliance on the
ground the 48 spring elements were used.
Figs. 2 to 5 show possibilities to skilfully present the
geometric complexity of models using modern software
tools 4, 5, 12. This primarily relates to the quality of
modelled geometric form, oriented elements reliability
and previous over-height of structure. These are general
elements for a quality development of contemporary
models.

a)
b)
Fig.3. Tower crane: (a) part of the FEM model in the parallel perspective,
(b) The photo of tower section in the central perspective

a)
b)
Fig.4. (a) The FEM model of counterweight, (b) The photo of real counterweight

a)
b)
Fig.5. Stacker RBB OU-1: (a) the geometrical model of construction node [12], (b) The photo of the same node
Fig. 5a shows the geometrical model of basic node which
characterizes the frame stacker structure from Fig. 1. In
Fig. 5b, the photo of the same node on the real structure is
shown. The fidelity is obvious and the degree of
approximation is negligible. The modelling was based on

the introduction of real cross sections of linear structures,
the adding of possibility of DOF kinematic element
connections and introduction of colour as the CAD
recognition element of entities within the whole structure.
This enables the introduction of other existing masses
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influence within the structure such as drives, motors,
reduction units, pulleys and electrical equipment. The
introduction of accurate masses in the model leads to an
improvement of quality, i.e. a higher accuracy of solution.
The investigation shows the quality of a modern solution
obtained only using the linear finite elements such as
beam and rod. The quality of theoretic models and modern
software tools for analysis can be evaluated on the basis of
static and dynamic elastic properties such as static
translations, eigenvalues and periods of vibration.

3. THE RATING OF MODEL QUALITY
Table 1 enables the quality experimental assessment of
dynamic modelling of structure. The effectiveness of
model was evaluated by the relative deviation of model
translations MOD and the relative deviation of swinging
period T. The relative deviation was calculated in relation
to the experiment. The results obtained by the theoretical
modelling of dynamical model relate to the un-damped
free vibrations and essentially diverge from the measured
damped vibrations. According to 1 and Eq. (1), the
correlation of the period of damped vibration TA and undamped model T0 can be established using a single-mass
oscillator with the experimentally determined damping
logarithmic decrement D.
The following table summarizes the results of vibration
frequency of the tower crane without details of rod
frequencies. The rod frequencies are actually between
tabular frequencies of vibration of the main structure
parts. By using the modal analysis [4], the 8 important
eigenvalues and eigenvectors (modes) were identified.

The important natural frequencies should be placed
between the values Ω = 0.457 Hz and 25.407 Hz.
Overall structural damping coefficient G=0.1 and
coefficient of material damping ζ=0.02 were used in
modal analysis [4].
Table 1.
mQ = 0 kg

Mode-2

Mode-4

Mode-6

Mode-10

Ω Hz

0,45719

1,5380

2,0042

3,3565

Mode-24

Mode-44

Mode-65

Mode-70

8,9820

16,3150

25,0399

25,4070

Ω

Hz

A respective approximate value of the damping vibration
period, which corresponds to the basic characteristic
period of free vibration in the vertical plane of
T2=2.1872 s (Mode-2, Table 1), is numerically
calculated using Eq. (1) to the unloaded crane range of
L=20.88 m.
2

D
TA, L  20.88  T0  1    

2

(1)

 0.098605 
 2.1872  1  
  2.1882 s




The relative deviation of period of vibration for the
theoretical model, calculated by Eq. (1) had value
ε=2.2523% in relation to the experimentally determined
period TEXP,L=20.88=2,14 s in Fig. 6. The diagrams in Fig.6
show the vibrations of mast (MG1, MG2) and counterjib pendant (MG3) at a vertical excitation of the crane
structure.

Fig.6. The vibrations in the root of tower (in the measuring points MG1 and MG2) and a counter-jib pendant (MG3)
caused by rotating of unloaded crane [11]

4. CRITERIA TO DEVELOP THE MODEL
The dynamic solving of big structures by quality analytic
solutions is a complex task that cannot be realized in the
first step, having in mind the requirements of large-scale
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understanding of technical characteristics embedded into
the structure parts. Although the structure of 72 t of mass
was considered, the translation (deflection) changes of

the hoisting boom were significant to each constructive
change of model elements.
To lead the model in a mathematical-representative
status it is necessary to match the measured static and
dynamic parameters. If there are more measurement
parameters such as stress, force, translation, period and
amplitude of vibration, then there is only one solution,
i.e. mechanical model that really corresponds to the real
physical structure behaviour.
Apparently, with more measured parameters it is more
difficult to reach a satisfactory quality of the dynamical
structure model. However, it is the right way to
necessary model modifications which serve for the best
structural description. The general criteria of dynamical
modelling are:
1. It is necessary a very accurate understanding of
structure and embedded masses into the structure
during construction.
2. Also, it is important to enter all static properties of
structure elements analysing them in details.
3. Do not make approximations but respect the real
layout criteria of frame elements.
4. Enter secondary elements masses including drives,
motors, ropes, ladders, platforms, joint connections,
electrical equipment and reinforced concrete footing.
5. It is necessary that thin pendants should be modelled
by the rod element of 1D type if the eigenfrequencies
are required in the research.
6. The ground stiffness C must be modelled on the basis
of the experimentally determined type of soil
compressibility and the experimental checking of
fundamental translation at extreme dynamical actions.
7. Damping (logarithmic decrement) is a variable value
of dynamical model. It can be modelled on the basis of
the average statistical values from these investigations.
8. The mechanical characteristics of static model must
be precisely set to the elastic translations analysis,
best based on experiment.
9. Hundreds of eigenfrequencies, many of which are
insignificant, can be extracted by modal analysis. The
dominant frequencies should be carefully extracted
using mode shape analysis.
10. The accuracy of some numerically obtained and
experimentally established frequencies can be
improved by carefully adjusting the suspension
stiffness of the whole structure through main axial
bearing.
11. Respect the basic criteria of steel structures in the
creation of large models. Use the geometry based on
the systematic lines of structures.
12. Use the referent software to FEM analysis that
provides advanced solutions in the modelling.
Especially in the cases of transient analyses which
contain the problem of non-linearity.

5. CONCLUSION
1. The beam finite element with two nodes and 2*6
degrees of freedom is very suitable for frame
modelling.

2. Increasing the number of linear finite elements (1D)
does not increase the convergence of model.
3. Good and fast modelling can be achieved by
competitive development of two parallel models in
drafting of two separate teams.
4. A model is verified only when one structure would
satisfy all static and dynamic tests (amplitudes,
translations), frequencies and designer’s constructive
model.
5. Dynamical models become faithful only when the
dispositional plan of structural masses would
becorrectly formed.
6. The relative deviations of translations in linear
analyses of elastic structures, compared to nonlinear
analyses, observing the tower cranes, have an
academic significance in terms of the geometrical
conditions. The relative error for static deflections up
to 1 m is less than 5%.
7. The frame structure dynamical models of new types
need to be tested experimentally.
8. Also, it is necessary to use the advanced graphic
processor for excellent structure visualization.
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The observed general configuration of kinematic chain
consists of: the rear L1 (Fig. 1) and front L2 moving
mechanism and the manipulator with arm L3 and
bucket L4.
This paper presents a part of research and developed
program related to the kinematic analysis of the loader.

2. MATHEMATICAL MODEL
A defined mathematical model of the loader kinematic
chain is based on general theorems of mechanics. The
members of the loader kinematic chain builds kinematic
pairs of fifth class - rotary joint with one degree of
freedom.
The member of loader kinematic chain Li is determined in
its local coordinate system Oixiyizi with set of a geometric
and dynamic sizes:
~
~
Li  e~i , ~si , ti , mi , J i
(1)
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where is: - e~i - orientation of an axis of joint Oi with whom
the member Li is connected to previous member Li-1, ~si position vector of the joint center with whom the member Li
is conected to forward member Li+1, intensity of vector si
~
represents the kinematic length of member, ti - position
vector of center of mass m1 of member chain Li in absolute
~
coordinate system, J i - moment of inertia tensor of
member. Values that is tagged with "wave" above the
mark, are defined in the local coordinate system of
members. The mathematical model is designed to allow
the numerical simulation of working task of the loader
operational cycle to determine the kinematic and dynamic
parameters of the kinematic chain and the drive
mechanism of machine. [1][2]

Abstract: This paper presents the mathematical model
and developed calculation for the kinematic analysis of
wheel loader with the Z-bar working mechanism. Kinematic analysis determined a linear and angular speed and
acceleration of centar of mass for the members of kinematic chain of the machine. As an example, the results of kinematic analysis are given for the wheel loader whose
mass is 15000 kg and volume of bucket is 2.7 m3
Key words: Z-bar linkage, wheel loader, kinematic analysis

1. INTRODUCTION
For general configuration of the kinematic chain of the
wheel loader with Z-bar working mechanism, a
mathematical model and calculation, is developed for a
detailed kinematic and dynamic analysis of machine
parameters.
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Fig.1. Mathematical model of the loader
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The simulation starts from a set of given values:
Pu  V ,b4 ,  z , z ,Yi ,t c 

ij

(2)

where is: V - volume of bucket, b4 - width of bucket, ρz angle of material slope, Yi - unloading height, tc - time of
manipulative task.
The work of loader is characteristic in that the
manipulative tasks are numerous and cyclic but with the
same operations structure. However, at each cycle, a
operation have different parameters.
For ease defining, each parameter of the manipulative
task is marked with index ij, where index i denotes the
number of the kinematic chain member that carrier
operations with the index j.
The manipulative task that is analyzed in this paper
consists of the following operations:
 loading the material with bucket (j=1),
 lifting the material to a certain height (j=2), and
 unloading the bucket (j=3).
Kinematic chain corresponds to the next inner
(generalized) coordinates by given parameters and
coordinates of path of manipulative task:

 i  1 , 3 , 4 

ijm

tij1

ij

tij1

3   3
4  3   4

tij3

tij4 t

tij3

tij4

tij2

t

Fig. 2. Trapezoidal model of members movement with
cyclical changes of the angular velocity
Table 1. Speed and acceleration of member Li (Fig.2)
Change of speed

ijm 

 t  tij1  
 
1  cos
 tij2  tij1  
2 

 



ij

t ij 1  t  tij 2
tij 2  t  tij3

ijm

(3)

where is: θ1 - penetration lenght of bucket, respectively
the relative angle position of the loader in relation to the
surface, θ3 - relative angle position of arm L3 relative to
the x - axis of the previous member L2, θ4 - relative angle
of the bucket L4 relative to the x - axis of the previous
member L3 .
The generalized coordinates determine position of the
members of kinematic chain L3 and L4, relative to an
absolute coordinate system, and they are:

tij2

ijm 

 t  tij3  
 
1  cos
 tij4  tij3  
2 
 



tij3  t  tij4

Change od acceleration

ijm

 t  tij1 

sin
 tij1  tij2  tij1 



2 tij2

t ij2  t  t ij3

0

ij



tij1  t  tij2

ijm



2 tij4  tij3

(4)

 t  tij3
sin
 tij4  tij3







tij3  t  tij4

(5)

state: speed ij and acceleration ij of kinematic chain

The inner coordinates of operations j of manipulative task
corresponds to a specific range of motion of each
kinematic chain member Li:

members at any time of manipulative task (Table 1).
As an example, the inner coordinates of the members L1
and L2 at the operation of loading material (j = 1) aree:

 ij   ij4   ij1

(6)

where is: δij - movement range of the members i and the
operation j, ij1, ij4 - inner coordinates of the member
position Li, on start k=1 and on end k=4 of operation j.
For each member Li of the kinematic chain and for each
operation j the phase time are given: a) time tij1 of
beginning of the operation and the start of acceleration
(Table 1), b) end time tij2 of acceleration, c) beginning
time tij3 of deceleration, d) end time tij4 of operation and
end of deceleration.
The members of loaders kinematic chain, which are
carriers of certain operations manipulative task, with a
known range of motion, given phase times and adopted
the character of the motion change, corresponding to a
certain maximum speeds are:

ijm 

2 ij
( tij 3  tij 4 )  ( tij 1  tij 2 )

(7)

according to which are define the rest inner coordinates of
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θ111  0  t  t111

0,5
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θ
 114 
  t  t114
 b4  tg z 


(8)

The vectors of: position of the center of the joint ri, the
center of mass rti of kinematic chain members and the
center of the cutting edge of the bucket rw, relative to an
absolute coordinate system are determined by the
equations:
i 1

ri 

A

~

jo s j

(9)

j 1
4

A

~

(10)

~
rti  ri  Aio ti

(11)

rw 

jo s j

j 1

where is: Ajo, Aio - transformation matrix for the transformation of
a vector from the local to the absolute coordinate system [3].

The kinematic values of the kinematic chain members of
loaders are: linear vi and angular velocity ωi and linear ai
and angular accelerations εi of chain member Li, and they
are determine relative to an absolute coordinate system
with recursive equations [3]:
ωi  ωi 1  i ei

(12)

εi  εi 1  i ei  i ωi  ei 

(13)

vi  vi  1  ωi  1  ri  1,i  ωi  ri ,i  1  i ei

(14)

ai  ai 1  εi 1  ri 1,i  ωi 1  ωi 1  ri 1,i  
 ε  r  ω  ω  r    e  2 ω  ε

φi[o]

40

i

i ,i 1

i

i i

i

i

i

Based on predefined mathematical model program (Fig.
4), was developed which provides a detailed kinematic
analysis of the kinematic chain members by simulation of
given manipulative tasks.
As an example, using the developed software, kinematic
analysis of kinematic chain members was performed of
wheel loaders with Z-bar manipulator, mass of loader is
15000 kg and a volume of bucket is 2.7 m3.
Simulated manipulative task, consisted of next operations:
loading of material, lifting the affected material and
unloading at a given height.

(15)
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Fig.3. Kinematic analysis of wheel loader: a) change of generalized coordinates, b) components of linear v4 and angular
velocity ω4, c) components of linear a4 and angular accelerations ε4
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Input values
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~
Li  e~i , ~s i , t i , mi , J i Pu  V ,b4 ,  z , z ,Yi ,t c 

which consists of operations: loading, transport and
unloading of materials. Beside to the assessment of
requirements compliance of Z-bar manipulator mechanism,
the results of the kinematic analysis are the basis for
dynamic analysis of kinematic chain members.

Geometric values -  ij ,ij
Kinematic values - ωi , εi ,vi ,ai

Dynamic values - Fi ,M i

t ≥ tc

Output values - ωi , ε i , v i , a i , Fi , M i

Fig.4. Algoritram of developed programs
This paper presents just the results of the kinematic analysis
of a bucket L4. The changes of generalized coordinates of
kinematic chain members (Fig. 3a) show that at loading it
comes to simultaneous movements of the moving
mechanism members L1 and L2 and the bucket rotation
L4.The operation of lifting a loaded material on given
height is accomplished by movement of arm L3 and
depending on movement of bucket L4.
Bucket rotation, while arm is lifting, occurs because the
drive mechanism of bucket is dependent on drive
mechanism of arm with aim to maintain the bucket in a
position where there is no spilling materials when arm is
lifting. Unloading operations are carried out only by
running buckets [4].
Analysis of changes of the speed and acceleration shows
that the largest changes in angular velocity (ω4z) (Fig. 3b)
and angular acceleration (ε4z) (Fig. 3c) has the bucket at the
beginning and at the end of lifting operation, when comes
to correction of the bucket that no spilling of materials.

4. CONCLUSION
The wheel loaders models of all sizes have predominantly
Z-bar working mechanism. This type of working
mechanism provides easy manipulation of the material,
transport and unloading of materials. Since the drive
mechanism of bucket dependent on drive mechanism of
arm, when arm is lifting comes to correction of the bucket
so that a materials does not spilling out from the bucket.
Moreover Z-bar mechanism allows to achieve higher
digging forces with smaller sizes of hydraulic cylinders of
bucket drive mechanism.
In the development of wheel loaders is necessary kinematic
analysis of kinematic chain members and drive
mechanisms of the machine in order to evaluate
compliance of the setted requirements which are related to
the Z-bar working mechanism .
For these reasons, here are developed a mathematical
model and software for detailed analysis of all members of
the kinematic chain of during simulated manipulative task
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DEFINITION OF DIRECTED DIGGING
FORCE FOR ASSESSMENT OF THE
HYDRAULIC EXCAVATOR WORK
Vesna JOVANOVIĆ
Dragoslav JANOŠEVIĆ
Jovan PAVLOVIĆ
Nikola PETROVIĆ
Abstract: The paper defines a mathematical model for
determining the hodograph of digging force hydraulic
excavators with shovel attachment. Hodograph of digging
force, as an indicator of the efficiency of the excavator
digging, is determined based on the boundary digging
force that allows the stability of the excavator and
boundary digging forces that allows driving mechanism
of the excavator.
Key words: hydraulic excavator, hodograph of digging
force

1. INTRODUCTION
For optimal design of basic hydraulic systems of
excavators, especially kinematic chains and drive
mechanisms, it is necessary detailed analysis of digging
force, ie resistance to digging in the whole working area
of the excavator. As one of indicator of excavators
digging functions are defined, appropriate standards [1],
[2] the declared force digging by arm and bucket of
manipulators that are given in the catalogs and brochures
as well as the technical characteristics of the excavator.
For a comprehensive analysis of digging force in this
paper is defined a hodograph of boundary digging force at
the top of the bucket tooth in the form of polygon with
sides determined the vector of boundary force that allow
the drive mechanisms of manipulators, and the vector of
boundary force that allows the stability of excavators.

2. MATHEMATICAL MODEL OF THE
EXCAVATOR
The mathematical model encompasses a five-member
configuration of the excavator kinematic chain
comprising: support and movement mechanism L1 (Fig.
1), rotating platform L2, and a three-member planar

shovel attachment with: boom L3, stick L4 and bucket L5.
Members of the excavator kinematic chain compose
kinematic pairs of the fifth class - rotary joints with one
degree of freedom.The kinematic chain of the manipulator
that has embraced the model of excavator is a planar
configuration. The centres of manipulator joints Oi (i=3,4,5)
are points of intersection of the horizontal axis of joints
through the plans of symmetry of the excavator manipulator
kinematic chain. The intersection of the bucket cutting edge
through the plane of manipulator represents the centre of the
bucket cutting edge Ow.
The assumptions of the mathematical model of the
excavator are: 1) the support surface and kinematic chain
members are modelled using rigid bodies, 2) the first joint
between the movement mechanism and surface reliance
of excavator have variable position and shape, so that
along reliance the the movement mechanism has a shape
translatory - sliding joint, while the ends of the reliance
has a form revolving joints O11, O12, whose axes are
possible (transverse x-x or longitudinal z-z) (Fig. 1)
excavator rollover lines; 3) during the manipulation task
to excavator operating external (technological) force digging resistance W and the gravitational force (weight)
of: kinematic chain members, members of the drive
system and material scooped by the bucket; 4) kinematic
chain of excavator during digging operations viewed as an
open configuration in which the last member – bucket
acting digging resistance W at the center of the cutting
edge in the plane manipulator.
The space of the excavator model is determined with an
  
absolute coordinate system OXYZ with unit vectors i , j , k
in the direction and the direction of the coordinate axes
OX, OY and OZ. Reliance surface of excavator lies in a
horizontal plane OXZ absolute coordinate system, while
the vertical axis OY of the same system, coincides with
the axis of kinematic pairs movement mechanismrotating platform.
Member of excavators kinematic chain Li is determined,
in its local coordinate system Oi xi yi zi, with a set of
quantities[3]:
  
(1)
Li  ei , si ,ti , mi

where: ei - joint axis unit vector (ort) Oi by which are







segment Li linked for previous segment Li-1, si - the
position vector of the joint center Oi+1 by which are
segment Li linked for to the following segment Li-1 (the
vector
intensity si represent kinematic length of segment),

ti - the position vector of centre mass mi of member Li.
The assumptions of the mathematical model of drive
mechanisms manipulator of hydraulic excavator are: (1)
the position of the center of mass hydraulic cylinders is
located in the middle of the current length hydraulic
cylinders (2) The weight of the elements of joints and
transmission lever driving mechanisms belong to
members of the kinematic chain manipulators; (3)
omitted: the influence of friction in the joints of the drive
mechanism, the influence of friction in hydraulic
cylinders and influence pressure in return port.
Set of hydraulic cylinders drive mechanism in a
mathematical model of excavator determined by a set of
quantities:
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Ci  d i1 , d i 2 ,cip ,cik , ai ,b , mci , nci

  i  3,4 ,5



Vectors: ri - the center of joint Oi , rti - the center of mass

of the kinematic chain members and rw - the center of the
cutting edge of the bucket were determined in the
absolute coordinate system, by equations:

(2)

where: di1,di2 - the diameter of the piston and piston rod of
the hydraulic cylinder, cip,cik - the initial and final length
 
of the hydraulic cylinder, ai ,bi - the vectors of the position
of joint centres where the hydraulic cylinder is connected
to the kinematic chain members, mci the mass of the
hydraulic cylinder, nci - the number of hydraulic cylinders
of the drive mechanism.
Internal (generalized) coordinates mathematical models of
the kinematic chain excavators are the angles θi (Fig. 1)
the relative position of member Li in relation to the
previous member Li-1 for rotation about the axis of the
joint Oi. Change of length ci hydraulic cylinder driving
mechanisms in the interval of limit values ci=[cip, cck]
also change and generalized coordinates θi in the interval
θi=[θip, θik], where: θip - starting and θik - final angle
relative position of member of Li in relation previous
member Li-1 . The relative angle range of movement θio
member Li in relation the previous member Li-1 is
expressed by the difference:

 io   ik   ip

 i 1 
ri   Aio si

i 3

L3

O3



Directions of digging resistance W to the horizontal plane
OXY of absolute coordinate system is determined by the
angle:
5

 w   i   w

(8)
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Fig.1. Mathematical model of an excavator: excavator kinematic chain
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m3

t3

M
Mp3p3
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O12


 
rti  ri  Aio ti

y3

y2

rt2

(6)

(4)
Y

m2

5


rw   Aio si

where: Aio – the transfer matrix used to transfer the vector
quantities from the local coordinate system Oi xi yi zi of
member Li to the absolute coordinate system OXYZ.

Position of member Li in relation horizontal plan OXZ of
absolute coordinate system is determined by the angle:
i

(5)

i 1

(3)

 i    i  i  3 ,4 ,5

 i  2 ,3,4 ,5

i 1

x5

HF4

θw - the angle of the direction in which the digging
resistance acts in relation to the positive O5x5 axis of the
local coordinate system of the bucket L5.
The direction and direction of resistance digging in the
absolute coordinate system is determined by the unit
vector of resistance digging:



ortW  cos  w i  sin  w j
(9)

3.1. The boundary digging resistance
The boundary digging resistance are forces restricted by
conditions of excavators stable work and maximum the
possibilities
to
act
driving
mechanisms.
Boundary digging resistance limited with excavators
stability are determined from the equilibrium conditions
of the first joint kinematic chain excavator, by which is
modeled connection support movement member and
surface reliance excavators.The boundary digging
resistance bounded by the excavator stability represent the
two boundary digging resistance: a) the boundary digging
resistance W1x determined from the condition that the
support and movement mechanism of the excavator will
not slide, during digging, along the support surface and b)
the boundary digging resistance W1o which is limited by the
static stability of the excavator, is determined from the
equilibrium conditions for the potential excavator rollover
lines.
Boundary resistance digging W1x which is bounded by
force of adhesion to the excavator surface reliance
determined from the equilibrium conditions of the sliding
part of the first joint, i.e. conditions that support
movement mechanism of excavator, during digging, does
not slide to the ground reliance:
W1 x 

mg   p

(10)

cos  w

where: m - the total mass of the excavator, μp - the
coefficient of adherence of the excavator movement
mechanism to the reliance surface. Depending on the
position of the kinematic chain of the excavator and

ortW , the boundary digging resistance W1o, which is
limited by the static stability of the excavator, is
determined from the equilibrium conditions for one of the
rotary joints O11,O12, whose axes represent the potential
excavator rollover lines
 M o11

W11  e , r  r ,ortW
1 w
11


 r  r ,i
 
 ortW , i 
 w 12

rw  r12

W1o  
W     M o12 
 12
e1 , rw  r12 ,ortW

  
 
rw  r12 , i

 ortW , i 
 r  r
w
12






 

 

 

 


  

r  r ,i 
 r  r
w

11

w

11
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 rr rr ,i 
w

w

11

11

where: Mo11,Mo12 - the gravitational moments for the firs
joint of kinematic chain (i=1) for calculating the
transverse x-x or longitudinal z-z lines of excavator
 
rollover lines, r11 , r12 - the vectors of the position of the
centre of the appropriate first rotary joint. Boundary

digging resistances Wi (i=3,4,5) which can be overcome
by the drive mechanisms of the manipulator, for the

known ortWr and the position of the excavator kinematic
chain upon the action of the maximum drive moments
Mpimax, are determined from the equilibrium conditions for
the manipulator joints Oi (i=3,4,5) axes (Fig. 1):
M pi max  M oi

Wi    
ei , rw  ri , ortW

 

   i = 3,4,5

(12)

where: Mpimax - the maximum drive moments of
manipulator mechanisms for both directions in which they
act (upon piston pushing and piston pulling in the
hydraulic cylinder)[3].

3.2. Hodograph of resistance (force) digging
For a specified position of the kinematic chain links, the
hodograph of the boundary resistance HWi i.e. the
hodograph of the digging force HFi (Fig. 2) presents, in
relation to the center of the cutting edge of the bucket Ow,
a line perpendicular to the vector of the boundary
resistance Wi min , i.e. boundary digging forces Fi min,
minimal value, determined from the operation of the
driving mechanism in both directions [4].
Boundary resistance force Wg i.e. digging forces Fg, for

the known ortW and the position of the kinematic chain
consists of a set determined by certain boundary digging
resistance forces (or digging forces):

 Fg  Wg   W1o ,W1x ,W3 ,W4 ,W5 
(13)
Potential resistance Wm, (or digging force Fm) is the value
of the minimal resistance force from the set of boundary
digging resistance forces:

 Fm  Wm  min( W1o ,W1x ,W3 ,W4 ,W5 )
(14)
The hodograph of potential digging resistance HW (Fig.
2)i.e. hodograph of potential digging force HF is a
polygon bounded by the hodographs of boundary digging
resistance (forces) limited by the excavator stability and
the hodographs of boundary digging resistance (forces)
limited by the manipulator driving mechanisms.

4. ANALYSIS
In order to show the features and capabilities defined
hodograph digging force, gives the part of analysis results
of digging force hydraulic excavator total mass m =
100000 kg, with a three-member manipulator with shovel
bucket volume V = 6 m3.
A comparative analysis of two variants of excavators, A
and B, with the same parameters of the members of the
kinematic chain of a variety of parameters of driving
mechanisms manipulators C3j, C4j, C5j. Variants of driving
mechanisms manipulators have the same transformation
parameters - diameter pistons and rod of hydraulic
cylinders and the different transmission parameters coordinates of the center of the joints where hydraulic
cylinders linked to members of the kinematic pairs of the
drive mechanism.
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Fig. 2. Hodograph of possible force (resistance) dsigging
The analysis was performed with computer using a
program that has been developed on the basis of predefined mathematical model of excavator. Certain
hodographs of possible force (resistance) digging variants
of excavator A and B in one different position (θ3=40º,
θ4=-70º, θ5=-10º).Normal n-n (sl.2) drawn on the current
speed of digging v, divides the hodograph of possible
resistance (force) digging into: a) a zone with possible
natural direction of action corresponding to technology of
digging, and b) the zone with direction of action that
inappropriate technology excavation .
Zone with possible natural direction of action digging
resistance, belongs to hodograph of effective resistance
digging HWe (Fig.2), i.e. the hodograph of effective
digging force HFe, as part of the hodograph of possible
resistance (force) digging in which the scalar product of
vectors digging force and velocity vectors digging a
positive :





 
Fe  v , Fm  0

(15)

Hodograph digging forces show (Fig. 2) that the same
direction of action for observed variations of the
excavator are different possible digging forces.
Furthermore, in a comparative analysis of alternative
solutions of the same size excavator, defined hodographs
of digging force shows: a) how much action of
mechanisms manipulator harmonized among themselves
and in relation to the constraints conditioned by stability
of the excavator, and b) how the maximum capability of
the active action mechanism of manipulators geared to the
desired zones of work areas and expected directions of the
digging resistance.

5. CONCLUSION
Analysis the digging force of hydraulic excavators is
difficult because many different positions and ways of
working conditions of machinery in spatial working area.
Hodograph of digging force is defined in this paper is a
contribution to the development efficiency indicator of
excavator digging throughout the work area. Declared
digging force of hydraulic excavators, defined by
standards, does not reflect enough functions as digging
throughout the operating range of excavators, because
they represent the maximum possible digging forces that
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can be achieved in certain positions of the kinematic
chain excavators in a tight work area. Hodrografi
boundary digging force and hodographs possible and
effective digging forces are suitable for the analysis of
digging force in a certain position kinematic chain
excavators. Hodograph forces can be used to evaluate the
efficiency of digging already performed excavator model
as a criterion to optimize for the synthesis driving
mechanisms manipulators of new excavator model.

The paper was done within the project TR 35049 financed
by the Ministry of Education and Science of the Republic
of Serbia.

REFERENCES
[1] SAE J1179: 2008, Hydraulic Excavator and Bachoe
Digging Forces.
[2] ISO 6015:2006, Earth-moving machinery Hydraulic excavators and backhoe loaders Methods of determining tool forces.
[3] D. Janošević: Optimalna sinteza pogonskih mehanizama hidrauličkih bagera, doktorska disertacija,
Mašinski fakultet Univerziteta u Nišu, 1997.
[4] Dudczak: Kryteria doboru parametrow mechanizmow napedowych osprzetu koparki hidraulicznej,
Instytut mechanizaciji budownictwa, Warszawa,
1977.

CORRESPONDENCE
Vesna JOVANOVIĆ, M.Sc.
Eng. University of Niš Faculty
of Mechanical Engineering
Aleksandra Medvedeva 14
18000 Niš, Serbia
vesna.nikolic@masfak.ni.ac.rs
Dragoslav JANOŠEVIĆ, Prof. D.Sc.
Eng. University of Niš Faculty of
Mechanical Engineering Aleksandra
Medvedeva 14 18000 Niš, Serbia
janos@masfak.ni.ac.rs

Jovan PAVLOVIĆ, M.Sc. Eng.
Eng. University of Niš Faculty of
Mechanical Engineering Aleksandra
Medvedeva 14 18000 Niš, Serbia
jovan.mfn@gmail.com
Nikola PETROVIĆ, M.Sc. Eng.
University of Niš Faculty of
Mechanical Engineering Aleksandra
Medvedeva 14 18000 Niš, Serbia
petrovic.nikola@masfak.ni.ac.rs

DESIGN AND ANALYSIS OF ELEVATOR
MODELS WITH GREAT HEIGHTS AND
VELOCITIES OF LIFTING
Jovan VLADIĆ
Radomir ĐOKIĆ
Dragan ŽIVANIĆ
Abstract: The dynamic characteristics of the elevator car
system play a very important role in elevator engineering.
The paper deals with the problem of determination of
dynamic behaviour by the driving mechanism for vertical
load lifting (elevators and cranes). In cases of lifting
loads on large heights for the purpose of raising capacity
and shortening the cycle-time, high velocity devices are
applied, where it is not possible to use the standard
procedure for dynamic analysis. In the paper the
procedure of making the dynamic model and
corresponding equations was introduced, which makes it
possible to analyze the influence of variation of free rope
length, of elastic rope slipping over the drum or pulley
and of internal rope friction damping.

Ref. [4] shows the problem of longitudinal oscillations
and stability of movement of an elastic string with
concentrated masses.
With the purpose of solving the stated problems, this
paper shows different dynamic models of a drive module
and supporting elements which are suitable for elevator
analysis depending on their drive characteristics (height,
lifting velocities, mechanical characteristics of the rope..).
It also shows the simulations of elevator dynamic
behaviour for mechanical models of a driving mechanism
whose movement is defined through the law of changing
the number of revolutions of the electrical motor
(application of managing devices) and the change of
acceleration on a driving pulley (application of classical
motors with one and two velocities).

2. MECHANICAL MODELS AND SYSTEM
MODELING
Modeling is a process of representing a real object in a
simplified form, which enables the research of major
(representative) influences, which is a base for
conclusions about the object behavior, i.e. enables the
research of the event.
Fig. 1 shows the mechanical model types. More details
about the problems in modeling and mechanical model
forming can be found in [6]. Engineer analyses of
mechanical systems usually include models which
basically can be divided into static, kinematic and
dynamic where the dynamic models bear a special interest
for this study.

Key words: elevators, mechanical models, analysis

1. INTRODUCTION
The problem of force transfer and driving by friction
(driving pulley – supporting rope) and dynamic behaviour
of certain elements of elevator device in exploitation is
the subject of research in many studies and is still not
satisfactorily solved as a whole.
At great lifting heights and great lifting velocities, a
dynamic model is applied which considers the influence
of changing the free rope length in relation to its dynamic
behaviour [2], and [5] where different solutions are
applied for solving the partial differential equations of
movement for the cabin side and the counterweight side.
Besides, in [2] there is an analysis of a connection
problem between longitudinal and transversal oscillations
of the steel rope in exploitation facilities in mining
("Köppe" system).

Fig.1. Types of mechanical models [1], [6]
Every machine element can be replaced with a model
which, with a higher or lower accuracy, mathematically
describes the mechanical features of element materials.
Those material models of basic forms are called
rheological models, and the global model, which is
produced through the transformation of a functional
model, is referred to as a mechanical model.
Since the parameters of a dynamic model depend on
masses, mechanical features of the elements’ materials,
forces which affect the system, rope sliding conditions on
a driving pulley..., the dynamic analysis of elevators is a
very complicated problem. However, the problem can be
greatly simplified [1], based on detailed research of drive
lifting, especially the influence of element stiffness on its
dynamic behaviour. The stiffness of some elements
depends on constructive performance of a certain device,
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and yet it is possible to omit the elasticity of driving
mechanism elements with great accuracy, related to the
elasticity of a steel rope. Apart from the elevator
elements’ masses, which are relatively easily defined, a
dominant influence on the dynamic behaviour belongs to
the rope stiffness and driving mechanism characteristics.
Rope modelling is most often done by combining a
Hook’s model (an ideal elastic body) and a Newton’s one
(an ideal viscose body), as shown in Fig. 2. For the drive
systems with vertical lift, it is justified to observe the rope
as a Calvin’s or standard model (Fig. 2b and 2c), where
the rope is considered as a spring of great stiffness (c)
combined with damping (b). Those parameters depend on
the construction and load of the rope and they are defined
by an experimental method.

q  2 u  x, t 
2


E

A

g
t 2
x 2


u x, t  
a

 q  1   (1)
 u x, t   b 

t 
g



with:
a – driving mechanism acceleration, m/s2.

Fig.3. Dynamic elevator model with boundary conditions:
a) on a pulley without slipping, b) on a pulley with
slipping, c) on a cabin [5]

a)

b)

c)

Fig.2. Rheological models of material (a - Hook’s ideal
elastic body, b - Calvin’s model, c - Standard model)

2.1. Elevator model with great heights and
velocities of lifting (express elevators)
It is a group of contemporary passenger models (Bujr
Khalifa, a building in Dubaii with the height of 828
metres, with over 160 floors. It has 57 elevators which do
not go throughout the whole building. They are divided
into three groups - till the 43rd, 76th and 123rd floor. The
fastest elevator has a velocity of 18 m/s and the
exploitation facilities in mining (the biggest velocity is 20
m/s and the pitch depth is 1 km at the most). For these
elevators, the previously mentioned models are not
suitable because of the fact that during lifting, by
diminishing the free movement of a free rope jib, the
basic parameter of a dynamic model is drastically
changed – stiffness (EA/l). Based on that, a suitable
dynamic model for describing dynamic behaviour of
devices with a driving pulley in application at elevator
drive and for forming differential equations of movement
according to [5] is shown in Fig. 3.
Such a model should be applied for elevators with high
lifting velocities without the machine room (a small free
rope length in the upper station), while for the express
elevator it is necessary because of the parametric
oscillations (a change in a free rope length) which can
cause unstable movement and unpermitted load of
elevator supporting elements with big consequences
(tearing the rope, human victims and material damage).
Just as in the previous example, the equilibrium equation
of the elementary rope part is:
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As a boundary condition at the meeting point of a rope
and a driving pulley out of the equlibrium of elements,
Fig. 3a, we get:
Mm 
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with:
Mm – driving motor torque, Nm
i – gear ratio
η – driving mechanism efficiency
Jr – moment of inertia of rotating masses, reduced to the
motor shaft, kgm2
R – driving pulley radius, m.
In equation (2), the articles in the brackets are not
constant, but they depend on the length, that is, the
velocity of rolling the rope onto a pulley: u  l , t  and

 u  l , t  . The size of deformation on the rolled part of the
t
rope can be defined with integration for the observed time
period according to:

ul ,t   dl 
   dt
x

 dt 
0
t
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with:
l – the rope part rolled on a pulley, m

dl
dt

– the velocity of rolling the rope (lifting), m/s.

Expression (3) shows the case when the rope sliding on a
driving pulley is neglected. The problem is greatly
complicated because of elastic sliding of the rope on a
driving pulley l , Fig. 3b, where the above expression
can be written as:

t u  l , t   dl d
u  l, t 

u  l, t   
   l    dt  l 
x

0 x  dt dt

(4)

with:
d
l – velocity of elastic sliding, m/s.
dt

 

Boundary condition on the connection point of rope and
cabin, Fig. 3c, is:
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An analytical solution of a system of differential
equations with uncholomos boundary conditions is
extremely complicated, and it demands application of
different procedures shown in [5].
It is noticeable that the analysis scheme (modelling and
solving mathematical models) is complex because it is
essential to form adequate dynamic models with
acceptable simplifications for various kinds of elevators
according to their specific characteristics. Analytical
solutions of a closed form are possible only for the
simplest of cases, so numerical procedures have been
applied lately, i.e. suitable software packages for dynamic
analysis, such as MATLAB-Simulink, ADAMS,
Mathcad, Mathematica etc.

2.2. Defining the change in number of
revolutions and the change of acceleration on
a driving pulley
Basic kinematic values which occur in elevators are
velocity and acceleration. Due to the comfort in passenger
elevators, there are specific acceleration values and
velocity shifts, the so-called hitch. Kinematic diagrams
characteristic for special elevators are given in Fig. 4.
Such movement diagrams are available when there is a
regulated moment of revolution of a driving motor, which
is applied on elevators with high lifting velocities and
express elevators.

a)

b)

Fig.4. Diagrams of elevator movement for one (a) and
two (b) velocities of motor
Setting the movement at elevators is a problem which is
not easily and simply solved. Most software does not
contain tools for representing the supporting rope driving pulley system. In such cases one has to use a
combination of existing tools in order to get satisfying
results. After various attempts of movement, several
suitable solutions emerged. Setting a function for
chanaging the number of revolutions of an electrical
motor can be seen as setting a function for changing the
position of a certain marker on the rope in the direction of
lifting the cabin. That enables setting a translatory

movement on a translatory or cilindric joint, which can
simply model the connection of a rope to a driving pulley.
Description of a movement in time can be assigned in
many ways, although a combination of commands If and
Step is the most often applyed The If command has the
following inscription:
IF (expression1: expression2, expression3, expression 4).
Expression1 is actually a variable in a movement
function, which is time in this case. If expression1 is less
than a zero, the function equals expression2. If it equals
zero, the function is equal to expression3 and when it is
bigger than zero, it equals expression4.
Step command defines the Step function, which is
approximately like Heaviside function with a cube
polynome. This equation defines Step:
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Step command format goes like this:
STEP (x, x0, h0, x1, h1)
with:
x – independent variable,
x0 – real variable which defines h value where the step
function begins,
x1 – real variable that defines h value where the step
function ends,
h0 – the step function value at the beginning,
h1 – the final value of the step function.
It should be noted that the movements can be given by
displacement, by velocity or acceleration, depending on
what is easier to define at a specific moment. In this
paper, movements are defined by a Step function through
a big velocity of the driving pulley and the If command
through acceleration on the driving pulley.

3. MOVEMENT SIMULATION RESULTS
GIVEN THROUGH A CHANGE IN THE
NUMBER OF REVOLUTIONS IN AN
ELECTRICAL MOTOR
The case: lifting the cabin with a carrying capacity of
1000 kg, at a velocity of 20 m/s, for the lifting height of
500 m, and a damping of 1 Ns/mm.
Function of change of cabin lifting velocity is represented
like this:
IF(time-24: step(time,0,0,8,20000),
step(time,24,20000,32,0), step(time,24,20000,32,0))
When the time is less than 8 s, in a way that at the
beginning the velocity equals zero, and within 8 s the
velocity is 20 m/s. After that the cabin moves at a velocity
of 20 m/s for the following 16 s. Then the breaking starts.
This part in the previous expression is represented by
another step function according to which the velocity of
20 m/s at 24 s, changes to 0 mm/s at 32 s.
The mass oscillating at the cabin side is m2 = 1000 kg.
The simulation result is shown in the following figures.
Fig. 5 represents a pulley velocity through which the
movement was given, as well as the change in cabin
acceleration in cases when rope stiffness is a constant and
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a variable with reducing the free length at the side of the
cabin. Fig. 7 shows how the amplitude of cabin
oscillations significantly increases in the part where the
change of stiffness is great.

 At greater lifting heights, one must take into
consideration the influence of the change in stiffness,
because it strongly influences the size of dynamic
load, especially at high movement velocities and low
inner friction, i.e. damping,
 Simulation results can be used for determining control
parameters (determining an optimal moment of
change from accelerated to stationary movement and
breaking), aiming at decreasing the dynamic load,
 The given simulations make it possible to determine
the critical lifting velocity (through varying it)
depending on the relations between the change of
stiffness and the size on inner friction within ropes.

Fig.5. Diagram of change of ample pulley velocity and
acceleration with a constant and varying rope stiffness
Fig. 6 represents the change of the cabin position during
simulation, as well as the change in acceleration when the
damping in ropes is considered. The figure shows that in
the part where the cabin stops, an increase in oscilation
frequency occurs, which is directly related to a significant
increase in stiffness in that part.
Besides the change in stiffness of driving ropes in Fig. 7,
there is also represented an elongation of ropes which is
changed with the change in free length at the cabin side.

Fig.6. Diagram of the change in cabin position and
acceleration considering inner friction within the ropes
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CORRESPONDENCE

Fig.7. Diagram of change in rope stiffness and elongation
during a simulation when the lifting height is 500m

4. CONCLUSION
The dynamic models provided in the paper enable
simulations of elevator behaviour with a defined pulley
movement (control through the number of revolutions of
an electrical motor). Based on the previous analysis, we
came to the conclusion that:
 It is possible to analyse the influence of weight of the
cabin, cabin load, lifting height, rheological rope
features (E,A, b, c,...) influences of various movement
diagrams (the defined movement through a control
system).
 It is possible to authentically simulate the movement
of a driving pulley, in accordance with the control
system of a real elevator,
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ELECTRIC CAR WITH ADAPTIVE
MOTOR-WHEELS
Konstantin IVANOV
Almas DINASSYLOV
Roza KOYLIBAEVA
Abstract: Recently the idea of construction continuously
variable transmission in the form of the mechanism with
two degrees of freedom and one input has patented by
inventors for wind turbine. However, in these patents
there is no theoretical basis of interrelation of parameters
of drive in the conditions of uncertainty of motion. It does
impossible definition of transmission parameters on the
set conditions of motion. Earlier has proved that in such
drive there is an additional constraint. The purpose of the
present paper is to analyze the additional constraint and
to prove presence of kinematic and power definability of
transmission. The found laws allow executing practical
calculation of continuously variable transmission of
electric car with adaptive motor-wheels.
Key words: variable transmission, additional constraint
theory, calculation

1. INTRODUCTION
Now the electric motor car drive differs from the drive of
the usual car only by using of the electromotor instead of
the internal combustion engine. The low power electric
motor car uses change of power of an engine for speed
regulation. In this case, а transmission without the
gearbox is used. However, the gearbox is necessary for
cars of a high power and for trucks, as in this case it is
possible to use the electric motor having considerably
smaller power.
Basic more effective is use of motors-wheels for the
electric motor car drive. However, the motor-wheel
should provide possibility of regulation of the motion’s
speed. Existing difficult step gearboxes are not suitable
for use in motors-wheels, as they have big dimensions
and a difficult control system. The motor-wheel of the car
with the operated gearbox is almost insoluble technical
problem.
Recently was extended and patented the idea of
construction of a wheelwork, according to which the gear

planetary train contains the entrance carrier, the target
carrier and the closed contour placed between them from
toothed wheels and communication on links of a
mechanism imposes the closed contour [3 - 7]. The
wheelwork designed by a new principle has definability
of traffic and gets the major for technics property possibility independently and continuously to change the
transfer relation depending on a target moment of
resistance.
It is obviously possible to use advantages of the electric
drive allowing actuating each drive gear, in a combination
to the elementary adaptive бесступенчато adjustable
transfer.
The purpose of the presented work is to create the concept
of transmission of an electric motor car designing, based
on a combination of possibility of the separately driving
of each wheel by electric motor and using of the
elementary adaptive continuously adjustable transmission.
The motor-wheel represents the complex assembly, which
is containing electric motor, power transmission, wheel
and brake.
Motors-wheels are used as a drive of transport machines.
The basic problems at creation of motors-wheels:
1) necessity to use a step switching power transmission,
that complicates a design of a motor-wheel and
increases its sizes;
2) necessity to coordinate the forces of simultaneously
working motors-wheels, which demands complex
control system.
The electric drive with the hydrodynamic gearbox is very
complex and has big sizes. The electric drive with the
direct-current motor for regulating of rotational speed also
is bulky.
Recently the Ivanov's theory of adaptive continuously
variable transmission (CVT) with two degrees of freedom
[1]–[4] has been developed. Harries's [5] and Ivanov’s
[6]–[8] patents on CVT were created. Such transmission
possesses property of force adaptation. It is capable to be
independently adjustable for external loading without use
of any control system and has small gabarits because does
not demand the switching of transfers. Such transfer
allows creating the simple and reliable small-size adaptive
motor-wheel with ideal adaptation to conditions of
simultaneously movement of all wheels without any
control system.
The present work is devoted to design of a motor-wheel
with CVT and to development of the basic analytical
regularities for designing of self-adjusting motors-wheels
based on theory of mechanisms and machines.
The presented researches are based on the laws of
theoretical mechanics and theory of mechanisms and
machines.

2. ELECTRIC MOTOR CAR TRANSMISSION
The electric motor car’s working part represents two
driving motors-wheels. In each motor-wheel an electric
motor with adaptive CVT are placed.
The concept of construction of transmission of an electric
motor car, based on use the motor-wheels, allows
eliminating of following knots: half-coupling, controled
gearbox, propshaft, differential and semiaxes. This
59

conception does not have analogues in the practice of
motor industry.
Practical realization of the offered concept is possible at
use of motors-wheels with the elementary design of CVT
based on use of effect of power adaptation [1].
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Fig.1. Motor-wheel with the adaptive mechanical reductor
The basic parts of motor-wheel with the adaptive
mechanical reductor (Fig. 1) are: 1 – Frame, 2 – Hub, 3 Alternating current induction motor, 4 - Adaptive smallsize mechanical redactor, 5 - Wheel rim, 6 – Tyre.
The motor-wheel with the adaptive mechanical reductor
has small sizes and provides adaptation of a wheel to
variable technological loading without any control
system.

2.2. Adaptive wheelwork with two degrees of
freedom
The self-regulating wheelwork in the form of differential
mechanism with the closed contour consisting from
toothed wheels is presented at Fig. 2. Picture of speeds of
gear adaptive mechanism is presented on Fig. 3.
The mechanism contains a frame 0, input carrier H 1 ,
input satellite 2, block of the central wheels 1-4, block of
epicycle (ring) wheels 3-6, output satellite 5 and output
carrier

H 2 . In an operating time the links are rotated

around the central axis. Sizes of toothed wheels 1, 2, 3, 4,
5,
6
are
determined
through
radiuses
ri i  1, 2, 3, 4, 5, 6 . Radiuses of carriers:
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vi  i ri . Linear speeds of

carriers are: v Hi   Hi rHi i  1, 2 .
In the mechanism the external moments of forces are
acting:

M H 1 – input driving moment, M H 2 – output

moment of resistance (torque).
Mechanism has two degrees of freedom.
Mechanism has following structural groups with zero
mobility:
1) Group

H 2  5 containing two links H 2 and 5, two

lowest kinematic pairs

A and K and two higher

kinematic pairs E and G ;
2) Group 3-6 containing one link 3-6, one lowest
kinematic pair A and one higher kinematic pair C ;
3) Group 1-4 containing one link 1-4, one lowest
kinematic pair A and one higher kinematic pair D .
Mechanism has input structural group with two degrees of
freedom containing links H 1 and 2 and two lowest
kinematic pairs A and B .
Basic features of the mechanism:
1) Input structural group with two degrees of freedom
contains consistently connected two links,
2) Superposed forces

FH 1 and RH 6 on links H1 and

H 2 act at the one line because radiuses of carriers
H1 and H 2 are equal.

FH 1  RH 2

r1 r6  r3 r4
.
2r1 r3

(1)

Each link of mechanism is statically counterbalanced in
the absence of an inertial force. Hence, the mechanism
will move in regular intervals.
So, for overcoming of output resistance force it is
necessary to use in input structural group 1-2 the input
force FH 1 on input link H 1 and the input moment M 2 on
input link 2. Then the number of input links (generalized
co-ordinates) matches to number of degrees of freedom.
Let's present moment M 2 counterbalancing link 2 of
Fig.3. Picture of speeds of gear adaptive mechanism
3) Mechanism has the closed contour containing links 2,
3-6, 5, 4-1.
Let us do the power analysis of the mechanism when the
output moment of resistance M H 2 is set.
1) We determine reactions in kinematic pairs

B K
VH2

r3 r4  r1 r6
.
4r1 r3

RC and RD on a link 2 in points C and

D will accept values:

VH1

  RH 2
V1

G
V4

On the other hand, considering the formula (1) we will
gain RC  RD   FH 1 / 2 . It means if on a link 2 of input

H1  2 with two degrees of freedom to

add reactions R12 and R32 transferred on it from the
kinematic chain with the counterbalancing moment

E and G of structural group H 2  5 :

M 2 the link 2 will appear counterbalanced only one
force RH 1 2  R12  R32  FH 1 applied in a point B .

R65  RH 2 / 2 , R45  RH 2 / 2 .

However, the same result will be gained on statics
conditions if to consider that on input structural group

Here RH 2  M H 2 / rH 2 .
2) We determine reactions in kinematic pairs
of structural groups 3-6 and 1-4:
r
r
R23  R65 6 , R21  R45 4 .
r3
r1

C and D

r
r
Or R32   R65 6   RH 2 6 ,
r3
2r3

H1  2 one input driving moment M H 1  FH 1rH 1 and
one set input force FH 1 matching to it counterbalancing
reactions RC and RD transferred to this group act only.
It means that the input structural group with two degrees
of freedom is statically counterbalanced at presence only

FH 1 (or the counterbalancing
 FH 1rH 1 ) on an input link H1 .

one generalized force

r
r
R12   R45 4   RH 2 4 .
r1
2r1
3) We determine the input moment on a link 2

M 2  ( R12  R32 )r2 . Or M 2  RH 2

r4
r r rr
 RH 2 3 4 1 6 
2r1
4r1 r3

r1 r6  r3 r4
.
4r1 r3

structural group

A

r6
r r rr
 RH 2 3 4 1 6 
2r3
4r1 r3

r1 r6  r3 r4
,
4r1 r3

RD  R12  P2   RH 2

D

r3 r4  r1 r6
r2 .
2r1 r3

4) We determine the input impellent on a link H 1

FH 1  ( R12  R32 ) . Or

Then total forces

  RH 2

V3

С

P2  M 2 / 2r2  RH 2

RC  R32  P2   RH 2

V6

E

input structural groups in an aspect the pairs of forces P2
acting in points C and D

moment M H 1
The gained conclusion defines paradox of mechanics - the
input structural group with two degrees of freedom in the
kinematic chain with the closed contour is statically
definable (counterbalanced) at presence only one
generalized force.
The paradox of mechanics provides static definability of
the kinematic chain with two degrees of freedom at
presence only one input. Thus, the examined kinematic
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chain with two degrees of freedom but with one input is
the mechanism.
Let us will prove it analytically.
With the input structural group, having only one input
impellent it is possible to examine the kinematic chain as
the converted kinematic chain. The converted kinematic
chain is equivalent on acting forces to initial kinematic
chain with the input counterbalancing moment on a link 2.
Reactions are transferred to intermediate links 1-4 and 36: R23  R21  FH 1 / 2 from the input satellite 2 and
R54  R56  RH 2 / 2 from the output satellite 5.
The balance of superposed forces in the kinematic chain
takes place

M H1  M H 2  0 .

(2)

M H 1  M H 2 we have RH 2  FH 1 rH 1 / rH 2 .

As a result the link 1-4 will appear under the action of the
unbalanced moment
FH 1 rH 2 r1  rH 1 r4
(
).
2
rH 2

(3)

The link 3-6 will appear under the action of the
unbalanced moment
M 3 6  R23 r3  R56 r6 

FH 1 rH 2 r3  rH 1 r6
(
).
2
rH 2

(4)

Let's substitute in formulas (3), (4) values
rH 1  ( r1  r3 ) / 2, rH 2  ( r4  r6 ) / 2. We will gain
FH 1 r1 r6  r3 r4
(
.
2
r4  r6

(5)

r r rr
F
 H1 ( 3 4 1 6 ) .
2
r4  r6

(6)

M 1 4 
M 3 6

(7)

The formula (7) defines balance of internal forces.
Thus for wheelwork internal forces on each intermediate
link 1-4 and 3-6 are led to the moments M 1 4 and

M 36 on each intermediate block of wheels which are
unbalanced on conditions of statics. However, for the
mechanism as a whole according to the formula (7)
balance of internal forces (moments) takes place. Balance
of superposed forces (moments) by formula (2)
simultaneously takes place. Hence, all mechanism is in
balance.

2.3. The analysis of motion of the kinematic
chain
Let us examine regularities of interacting of parameters
on the motion of the kinematic chain by means of a
principle of virtual works.
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Let's express linear speeds of links through angular
speeds. We will gain

FH 1 H 1rH 1  R121r1  R32 3 r3  0 . Or

Analogously for the satellite
account 1   4 , 3   6 )

(8)
5

M H 2 H 2  M 41  M 6 3  0 .

(with

the

(9)

As satellites are a part of the mechanism we will add the
made expressions for satellites. We will gain a condition
of interacting of parameters of the mechanism as a whole

M 11  M 3 3  M 41  M 6 3 
 M H 1 H 1  M H 2  H 2  0 .
Or ( M 1  M 4 )1  ( M 3  M 6 ) 3 
 M H 1H 1  M H 2H 2  0

(10)

Let's mark out

M 14  M 1  M 4 , M 36  M 3  M 6 .
We will gain

From here the equation follows M 1 4   M 3 6 . That is

M 1 4  M 36  0 .

FH 1v H 1  R12 v1  R32 v3  0 .

M H 1 H 1  M 11  M 3 3  0 .

At equality of magnitudes of the external moments

M 1 4  R21 r1  R54 r4 

This condition of balance contains not only acting forces
but also possible displacements (speeds). It is used for the
kinematic chain moving under the action of forces.
According to a principle of possible works - the sum of
works (powers) of all external and internal forces is equal
to zero.
Let's make for each satellite an equilibrium equation by a
principle of possible works (powers). We will gain for the
satellite 2

M 141  M 36 3 
 M H 1H 1  M H 2H 2  0 .

(11)

In the presence of balance the sum of powers of
superposed forces is equal to zero

M H 1 H 1  M H 2 H 2  0 .

(12)

Then from (11) for internal forces
M 1 41  M 3 6 3  0 .

(13)

For a particular case examined above at M H 1   M H 2
and

M 14   M 36 the conditions (11) and (12) are

carried out if

 H 1   H 2  3   4

– the kinematic

chain moves as a single whole without internal mobility
of links.
Further let's examine the common case of balance in the
movement at
M H 1  M H 2 , H 1  H 2 .

Let's express the internal moments on blocks of wheels 14 and 3-6 through superposed forces (moments)

M 1 4  M 1  M 4  R12 r1  R45 r4 
M 1 4 

FH 1
R
r1  H 2 r4 . Or
2
2

M H1
M
r1  H 2 r4 .
2rH 1
2rH 2

(14)

M 3 6  M 3  M 6 
 R32 r3  R65 r6 

M 36 

FH 1
R
r3  H 2 r6 . Or
2
2

M
M H1
r3  H 2 r6 .
2rH 1
2rH 2

(15)

From (12) taking into account signs of the moments
M H 1  M H 2 H 2 / H 1 .

  H 2 / H 1 - the transfer ratio of the
mechanism. Then we have M H 1  M H 2 u12 . After
Let's mark out u 21

substitution of value of the moment

M H 1 in

formulas

(14) and (15) we will gain

M H 2 u 21rH 2 r1  rH 1r4

,
2
rH 1rH 2

(16)

u r r r r
M
 H 2  21 H 2 3 H 1 6 .
2
rH 1rH 2

(17)

M 14 
M 36

M H 2 / 2rH 1rH 2 we will gain

Let
us
substitute
value u 21   H 2 / H 1 .

in

(18)
the
formula
With

(18)
the

account v H 2   H 2 rH 2 , v H 1   H 1rH 1 ,

v1  1r1 , v4   4 r4 , v3  3 r3 , v6  3 r6 we will

gain

v1v H 2  v4 v H 1

H1



v3v H 2  v6 v H 1

H1

 0 . Or

v H 2 (v1  v3 )  v H 1 (v4  v6 )  0 .

moments M H 1 and M H 2 (on which internal forces
are defined) characterizes static definability of the
kinematic chain. According to the formula (12) static
(power) definability of the kinematic chain takes place
on the motion.
2) Formula (12) characterizes the kinematic definability
of the kinematic chain with two degrees of freedom.
At the set input speed  H 1 and the set external
moments M H 1 and

M H 2 the formula (12) allows

determining an output speed  H 2 . Through the

Let's substitute in the formula (13) values of the moments
M 14 and M 36 . After abbreviation on

(u 21rH 2 r1  rH 1r4 )1 
 (u 21 r3 rH 2  rH 1 r6 ) 3  0 .

condition of balance (12) for superposed forces is
satisfied.
Thus for the kinematic chain balance of internal forces in
the presence of unbalanced separately links 3 and 4 takes
place. But this balance takes place only in the motion.
The executed researches of kinematics and the power
analysis of the kinematic chain with two degrees of
freedom allow making following conclusions:
1) Power analysis of a chain is carried out as the solution
of a direct problem of dynamics – on the set motion to
define forces. The set parameters are input angular
speed H1 and output moment of resistance M H 2 .
However, the formula (12) allows setting the input
driving moment also M H 1 . The setting of the external

(19)

From a picture of speeds of a wheelwork (Fig. 3) it is
visible

v1  v3  2v H 1 , v4  v6  2v H 2 .
After substitution, these values in the formula (19) we
will gain

2v H 2 v H 1  2v H 2 v H 1  0 , That is 0  0 .
It means that the condition of balance of internal forces
(13) by a principle of possible work is carried out if the

speeds

 H 1 and  H 2 the

speeds of intermediate

links are determined.
3) Formula (12) connecting the kinematic and power
parameters of the kinematic chain with two degrees of
freedom represents additional constraint which
imposes the gearing chain on motion of links. This
additional constraint will neutralize one degree of
freedom and at presence only one input will convert a
chain to the mechanism.
4) From the formula (12) follows

H 2 

M H 1H 1
.
MH2

(20)

The formula (20) defines effect of power adaptation: at a
constant input power N H 1  M H 1 H 1 the output speed

H 2

inversely proportional to external resistance
moment. The effect of power adaptation characterizes the
major property for machines with variable technological
resistance – ability independently and continuously to
adapt for variable technological loading.
The kinematic chain with two degrees of freedom having
only one input is gear continuously variable transmission.

3. CONCLUSION
Use of the found regularities allows to create the motorswheels possessing property of mechanical adaptation to
variable technological loading. The adaptive mechanism
provides possibility of motion of output link with a speed
inversely proportional moment of resistance at a constant
input power.
The adaptive mechanical wheelwork uses the effect of
power adaptation allowing automatically changing the
63

transfer ratio. It allows simplifying a design, to reduce
transmission sizes, to raise its reliability and efficiency.
The motor-wheel with the adaptive electric drive that is
containing the electric motor and the small-size
mechanical transmission ideally adapts for variable
technological loading without use of any control systems.
For example, the leading motors-wheels installed on an
electric motor car will provide full adaptation to motion
on turn with matching different rotation speeds of wheels.
Future Enhancement consists in synthesis of a wheelwork
of a motor-wheel on a condition of overcoming of the set
maximum moment of resistance.
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Abstract: Order picking represents the operation of
selecting definite portions of different articles from the
storage, collecting them to one place and directing them
to the purchaser. Although modern storages are
automated in a large extent, it is in most cases impossible
to replace the human with the machine. Human
capabilities, as it is its sense of touch and ability to
grasp, still can not be transmitted to the machine or
reproduced by machines in full extent. There are many
different methods and technologies for actually filling the
order. Zone picking is a flexible and highly structured
order picking concept. There are several methods of the
pick and pass zone picking – fixed zone, bucket brigades
and zoned bucket brigades. Besides the above mentioned,
the work will be described the zone picking using
developed bound cavities methods. The paper presents the
models of zoned picking systems which are created in
Excel.
Key words: model, order picking, zone,

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.
The most distribution centers typically prefer to consider
batch or zone picking strategies. 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. 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.
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.

1. INTRODUCTION

Disadvantages of this method are:
travel time is high as each operator performs the round
trip to the staging area

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.
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.
Batch - 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.

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 figure 1.
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.
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Many researchers have carried out simulations of system
operation, which have been models developed in different
programs of general purpose (Visual Basic, C + +, Excel,
Java, ...) as well as specialized programs for the simulation
of material flow (Flexsim, AutoMod, Enterprise Dynamic,
Showflow,. .). In the simulations, the number of items and
their distribution in the picking lines was different, the
structure and number of orders were different, as well as
number of repetitions.
In [2] is formed model with three groups of the articles A,
B, and C, with the probability of finding items in the order
of 50, 30 and 20%, relative to the total number of items.
Number of items per order was 100, 500 and 1000, and was
carried out of 10 reps for each variant.
Roodbergen and De Koster are applied the pickers speed of
0.6 m/s (36 m/min), and the average number of exempted
items per order was 30. [3]
Ho is used in the simulations average pickers speed of 30 m
/ min, and exercised five reps for all variants, where it was
250 orders with 100 different items. The same author has
carried out simulations with orders of 30, 60 and 90 items.
The structure of orders was 80/20, 60/40 and 50/50. The
picking lines has a total of 520 different items, and
generated 200 orders. [4]
Petersen is analyzed order picking system in which the size
of the picking lines was 96, 288 and the items 576. The
structure of the order consisted of 1, 5, 10, 20 and 30
products.[5]
Petersen and Aase are distributed the items by random and
classes arrangement. The size of orders were 5, 10, 15, 20,
25, 30, and 40 items. The structure of orders was 80/20 and
60/20 rule. The pickers speed was 45m/min. [6]
In the program Flexsim, Peng is formed model on which
the simulation is carried out, which indicated the existence
of bottlenecks in the material flows within the production
logistics systems. [7]
The advantages of using spreadsheets (as Excel), in the
systems of material flows, for solving transport problems,
have shown in [8].

information about the order of execution and the zone
boundaries imported into Flexsim.
The problem, however, then appeared in defining which
pickers should be execute which part of the order, as they
are not be used priority rules that offered a program. Then
it was necessary to manually specify what pickers execute.
Due to these problems, simulation model of the zoned
picking systems established in the spreadsheet.
The table structure of the program allows the calculations
and the results can be organized in a natural and intuitive
way. It should be noted that the many years of practice has
shown that many stochastic models in the field of logistics
and engineering can be conveniently simulated in a
spreadsheet. A large number of functions for performing
mathematical, statistical and calculation related to
databases are available in most spreadsheet, so that
simulation are faster and more reliable.

3. MODEL OF ZONED PICKING SYSTEMS

Due to these advantages in a spreadsheet and based on the
mathematical models of different zoned picking systems
described in the previous section, have been formed
corresponding models in Microsoft Office Excel. The
models were used to perform simulations in the course to
calculate the distance traveled by the pickers and total
picking time when processing a group of orders.
Was formed a more variants of the zoned picking systems
(fixed zone, bucket brigades, bound cavities method) with
the following variable parameters:
the number of pickers - 2 and 3,
the number of orders in the group - 20 and 50,
the number of picking place in picking line - 80, 160
and 300,
the number of analyzed bound cavities (bound cavities
method) - 1, 2 and 3 (in a system with a two pickers)
and 2, 3 and 4 (in a system with a three pickers),
the average number taken from the total number of
items per order - 10-15% and 25-30%,
percentage of items which takes more than one piece, in
comparison with the number of items which are taken 17 to 32%,

Model of zoned picking systems is formed in Flexsim,
which allow easy creation of models, because the program
has a user functions to manage the process. In figure 1 is
shown model with four pickers.
For simulation of the material flow in the zoned picking
systems, using bound cavities method when defining the
order of execution of the group order, it was necessary to
manipulate with large amounts of data and a large number
of calculations, including:
assigning data about picking places from which to
exclude item (one or more) in each order, for example.
300 items and 50 orders in the group amounts to 15.000
data,
finding the bound cavities and select those that will be
the border area, according to the rules described in [9],
define the order of execution.
The above data and calculations was not possible to
implement in Flexsim, especially when one takes into
account their quantity. It is possible to perform calculations
in another program, for example Excel, and then
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Fig.1. Model of zoned order picking systems with four
pickers in Flexsim

the weight criteria for defining the boundaries of the
zone - (1:1) and (1:4), (bound cavities method),
explained in [9].
In systems with two pickers are defined two variants of
weight of criteria. In the first variant, both of criteria have
the same weight (1:1). In another variant, the criterion for
load pickers had 4 times more weight compared to the
criteria of bound cavities size (4:1). In a system with three
pickers were performed simulations for the same weight
of criteria (1:1:1), and for the case of 4 times greater
weight of criteria for load of the second pickers (4:1:1).
Simulation of zoned picking systems for different
structures of orders (80/20 and 60/20), with a random
deployment of items, get the same results. [6]
Therefore, in this study, considering that the deployment of
items was random, not considered variants for different
structures of orders.
In order to noticed the effect of defining the zone
boundaries and the sequence of execution of orders, using
bound cavities method were formed simulation models and
calculated values for the following zoned picking systems:
fixed zone – zone boundaries in the middle of picking
lines, random order of execution, in the order of orders
arrival,
fixed zone – zone boundaries in the middle of picking
lines, the order of execution according to bound cavities
method,
zoned bucket brigades,
dynamical zones - zone boundaries according to bound
cavities method, random order of execution, in the
order of orders arrival,
dynamical zones - zone boundaries according to bound
cavities method, the order of execution according to
bound cavities method,
The calculations were made using:
the average picker velocity - 30 m/min, (Erlang
distribution of second-order),
the roller transporter velocity - 1 m/s,
picking time for one article - 2 s, (Erlang distribution of
second-order),
time for registering light signal and pressing the taster 2 s (Erlang distribution of second-order), and
picking place width - 0,5 m.
The time for a picker complete all orders in its structure
no losses, no wasted time due to a blocking or load
imbalances that may occur in the zoned picking.
Therefore, that time can be taken as the base time for
comparison, except that in systems with two pickers that
divides with 2, in systems with three pickers divided by 3
and so on. Time for a system with one pickers, may be
used as a time to be in the ideal case (if no pickers waiting
and zone blocking) achieve at work brigades system,
which, according to the data of other researchers virtually
impossible, of course must be shared with the appropriate
number a pickers. the time picking can be calculated
according to form: [9]
Т

∙

∙
∙

where it is:

∙

2

r – number of different articles to be picked for the
order # I,
T – the time necessary to register the light signal on
the shelf,
T - the time necessary to find and read the number on
the display next to the light signal,
T - time necessary to press the taster near the light
signal as the signal that the necessary number of pieces
has been picked,
a - total number of articles to be picked for the order
# I,
T - time for picking one article – if it is necessary to
pick more than one piece of the same article and they
are not to be successfully picked at the same time, this
time should be multiplied by a number of pieces
j - denotation of the end of the second zone within the
order # I,
p - denotation of the beginning of the first zone within
the order # I,
b - width of one picking place
v - picker travel speed.
Defining the structure of orders is done in Mathcad, using
a random number generator. By using the function
≔
,
was generated vector (N) whose
elements are represented by a series of random numbers
with the exponential distribution. Distribution parameters
were selected based on the desired number of random
numbers (n) and the required share of items that are
excluded in relation to total number of items.
Thus for the variant with 80 items and 50 orders
generated 4000 random numbers, wherein the random
numbers from 1 to 80 assigned to the first order, from 81
to 160 assigned to the second order, ..., and at the end
random numbers from 3921 to 4000 assigned to the last
(fiftieth) order.
Analysis of the data for each variant of the zoned order
picking system is organized within a single file, so that
was formed multiple worksheets, figure 2, as follows: [9]
worksheet „basic“ – in this worksheet are enter data
from worksheet "MNP", "MNP 2", "MNP 3" and
"fixed" with the calculated values for total picking
time and distance traveled by the pickers, for all
variants,
worksheet „MNP“ – based on data in individual
orders, defines the order of execution randomly (order
of arrival) and according to bound cavities method,
then for the following options are calculated values for
total picking time and distance traveled by the pickers,
where in the analysis takes only a maximum cavity
associated in every order,
worksheet „MNP 2“ – based on data in individual
orders, defines the order of execution randomly (order
of arrival) and according to bound cavities method,
then for the following options are calculated values for
total picking time and distance traveled by the pickers,
where in the analysis takes two maximum bound
cavity associated in every order,
worksheet „MNP 3“ – based on data in individual
orders, defines the order of execution randomly (order
of arrival) and according to bound cavities method,
then for the following options are calculated values for
total picking time and distance traveled by the pickers,
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where in the analysis takes two maximum bound
cavity associated in every order,
worksheet „fixed"- analysis of orders for fixed zones
variant,
worksheet „orders" - data about orders, after a
generating the orders structure, as explained earlier,
the data of the first order be filled fields A1-A80, the
data on the second order be filled fields A81-A160
and so on up to the 20 orders which data be filled
fields A1521 -A1600,
worksheet "1" - while loading the file, in column A
from the worksheet "orders" (from place A1 to A80)
data are entered of the first order and calculate all
necessary data (the number of different items, the total
number of items, a selection of bound cavities, the
beginning and the end of the first and second zones,
roads pickers, labor and return time pickers, ...) for
variants of fixed zones and bound cavities method,
worksheet "2" - while loading the file, in column A
from the worksheet "orders" (from place A81 to
A160) data are entered of the second order and
calculates the data as in the first order,
...
worksheet "20" - while loading the file, in column A
from the worksheet "orders" (from place A1521 to
A1600) data are entered of the twentieth order and
calculates the data as in the first order,
In all worksheets for analyzing the structure of order (1, 2,
..., 20, figure 2) are carried out the same activities related
to defining the zone boundaries for different cases (bucket
brigades, fixed zone, bound cavities).
First, after loading the data on places where there are
items for the taking, shall determine the start of the first
zone and the end of the last zone, and size of all bound

cavities in order. Calculates the size of all the bound
cabities in the order, the total number and the number of
items that need to be taken, figure 3.

Fig.2. Worksheets
After that, depending on how much the bound cavities is
taken into consideration, the selection is performed.
If it takes a maximum bound cavities for the zone
boundaries, then in the column that represents the picking
position for maximum bound cavities, are entered
numbers of items in the zones. The procedure for the
analysis more cavities for the zone boundaries selection is
given in [9]. Figure 4 shows the analysis for the three
greatest bound cavities. If there is more of the same
bound cavities (ie has the same 4 bound cavities and
perform analysis 3) program is excluded from the analysis
those bound cavities that cause significant differences in
the work of pickers. After the zone boundaries selection,
for all variants are calculated all the necessary data.

Fig.3. Basic calculations in a zoned picking system with two pickers
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Fig.4. The choice of the zone boundaries in a system with
two pickers and analysis of three bound cavities

Fig.5. Basic calculations in fixed zoned systems with two
pickers

In a system of fixed zone, the calculation is performed on
all pickers place, then from the line that represents the
place where half of the total number of items retrieved
data, fig. 5. The calculated data from the all of orders are
automatically entered into the appropriate tables in the
worksheets "MNP", "MNP2", "MNP3" and "fixed".

In figure 6 is displayed basic tables loaded with the values
from all orders that are processed for a system with two
pickers - work and return time both pickers, time for totes
transport by roller conveyor, the position of the start and
end of the second zone, the percentage of load first
pickers in relation to the total load, total number of items,
…

Fig.6. The basic tables loaded with the values from all orders that are processed for a system with two pickers
To illustrate the structure and complexity of the program,
given a program loop that calculates the picking time for
individual orders:
= IF (K17 = LARGE ($K$7:$K$510,3), O17 *$S$1 + 2 *
(MIN ($L$7:$L$510)-MAX ($E$7:$E$510)) * $S$2 +
Q17 * $H$1, IF (K17 = LARGE ($K$7:$K$510,2), (O17
-MIN ($O$7:$O$510)) * $S$1 + 2 * (LARGE
($L$7:$L$510,2) - LARGE ($K$7:$K$510,3)) * $S$2 +
(Q17 – LARGE ($Q$7:$Q$510,3)) * $H$1, IF (K17 =
LARGE ($K$7:$K$510,1), (O17 – LARGE
($O$7:$O$510,2)) * $S$1 + 2 * (LARGE
($L$7:$L$510,1) – LARGE ($K$7:$K$510,2)) * $S$2 +
(Q17 – LARGE ($Q$7:$Q$510,2)) * $H$1,0)))

The choice of the zone boundaries in a system with three
pickers, for the analysis of four bound cavities, shown in
figure 7. In this case, there are six possible variants, and
the figure 7 shows the value the objective function for
variants of the same weight of criteria (1:1:1), and for the
case of 4 times greater weight of criteria for load of the
second pickers (4:1:1).

4. CONCLUSION
Mathematical model of zoned order picking system was
formed using the program Microsoft Office Excel. The
models were used to perform simulations in the course to
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calculate the distance traveled by the pickers and total
picking time when processing a group of orders.
Simulation of material flow in the zoned picking system
enables monitoring and collecting data on the number of
excluded items and paths traveled individual pickers, on
the basis of which it can calculate the output of each
picker.
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CORRESPONDENCE
Fig.7. The choice of zone boundaries in a system with
three pickers, for the analysis of four bound cavities
Simulation results, achieved under the application of
formed mathematical models, show that, when bound
cavities method is used, performances of order picking
system get better – total picking time and picker traveled
distances are significantly reduced.
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Broken bones, lacerations, major contusions, and other
serious injuries are not uncommon following crane
accidents. Sometimes these kinds of accidents can leave
victims physically impaired for years and years.

2. FACTORS FOR SAFETY AND REASONS
FOR CRANE ACCIDENTS

ABOUT THE CRANE SAFETY
Krasimir KRASTANOV
Abstract: Cranes are a central component of many
construction operations and are associated with a large
fraction of construction deaths; in fact, estimates suggest
that cranes are involved in up to one-third of all
construction and maintenance fatalities. Different types of
cranes are associated with different kinds of accidents,
and also varying severity.
In this article, we review crane-related injury data,
methods for reducing the severity and number of crane
accidents, and opportunities for future crane safety
research and activities.

Crane incidents can cause massive production delays,
devastating property damage, and loss of life.
The factor of safety also known as “Safety factor”, is used
to provide a design margin over the theoretical design
capacity to allow for uncertainty in the design process.
The uncertainty could be any one of a number of the
components of the design process including calculations,
material strengths, duty, manufacture quality. The value
of the safety factor is related to the lack of confidence in
the design process.
The simplest interpretation of the Factor of Safety is:
F0 

Strength of Component
Load on component

(1)

The selection of the appropriate factor of safety to be used
in design of components is essentially a compromise
between the associated additional cost and weight and the
benefit of increased safety and/or reliability.

Key words: mobile cranes, tower cranes, safety, stability,
crane accidents

1. INTRODUCTION
Crane safety is a major concern because of the economic
and social costs of the crane accidents. Cranes, which
come in numerous configurations and are a critical
component of most construction work, contribute to as
many as one-third of all construction and maintenance
fatalities and injuries resulting in permanent disability.
Safety and health professionals serving the construction
industry need adequate training and knowledge regarding
available crane safety devices and procedures so that they
may insure these techniques are effectively utilized during
construction operations.
The compliance with safety engineering principles is the
unconditional requirement for the prevention of hazards
in the design, manufacture and operation of cranes.
Hazards that may result from a potential failure of
components or from the lacking/failure of safety
equipment can be prevented by inspections.
Inspections should be performed before the initial
commissioning and if the modification is substantial (e.g.
a change of function and/or performance of the
machinery). These routine inspections should be
performed also at regular intervals.
Different types of cranes are associated with different
kinds of accidents, and also varying severity.
Many construction accidents happen in construction
zones, but sometimes they happen in the middle of a city.

Fig.1. Descriptive of types of accident
Figure 1 shows the percentages of different types of
accidents. Struck by load was the accident with most
number of cases followed closely by crane tip over. These
percentages comprise both fatal and non-fatal accidents.
It is important to know the main causes of crane related
accidents so that workers are better informed about
important safety precautions [5].
 Crane buckling or collapsing - All cranes have weight
limits to ensure that the crane will not tip over. To
counterbalance the weight, cranes use counterweight
and out-rigging systems. If the maximum weight is
exceeded the crane will be in danger of either buckling
or the boom may collapse.
 Improper Crane Assembly - One of the biggest
reasons that a boom collapses is improper assembly.
Specifically if the crane does not have the proper
blocking (wood or metal supports) to stabilize the
load, the unbalanced load will move and may lead to
the crane collapsing.
 Improper employee training - Operators who do not
have the proper training in crane operation and safety
procedures may lead to crane accidents.
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 Mechanical failures - Routine crane maintenance
should be followed to prevent accidents due to
mechanical failure.
 Contact with overhead power lines - Electrocution
from contact with overhead power lines is a leading
cause of crane related accidents.
 Flawed or infrequent inspections - Timely, consistent
inspections by experienced and well-trained inspectors
can wholly prevent tragic accidents.
The next figure shows the percentages of accident
happening during various construction operations.

Table 1. Numbers of accidents by country
Country
China
USA
United Kingdom
Singapore
Malaysia
Russia
Germany
Netherlands
India
UAE
Switzerland
Taiwan
Romania
Norway

Accidents
23
13
10
7
6
5
5
5
4
3
3
2
1
1

Deaths
55
15
8
5
6
11
5
4
7
6
0
7
4
2

Fig.2. Pie chart of construction operation percentages in
co-relation to accidents

Fig.4. Failure areas of tower cranes by accidents
In 2013 there was 182 accidents resulting in 83 deaths.
Operator error may account for many of these accidents due to improper shutdown procedures.

4. SAFETY BY WORK WITH MOBILE
CRANES
Fig.3. Percentages of different types of cranes involved in
accidents
Because accidents with cranes and tower cranes are a
great rate we consider mainly these cranes in our research.

3. TOWER CRANE ACCIDENTS
Tower cranes have a number of different features, which
may vary in their construction. The tower supports the
operators cab, the main or load carrying jib and the
counter jib on which the crane motors, winches and
counterweights are located.
Tower cranes and associated foundations are part of the
temporary works essential for some forms of construction.
The average time that a tower crane is installed and
working on a site is likely to be around 9 months. Over
this period, the tower crane may undergo many cycles of
loading both in working and out-of-service conditions.
The consequences of failure are likely to be serious,
which will influence the selection of factors of safety.
Since the year 2000 there have been over 1125 tower
crane accidents which have resulted in over 780 deaths
and countless injuries.
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The first step in creating a lift plan is to understand the
factors affecting the strength and stability of mobile
cranes.
Most important, operators must know the configuration of
the crane, ensure the configuration is correct, and use the
appropriate load chart. Full chart ratings may only be
applied when the boom tip is symmetrically rigged. On
single-line reeving, when the hoist line runs along the
center sheave or on the sheave beside the center line of
the boom, the boom twist is minimized.
There are some common types of incidents during lifting
operations [6]:

Fig.5.

The signaller must be in clear view of the crane operator,
and have a clear view of the load. If there is any question
on the crane operator’s ability to see the signal man or the
load, another signal person should be used. Use of a radio
is preferred.

6. STABILITY AS A SAFETY FACTOR
Fig.6.

For stability, the sum of all moments about the base of the
crane must be close to zero so that the crane does not
overturn. In practice, the magnitude of load that is
permitted to be lifted (called the "rated load") is some
value less than the load that will cause the crane to tip,
thus providing a safety margin.

6.1. Tower cranes stability

Fig.7.

5. COMMUNICATION AS A CRANE SAFETY
PROCEDURE
Procedures have been developed which can further
enhance the safety of crane operations. These procedures
can be divided into five categories: training, certification,
maintenance/ inspection, communication, and electrical
procedures. One of the most important and obvious crane
safety procedures is that all lifts should be conducted so
that, if an equipment failure were to occur, no personnel
would be injured by a dropped load; therefore, all workers
must be kept clear of loads about to be lifted or suspended
loads.
Communication provides an effective means for avoiding
crane chassis or electrical failure due to accidental contact
with nearby structures. Radio or other voice
communication is critical for tower cranes, the crane type
where the operator is most likely to be unable to see the
load (i.e. during blind lifts and on very large cranes) and
therefore forced to rely on riggers and signalmen. Tower
and mobile cranes operated in such a way as to prohibit
visual signal communication should be equipped with
electrical or voice communication systems [4].
Very important are the crane operator signals, figure 8.

Fig.8. Crane operator signals

Tie forces are generally obtained from the crane
manufacturer, although single tie installations are
relatively simple to calculate.
Multiple tie installations are much more complex and the
manufacturer will need to know the following information
in order to calculate the tie loads [2]:
 Crane model
 Jib length
 Proposed height under hook
 Proposed number of ties
 Proposed tie heights above base level
 Maximum out-of-service wind speed
A typical arrangement of tower crane is at figure 9.

Fig.9 Typical tie loads and reaction forces

Fig.10. Single tie calculation
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Ha  H 

3.q.h 3.M

8
2.h

(2)

Slewing moment T.

3.M 5.q.h
H 

b
2h
8

(3)

q.h2
M  0,5.M 
b
8

(4)

Vb  V + weight of extra tower of height h
H, V and M could be taken from the manufacture’s

foundation load tables for hook height of h '
q is the wind force per linear height.
The manufacturer will then supply a force acting on the
centre of the tower at each tie level, together with a
moment (if applicable). This has to be resolved into
reaction forces at the points of attachment of the tie legs
to the building or supporting structure.
It may not be possible to adopt ideally positioned tie
fixing points on the adjacent structure, and alternative tie
arrangements have to be used. Whilst this allows
flexibility in the positioning of the crane and ties, the
effect of close fixing points or acute tie leg angles is to
significantly increase the loads in both the tie legs and
attachment points to the adjacent structure.
The stability calculation requires that the factored
overturning moment due to the design actions (Mo) is less
than the factored restoring moment (Ms):
Mo .1.5 ≤Ms . 0.9

(5)

i.e. Ms ≥1.67 Mo
where the base is a square of side length L and depth D.
When the partial factors associated with the effect of each action
are combined (and neglecting the effect of any soil interaction in
the stability) the minimum overall factor recommended is 1.67
(1.5÷0.9). Where all load components are specified separately, it
should be possible to separate the variable and permanent
elements of the unfavourable action and apply partial factors
accordingly. In these cases the overall factor may be slightly
lower than 1.67.

6.2. Stability of mobile cranes
The ground condition must have enough stability and bearing
capacity to support all loads placed on it by the crane. Extreme
caution should beused when performing lift operations beside
buildings, especially if newly constructed with uncompacted
backfill, along trenches, or in areas where water mains, sewer
pipes or steam lines are buried.

When a crane sets on its load bearing surfaces, it exerts varying

pressures depending on the operating conditions and the
quadrant(s) of operation. The lowest bearing pressure is
the total weight of the machine distributed over the entire
area of the drive tracks or all outrigger supports. Lifting a
load over the corner produces the maximum ground
bearing pressure, which makes it the most dangerous
position. The ground pressure of a truck crane may be
higher than that of a crawler crane due to the smaller load
bearing surface area of the pads. Pads used for outriggers
should be stable and rigid, a minimum of three times
larger in area than the outrigger float, and be fully
supported.
Stability of the mobile crane is characterized by the
coefficient of resistance k y which is defined as the ratio
of restoring moments M в to overturning moment (the
sum of the moments of forces tipping crane) M о [8].
M
(6)
ky  в
Mо
In accordance with applicable rules and regulations for
the safe operation of hoisting machines, the rate of
loading or intrinsic immunity of the crane shall not be less
than or equal to 1.4, ie it is necessary, the value of the
moment exceeds curable overturning moment by at least
40%.
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Fig.11. Groud stability of mobile crane
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practically inevitable, but application of such systems
enables crane travelling without severe impacts during
contact of guide means with rails, and induced forces
lateral to travelling direction are considerably lower.
Frequent skewing forces action during crane travelling
can cause the failures of various forms of wheels and
other driving mechanism components, rails and their
supporting structure, and crane structure. In most cases an
intensive wearing (and even fracture) of wheel flanges
and rail head sides occure, rail track deformations and rail
joints increase, and damages in form of fatigue cracks on
crane end trucks also can occure.

DEFINING THE LOADINGS DUE TO
BRIDGE CRANE SKEWING DURING
TRAVELLING, ACCORDING TO EN
15011 - CALCULATION RIGID METHOD
Rastislav ŠOSTAKOV
Atila ZELIĆ
Ninoslav ZUBER
Hotimir LIČEN, Jr.
László SZABÓ
Abstract: In the last decade a lot of Serbian standards
has been substitutes with European Norms concerning the
proofs of competence of crane driving mechanisms and
supporting structure components. Calculation methods
for defining the skewing forces during bridge cranes
travelling are defined in EN 15 011. As it (especially its
last versions) contains some new items for crane
designers, the paper contains apart from a short review of
"rigid method", one shorter numerical example and a few
critical comments on some of these items. The aim of the
paper is to help the understanding and practical usage of
this norm by the comments concerning its certain items.
Key words: skewing forces, bridge cranes, rigid calculation method, EN 15 011

1. INTRODUCTION
Skewing during bridge (and other) cranes travelling is a
permanent phenomenon. The main cause of skewing is
trolley traversing laterally to the crane track during load
transfering within the limits of crane manipulating space,
bringing about the differences in wheel vertical loads and
travelling resistance forces on crane track rails. Appart
from it, various geometrical imperfections (in the first
place errors occured during crane track rails installation,
proccessing and mounting wheel assembly components
and supporting structures) exert considerable influence
upon the occurence and intensity of skewing forces during
crane travelling along rail tracks [1, 2, 3]. Current bridge
cranes are equipped with independent travelling drive
systems, causing the need of coordination of their electromotors in aim to avoid the excessive skewing forces.
Development of energetic electronics, sensor technique
etc. enables the usage of various components for limiting
the crane skewing during travelling. Crane skewing is

First relevant theoretical and experimental researches
considering tribology problems connected with wheel-rail
contact, crane travelling mechanics and corresponding
loads, date from 60-ies and 70-ies of the previous century
[1, 2, 3]. Experimental results indicated that a series of
factors exerts an influence upon the stochastic character
of skewing forces variation during crane travelling. So,
defining of intensity, character and occuring frequency of
these forces precisely as possible is equally important for
cranes designers and designers of building structures with
crane rail tracks.
First norm concerning crane steel structures and rail track
calculation was DIN 120 (1936.), remaining in effect for 4
decades, and eventually substituted with DIN 15 018
(1974.). For a long period large majority of national norms
kept a simple procedure for defining the reaction forces
lateral to the crane travelling or trolley traversing direction
according to FEM 1.001. Calculation model in DIN 15 018
is based on the longlasting experimental research and gives
the thorough explanation of the model used for defining the
skewing forces. Not long after that, this procedure was
addopted also in ISO 8686-1 and FEM 1.001, and later in
European norms EN 13 001-2 and finally in EN 15 011.

2. ARE SKEWING FORCES TO BE TREATED
AS REGULAR OR OCCASIONAL LOADS?
According to [4], crane/trolley skewing forces are generally
classified into the occasional loads (Fig. 1) and load
combination B (in case of skewing limiting system even in
C) [5], i.e. left out of crane structure fatigue calculations.
Occuring frequency and skewing loads intensity depend
primarily on the crane/trolley type and configuration,
working conditions and irregularities emerged during
installation of crane wheels and rail track [4].
Consequently, skewing forces occurence frequency defines
whether they are regular or occasional loads (Fig. 1), but no
further data concerning classification are given.

Fig.1. Classification of horizontal loads, [4]
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3. CALCULATIVE DEFINING THE SKEWING
LOADS ACCORDING TO EN 15 011
Common procedure for calculating the loads due to
skewing given in [4] is applicable in case of rigid crane
and rail track structures. But, in case of bridge and gantry
cranes, depending on their design, supporting structures
can have rigid or flexible characteristics. Therefore, [5]
offers two methods for skewing loads calculation:
rigid method - crane rail track and crane structure are
regarded as rigid, and
flexible method - used when the structure is assumed
flexible (main girders, but end trucks can be regarded
as rigid), or in cases of doubt.

confused explanation: "The position of the trolley is
located in such a way that the maximum skewing forces
are computed. This is usually a location on the opposite
side of span in relation to the side with uncoupled drives."
Relevant trolley position for a crane with uncoupled
driving wheels is commented further in the paper.

Based on a crane structure configuration and a system of
lateral guiding during travelling, calculation models for
bridge, gantry and semigantry cranes are classified in 4
types: A, B, C and D. For each type, adequate skewing
forces calculation model is defined (rigid and/or flexible).
Bridge cranes and crane trolleys are classified as type A,
with defined rigid method. In the paper only rigid method
for calculation of crane skewing forces is regarded, for a
top running bridge crane with 4 wheels.

3.1. Rigid method, [5, 6]
Rigid method for defining the skewing forces is based on
the following assumptions and simplifications:
crane main girders and end trucks are rigid,
unsteady crane travelling is not considered,
crane track is assumed as horizontal and skewing
angles as small, and
geometrical imperfections are neglected.
In Fig. 2 two bridge cranes with 4 vertical wheels are
presented. Crane travelling direction and rail direction
form an angle α. Crane is laterally guided along the track
by flanged wheels, Fig. 2.a or by horizontal guiding
rollers, Fig. 2.b. Crane travelling along the track is usually
performed by independent drives mounted on end trucks,
therefore with uncoupled driving wheels (a pair of driving
wheels marked as "I"), or today very rarely by coupled
pair of driving wheels (marked as "C"). But, there is a
lack of coordination between EN 15 011 [5] and EN 13
001-2 [4] concerning the term "coupled". According to
[5] only mechanically coupled wheels are considered as
"coupled" and electrically coupled wheels as independent,
without any further consideration of free (nondriving)
wheels. But in [4] electrically coupled driving wheels are
also considered as "coupled". Vertical wheels can be
axially fixed (meaning that their bearing arrangements
enable transfer of axial forces) and marked as "F", or
axially movable (if bearing arrangements do not enable
transfer of axial forces) and marked as "M".
It is assumed that during crane steady motion skewing
force YF occurs in the contact point of front guide means
and rail head side. Obviously, trolley is in position that
corresponds to the maximal value of force YF. In [5] is
stated that in case of crane with mechanically coupled
driving wheels, the maximal value of YF corresponds to
the trolley position in the middle of span l, i.e. when crane
wheel vertical loads are approximately equal. But, for the
case of crane with uncoupled driving wheels, there is a
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Fig.2. Bridge crane with 4 vertical wheels and guiding
by means of: a) wheel flanges; b) guide rollers
Algorithm of the procedure for defining the skewing
forces on crane guide means and vertical wheels, according to the "rigid method" is presented in Fig. 3. The next
comments complete certain calculation items:
Comment 1: Minimal values of clearances between the
guide means and rail head side sgmin depending on the
type of guide system: for trolleys sgmin = 4 mm (wheel
flanges guiding) or sgmin = 2 mm (rollers guiding); and
for cranes sgmin = 10 mm (wheel flanges guiding) or
sgmin = 5 mm (rollers guiding). In [5] for the case sg ≤
(4·sgmin)/3 stands by mistake αg = sgmin/wb, the correct
term is αg = sg/wb.
Comment 2: Norm [4] gives no special values of αw in
dependance on the guiding system, only the general
term αw = 0,1·(bh/wb).
Comment 3: Undisturbed crane travelling along its
track (without impacts or wheels becoming wedged)
requires the value α ≤ 0,015 rad.
Comment 4: The adopted value of friction factor μ0 in
the previous versions of EN 15 011 is μ0 = 0,3,
without any further explanation, but in [5] value of μ0
is defined for two cases: μ0 = 0,3 for clean rail and μ0
= 0,2 for uncleaned rail in usual working environment.
When using "rigid method", linear form of μf is not

allowed in case μ0 < 0,2 (in expression for μf value of
σ = α is in radians).
Comment 5: Values of vertical loads on wheels with
bearings not transfering lateral loads, are to be
assumed as zero in equations for defining summs S, Sd
and Sdd. In [5] is incorrectly defined: S = ΣZj = m·g

(the weight of crane with load) without any further
explanation, because Zj is previously defined as Zj = 0
in case that wheel bearing arangement doesn't
transfer axial forces. Therefore, the equation S = m·g
is correct only if bearing arangements of all wheels
transfer axial forces. If the wheel No j is in front of
front guide means (e.g. rollers), the corresponding
value of dj is to be inserted with negative sign into the
expressions for calculating Sd and Sdd.
Comment 6: Resulting force on the shaft No i of
coupled wheels Wi is to be calculated only in case
when vertical forces on the first and second wheel
(Z(1)i, Z(2)i) are greater than zero. For the shaft No i
corresponding force acting in x direction: Xi = μf·l·b·Wi
can be calculated, too.
Comment 7: Force on the guide means YF = ΣYj (e.g.
for a crane with 4 wheels YF = Y1+Y2+Y3+Y4).
Basically, model for defining the loads due to skewing
according to [4] doesn't differ much from the model in
"rigid method" (except differently marked and
grouped characteristics in calculation), but procedure
in [5] doesn't define a method for calculating the
distance from the front guide means to the crane
instantaneous sliding pole, see in [1, 2, 3, 4].

3.2. Numerical example: Defining the skewing
forces of a single girder bridge crane
A shorter numerical example is given in aim to define
trolley positions corresponding to the maximal calculated
values of skewing force YF for various crane wheel-pair
combinations. Although combinations IFF-IFF and IFMIFM are most often used in practice (design of crane with
mechanically coupled wheels on opposite end trucks went
out of use), other combinations are analyzed, too, in aim
to draw generally valid conclusions. Data on single girder
bridge cranes with 4 wheels, Fig. 2 are given in Table. 1.
Table 1. Basic crane data
Crane characteristics
Crane № 1
Crane № 2
capacity Q [t]
3,2
span l [m]
8,9
guide means
wheel flanges guide rollers
crane mass mc [kg]
≈ 1450
trolley mass mt [kg]
≈ 1250
rail head width bh [mm]
40
clearance sg [mm]
20
8
distance wb [mm]
1500
1870
d1 = d3 = 0
d1 = d3 = 185
distances dj [mm]
d2 = d4 = 1500 d2 = d4 = 1685
Values of YF are calculated for various wheel bearings
arrangements and 3 trolley center of gravity positions: (R)
1,65 m from the right hand rail, (M) in the span middle,
and (L) 7,25 m also from the right hand rail. Slip friction
coefficient μf is defined on the basis of friction factor
value μ0 = 0,3. The obtained results are given in Tab. 2.

3.3. Comments on the obtained results
Fig.3. Procedure of defining values of forces Yj i YF
according to rigid method, [4]

EN 15 011 predicts maximal skewing forces on cranes
with mechanically coupled driving wheels on the same
axis when trolley is positioned in the crane span middle.
On the basis of calculation results in the example, it can
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be concluded that statement is correct only if all wheels
are equipped with bearings capable of axial force transfer,
and one or both wheel pairs are mechanically coupled.
Table 2. Review of calculated values of force YF
Angle α [rad]
(1)*
(2)*
(R)
IFF-IFF/
(M)
CFF-CFF
(L)
(R)
IFF-IFM/
(M)
CFF-CFM
(L)
(R)
IFM-IFM/
(M)
CFM-CFM
(L)
(R)
CFF-IFF/
(M)
CFM-IFM
(L)
(R)
CFF-IFM/
(M)
CFM-IFF
(L)

Crane № 1
Crane № 2
0,014
0,005
Skewing force YF [N]
8396,8/16220,0 4775,9/11563,0
8396,8/16342,2 4775,9/11696,5
8396,8/16220,0 4775,9/11563,0
8396,8/13983,6
4755,7/9884,9
8396,8/12369,5
4719,7/8846,0
8396,8/10520,9
4621,4/7552,6
6190,9/6190,9
3521,2/3521,2
4198,4/4198,4
2388,0/2388,0
2205,9/2205,9
1254,7/1254,7
15719,7/6190,9 11027,7/3521,2
15936,9/4198,4 11258,0/2388,0
15719,7/2205,9 11027,7/1254,7
13983,6/6190,9
9884,9/3532,3
12369,5/4198,4
8846,0/2402,3
10520,9/2205,9
7552,6/1265,8

(1)* - wheel-pair combinations:
XXX-YYY → front (1&3)-rear (2&4) wheel pair,
C → mechanically coupled wheel pair on the same axis,
I → uncoupled (mechanically) wheel pair on the same axis,
F → wheel bearing capable of
first mark denotes right
axial force transfer,
hand wheel, second one
M → axially free wheel bearing. denotes left hand wheel.
(2)* - trolley position (see Fig. 2).

As already mentioned, EN 15 011 doesn't define in
unmistakable terms the critical trolley position in case of
crane with mechanically independent driving wheels. In
such case, if all wheel bearings are capable of axial force
transfer, intensity of YF is independent of trolley position
(and of crane lateral guiding system, as well). But, if
wheels on the end truck with guide means in contact with
rail head side, are equipped with bearings capable of axial
force transfer, and on the opposite end truck are with
axially free bearings, maximal values of YF are obtained
when trolley position is next to the guiding end truck.
This stands also for other wheel-pair combinations, if at
least one wheel is with axially free bearing (regardless of
the existence of driving wheels mechanical coupling). The
only exception to this rule is the IFF-IFM combination
with wheel flanges lateral guiding.
Skewing forces for cranes with mechanically coupled
driving wheels are usually greater than for cranes with
independent (uncoupled) wheels.

4. CONCLUSION
The crane skewing forces problem is very complex, its
final solution demands a lot of experimental research, and
even permanent monitoring, in view of their influence on
the fatigue damage of crane structure and components.
A short numerical example shows that some chapters of
recently adopted EN 15011 defining the procedure of
crane skewing forces calculation should be carefully reexamined, errors corrected, and text supplemented with
short precise explanations, in aim to facilitate its under78

standing and application. Also, a harmonization with EN
13 001-2 has to be achieved.
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Basic materials this storage tank has been constructed of
are ASERA 48 and NIOVAL 47, whose mechanical
properties are given in the Table 1. During regular
control, inspection and analysis of sphere was conducted
in accordance with the laws and regulations for pressure
vessels made from high-strength low-alloy steel.
Table 1. Mechanical properties of the basic material

CRACK DAMAGE REPAIR IN THE
SPHERICAL STORAGE TANK FOR
AMMONIA AND SUBSEQUENT
ANALYSIS
Izet ALIC
Sandira ELJSAN
Azur HASANAGIC

Material

Yield
stress Rp
[N/mm2]

ASERA 48

481

Tensile
strength
Rm
[N/mm2]
651

NIOVAL 47

471

634

Elongatio
n A5 [%]
17
31

The tests were conducted by non-destructive methods
(visual examination, ultrasonic thickness measurement,
magnetic-flux inspection, liguid penetrant testing of
attachments, and radiographic inspection of cross
sections). During this tests, transverse and longitudinal
were detected in the weld metal and the inner welded
joints.

Abstract: During the exploatation of the spherical
storage tank for ammonia, transverse and longitudinal
crack appeared in the weld metal and the inner welded
joints. This damage was detected during regular test by
non-destructive techiques. The damage was located and
necessary repairs were conducted (abgrading and
welding). Afterwards, detailed tensometric test were
performed, which affirmed the structural integrity of the
tank, and decision of its further usage was established.
Key words: spherical tank, tensiometric, pressure vessels

1. INTRODUCTION
Spherical storage tank for ammonia is being used in
GIKIL - Azotara factory in Lukavac (Fig.1.).

Fig.2. Schmatic representation of the numbered layers
I-IX of ammonium sphere
Layer VII

Fig.1. Spherical storage tank for ammonia

Fig.3.Schematic representation of the sectioned numbered
layers of ammonia sphere
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This damaged area was located (Fig.2., Fig.3. and Fig.4.)
and necessary repairs were conducted.

690

depth of corrosion
cca 5 mm

cut down the plate
dimension 190 x 280

57

730

950

41

depth of corrosion
cca 10 mm

50

Fig.4. Location of the damage by sections (layer VII)

2. REPAIRS OF THE LOCATED DAMAGE
In accordance with the current technical laws and
regulations, analysis results of the chmeical and
mechanical properties of the basic materials, resources at
hand etc. it was decided to repair the damage by manually
operated-welding 111, metal-arc welding with sheathed
electrode (REL). Technical documentation was used as a
base for the welding technology and control and the
control of the welding itself. Based on the data from the
technical documentation and resources at hand, welding
procedures were defined, as well as the additional and
auxiliary welding materials, the size and types of control
and other important elements needed for well-performed
welding process. Technological procedure of one of the
section is shown in Table 2., while Table 3, gives welding
parameters for the same section.

Table 3. Welding parameters on layer VII, Section 19
Not necessary
Thermal
Welding parameters

2,5
3,25
4,0
5,0
mm
electrode
Current
100- 14065-90
A
140
180
range
Voltage
2222-25 22-25
V
25
Number
(1)
1÷2
3÷n
of passes
W
pole mm
electrode
 welding mm
wires
Torch number
Welded joint control
Visual
100%
Penetrant
100%
Radiographic 100%
Magnetic
100%
Ultrasonic
100%
Rigidity
15 points

3. TESTING THE SPHERE AFTER
REPAIRED DAMAGE
After repaired damage, it is necessary to conduct a
detailed test of the spherical tank in order to determine the
possibilities of its further utilization. The inspection is
performed with tensiometar at different levels of pressure
(in nine stages ). The selection of measurements points is
conducted in accordance with the laws and regulations for
pressure vessel made from a high-strength low-alloy steel.
The measurements points (8 in total) are located in the
region of the spherical tank base and in the regions where
the most damage was discovered during the inspection
and analysis.
Measuring tapes are placed on the direction of the main
stress points. The measurement points placement is shown
in Fig.5 and Fig.6.

Table 2. Technological welding procedure on layer VII,
Section 19
Welding procedure
Joint type :
Welding position :
Type of gas
Dimensions :
Basic material :
Preheating :

Root
111 (E)
Filling
111 (E)
Frontal
PF/PC (ISO 6947)
t  13
ASERA 48
ASERA 48
Not needed

[OC]

Control

150 +10

new
plate

Additional material :
Electrode :

Root
Filling

Welding wires
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EVB Ni or
EZ - 60 B
EVB Ni or
EZ - 60 B
-

Pole

+

Pole

+

-

Fig.5. Placement of the measuring points (side-view)

Tension MPa

Test pressure MPa

Fig.7. Tension and test pressure ratio
Table 5. Maximum tension states
Fig.6. Placement of the measuring points (top-view)
The measurements were made in nine stages:
Empty spherical tank,
Full spherical tank (atmospheric pressure),
The pressure of 0.3 MPa,
The pressure of 0.48 MPa (maximum operation
pressure),
The pressure of 0.65 MPa (test pressure),
Empty spherical tank.
Over the test were monitored variables which were in the
functional related to the deformations and stresses.
The results of the deformation and stress state
measurements on T1-T8 measuring points are located in
Table 4.
A diagram of relations of tension and test pressure is
shown in Fig.7.
Table 4. Measured tensions and test pressures
Pressure
[MPa]

T1 T2 T3 T4

T5

T6

T7

T8

0

0

0

0

0

21

18

13

20

14

2

38

32

44

109

70

127 127

68

60

51

65

153

99

197 195

0,65

98

89

79

96

205

168

216 223

0,48

67

60

50

65

154

142

201 199

0,30

36

30

19

33

100

81

149 139

patm
Empty
tank

13

17

30

17

13

21

64

33

0

0

0

0

0

0

0

0

0

0

0

14

19

0,30

47

0,48

0,65

205

4. ANALYSIS OF INSPECTION RESULTS
Analyzing the measured strain results, the maximum
tension states have been measured and shown in Table 5.

197

M point
T8
σi [MPa]
195

216

223

M point T7
σi [MPa]

The aforementioned measurement points are located in
the supporting leg region (T5) and layer VII of the
spherical tank mantle in the region of damage repairs (T7
and T8). The remaining deformations registred on
measurement points T2, T4, T6, are in the permitted
limits, and were caused by changes in temperature during
the inspection and rapid and relief of the tank.
Taking into consideration the elasticity of the material the
spherical tank is made of and the maximum stress state
measured, it can be concluded that the maximum stress
states are in the permitted limits.
σimax. = 223 MPa < σe = 335 MPa

i [MPa]

Empty
tank
pa

0,48

Measurement
point T5
σi [MPa]
153

Strain
[MPa]

(1)

Based on the conducted inspections and reports on the
conducted inspection, the following can be concluded:
The maximum stress states measured are in the
permitted tolerance limits;
The spherical tank storage for ammonia can be used
for the specified purpose for the anticipated conditions
of exploitation.

5. CONCLUSION
Vessels that work under pressure of various gasses
present danger to people and the environment. For that
reason, it is absolutely necessary to adhere to all the
required technical regulations starting with planning,
production and during use.
With every change that could happen in the technological
process, a detailed analysis and inspection should follow.
In the specific case analyzed in this work, the repairs of
the spherical tank damage were conducted by the
described analysis and procedure.
By measuring the stress it has been concluded that the
maximum measured stress states are within permitted
limits of tolerance, and the spherical storage tank for
ammonium can be used for specified purposes.
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For further safety, it is necessary to ensure observation of
the repaired area on layer VII during exploitation.
Recommendation for such cases is ultrasonic and
magnetic – flux inspection, and as final a repeated
tensiometric analysis of the repaired damage.
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leveled as wall as inclined ground, and even descending
stairs and riding bicycle.
However, climbing stairs, that would by its kinematics
and dynamics be approximate to natural climbing of nonamputees, is as far as today an unsolved problem. Unlike
non-amputees, amputees with unilateral TF amputation,
using common commercial prostheses, can climb stairs,
but always progressing to the next step with their sound
leg, followed by pulling their prosthesis to the same step –
progressing one by one step at a time (Fig.1.). The main
reason for this way of climbing is inability of knee flexion
and extension of user’s prosthesis in the knee joint.

PROTOTYPES CLASSIFICATION IN THE
PROJECT OF HYDRAULIC ABOVE THE
KNEE PROSTHESIS DESIGN
Miljan RUPAR
Adisa VUCINA
Remzo DEDIC
Abstract: Leg amputation in all its aspects has significant
influence on everyday’s and social life of amputees.
Climbing the stairs in natural manner still presents a big
problem for an amputee using commercial above-knee
(AK) prosthesis. The main problem with common AK
prostheses is the lack of knee and ankle joints, since
climbing the stairs requires overcoming large forces and
moments. The main aim of the project of developing the
new hydraulic AK prosthesis is to find a way to enable
trans-femoral (TF) amputees to climb the stairs in as
much as possible natural manner by developing
externally powered knee and ankle joints. Due to the
complex biomechanical process of leg locomotion in the
development of new hydraulic powered prosthesis it was
necessary to use large number of different types of
prototypes, serving different purposes. Classification of
prototypes was necessary in order to be able to fully
understand their purpose and to give directions for the
future research and new researchers of the project.

Fig.1. Usual stair climbing of amputee using standard AK
prosthesis [2]
Climbing the stairs with AK prosthesis is not completely
unsolved today, since researchers have managed to
develop prostheses that are able to climb the stairs, but
they are still in a test phase and are not commercialized.

Key words: AK prosthesis, prototypes, classification,

1. INTRODUCTION
Amputation in all its aspects of physical disability and
visible deficiency in esthetical aspect has an influence on
everyday’s and social life of amputees, and their relations
with environment and relation of their environment
toward their deficiency [1].
In the case of trans-femoral (TF) (above knee) amputee,
besides the lack of the foot and large number of muscles
that are needed to walk and climb stairs, the lack of the
knee presents quite a problem especially for climbing the
stairs. Trans-tibial (TT) (below the knee) amputees have
more natural and easier gait and ability for more natural
climbing and descending the stairs.
The most contemporary microprocessor controlled above
knee (AK) prostheses offer amputees ability to walk on

Fig.2. Current accomplishments – bionic leg [3]
One of these examples is the latest state of the art bionic
leg presented by Rehabilitation Institute of Chicago, as a
part of 8 million USD project funded by U.S. Department
of Defense involving Vanderbilt University, the
Massachusetts Institute of Technology, the University of
Rhode Island and the University of New Brunswick [3].
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1.1. Mechanics of AK prosthesis
Movement mechanics of current commercial AK
prostheses is fairly well resolved as far as walking. But
the main problem is climbing the stairs since it is required
to overcome large forces and moments that occur in the
knee.
Biological knee joint is the main factor of walking that
allows overcoming these forces and moments, but joint in
the ankle also plays very important role in leg
locomotion. Its role is in amortization of forces and
storing the energy while walking on leveled ground and it
also plays the crucial role in climbing and descending
stairs. In order to achieve natural human locomotion
while climbing the stairs, both of these joints need to be
integrated in the prosthesis and to be powered from
external power source mimicking the power of the
muscles. Even without external power to the joints, it is
non existence of an appropriate joint in the ankle that is
the main disadvantage of current commercial prosthetic
legs. Current solutions of the joint in the ankle of the
prosthesis are generally based on a concept of installing
hard rubber in the foot that partially dampens the forces
while walking, or by setting flexible materials in the place
of the ankle joint [4].

2. DESIGN AND DEVELOPMENT OF NEW
HYDRAULIC AK PROSTHESIS
The main aim of the project of developing the new
hydraulic AK prosthesis was to find a way to enable TF
amputees to climb the stairs in as much as possible
natural manner.
From the very beginning, during the phase of project
planning, it was concluded that it was necessary to
integrate an active powered knee in order to achieve
natural way of stair climbing.
In order to define new prosthesis specifications, initial
research and calculations [5] of climbing the stairs and
getting up form the chair were conducted to find solution
to integrate a hydraulic cylinder in the knee joint of AK
prosthesis. Besides climbing the stairs, getting up from
the chair is another aspect in human locomotion that
requires investing quite much effort by an amputee to
perform [4]. The results of these calculations gave tables
and specifications of forces and moments in the knee
while performing stair climbing and enabled the design of
hydraulic knee cylinder.
The experiment that followed had shown that climbing
the stairs for TF amputee is possible to achieve with the
hydraulic cylinder integrated in the knee joint, but certain
artificiality in the process of climbing was noted, so the
experiment of climbing the stairs was repeated with nonamputees [2], and the obtained data was compared. It was
concluded from the results of the experiments that the
rigid ankle joint of the prosthesis caused unnatural and
unsafe motion of the TF amputee using new powered AK
prosthesis.
So succeeding experiments [6] [7] were done in order to
define requirements for designing a hydraulic powered
ankle joint of AK prosthesis. This required a new research
about behavior of prosthesis with both active powered
joints [7] which was conducted in a way that kinematic
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data from previous experiments [2] on non-amputees
were transferred to CAD model of the prosthesis with two
hydraulic powered joints (knee and ankle) in order to
mimic human gait while climbing the stairs. In this
research, besides the optimal position for the hydraulic
cylinder in the ankle, detailed diagrams of kinematic
movements of both hydraulic cylinders (knee and ankle)
were obtained.

Fig.3. Diagram of climbing the stairs of a non-amputee
(to the left) and an amputee using modified prosthesis
with the hydraulic cylinder mounted in the knee joint (to
the right) [2]
The current research [8] is being focused on prosthetic
foot development, where the new design of the foot
matches biological human foot by its outer measures. This
prosthetic foot also has the ability of joint flexing of the
frontal section of the foot (toes), mimicking dorsal
hyperextension (Fig.4.) of the biological foot.
It is assumed that flexion of the toes using real joint
instead of other flexible material, like rubber on which
most of the current commercial designs of the prosthetic
foot are based on, would improve walking and stair
climbing of an amputee.

Fig.4. Dorsal hyperextention (left) and flexion(right) of
the toes of the foot [8]
Current research also tends towards finding suitable
hydraulic system and cylinders as well as how to
coordinate their movements according to knowledge
obtained from the previous research.
The result of this part of research will be the design of
physical prototype of the AK prosthesis which is actively
powered in the knee and the ankle joints.

3. DEFINITIONS AND CLASSIFICATIONS
OF PROTOTYPES
The common definition of prototype states that prototype
is an early sample, model or release of a product built to
test a concept or process or to act as a thing to be
replicated or learned from [9].

Human gait is very complex activity and it is a product of
interrelation of inner and outer mechanical forces that act
upon a human body while walking. Among other, it
includes stress and friction in the joints, dynamics of
muscles as active factor of locomotion, and bones serving
as levers. Due to the extremely complex biomechanical
process that involves tridimensional movement of the
system that requires coordinated control, in the
development of the new hydraulic powered prosthesis it
was necessary to use large number of different types of
prototypes, serving different purposes.
From the project planning phase, through conceptual
phase, to the design phase, a variety of prototypes had
been used in order to reach the conclusions and
improvements of the new AK prosthesis. With so many
different types of prototypes used, there was a need of
thorough classification and Urlich-Eppinger [10]
classification of prototypes was chosen having wider
perspective of prototyping than standard definitions.
According to [10], prototype is an approximation of the
product along one or more dimensions of interest. This
definition of prototype is wider then standard ones,
because it includes any subject that consists of at least one
aspect of the final desired product as a prototype. This
includes sketches, mathematical models, simulations, test
components as well as fully functional preproduction
versions of the product.
This definition classifies prototypes along two
dimensions. The first dimension is the degree to which a
prototype is physical as opposed to analytical. Physical
prototypes are tangible entities which are created to
approximate the product (models, concepts etc.), while
analytical prototypes are intangible entities representing
the product in a mathematical or visual form (3D
computer models, simulations, equations of mathematical
model, concepts etc.).
The second classification according to this definition is
the degree to which a prototype is comprehensive as
opposed to focused. Comprehensive prototypes contain
all or the most of the attributes of the final product (full
scale operational version of the product), while focused
prototypes contain only one or few of the attributes of the
final product.
There are four major purposes of prototypes in product
development
project:
learning,
communication,
integration and milestones [10].
Learning by its word means that by using prototype,
knowledge about how product behaves is obtained, and
that all of its flaws and disadvantages could be resolved
before meeting the market and customers.
Communication considers using prototype for improving
contact between various teams in product development
project internally (design team, management, vendors,
investors etc) as well as externally with customers in
order to improve the development of the product.
Integration represents ensuring that components of the
product are compatible and work properly together. The
best prototypes, according to authors, for this purpose are
physical comprehensive prototypes.
Prototypes can also serve as milestones in a way of
confirming existing functions or showing the need for
new improvements or new functions, usually, but not
only, in the later stages of the development of the product.

As milestones, prototypes represent a certain “go” or “no
go” point and direct designers, researchers, management
and other teams, towards the next steps of the project.

4. PROTOTYPES IN MECHANISATION OF
ABOVE THE KNEE PROSTHESIS
Fig.1. shows selected prototypes classified according to
Ulrich-Eppinger classification and definition of
prototypes.
The first steps of the project started with mathematical
model (Fig.5.a) [5] that was used for static analyses. It is
classified as focused analytical prototype. It is analytical
by its intangibility and focused since it was used for
calculating maximal forces and moment that occur in the
knee while climbing the stairs, which is only one focused
aspect of AK prosthesis. With this prototype, basic static
principles of this construction were determined, so the
basic purpose of this prototype was learning.
Based on calculations derived from that prototype, partial
2D model of the prosthesis (Fig.5.b) [5] was created, also
representing focused analytical prototype.
The basic purpose of this prototype was learning, but in
some degree it was also integration, since it had
determined optimal position for integrating hydraulic
knee cylinder in AK prosthesis.
Its technical documentation was used as the guideline for
creating tangible model (Fig.5.d) [5], which was
classified as focused physical prototype. This prototype
had been used for conducting the experiment that has
shown that hydraulic cylinder is able to endure sufficient
load and that it had integrated well with other components
of the AK prosthesis.
The experiment has also shown that hydraulic cylinder is
safe to use on prosthesis used by TF amputee. Therefore
this prototype served both for learning (“can endure
sufficient load”) and integration (“components work
together”).
It also served as a milestone as it was “go/no go” point for
further experiments showing that choosing hydraulic
cylinder in the knee was the right choice for powering the
knee, and that the next phase of the project could start.
After this experiment the entire prosthesis was assembled
(Fig.5.e) [5], and the experiment on amputee using the
new AK prosthesis (Fig.5.f) [5] was conducted.
Prosthesis, with other prosthetic parts and hydraulic
system assembled, represents comprehensive physical
prototype of hydraulic AK prosthesis.
It was noted from the practical work on hydraulic AK
prosthesis that besides fully physical comprehensive
prototypes (Fig.5.e,f), analytical prototypes could be of
great help in integration, determining if all components
worked well with each other before sending elements to
be made for testing, thus avoiding unnecessary cost of
production.
This puts emphasis on 3D computer models that represent
detailed assembly design of the product (Fig.5.c). In
hydraulic AK prosthesis project, 3D models were of great
help in determining geometry and avoiding any collisions
before ordering physical components and before the
expensive individual part production starts.
Analytical comprehensive prototypes are not generally
feasible [10].
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However, if comprehensiveness of a prototype is viewed
from another angle, from a designer’s point of view,
especially in animation, video-gaming and 3D graphical
design, 3D models could represent final products, and to
its designer be as comprehensive as possible.
Even designers in mechanical engineering can do various
simulations on fully designed 3D computer models,
testing and analyzing the product to its limits before it is
even produced, as if it was the real physical product.
Static simulation analyses can determine behavior of
construction under the load, kinematic simulations can
show its movement geometry and simulation flow
analysis of the hydraulic system can determine its
hydraulic characteristics and detect possible flaws in its
design.

in the future. Even at present moment it is not known to
the authors if there is such commercial system.
Current solution is the hydraulic system that is small
enough to be placed in a small backpack and to be worn
on the back by an amputee.
The experiment with the amputee using hydraulic AK
prosthesis has shown certain artificiality in the process of
climbing the stairs with the prosthesis, and it was
concluded that there was a need for powered ankle too.
In one aspect AK prosthesis prototype has served mostly
as milestone stating the need of introducing a powered
ankle, because before this experiment it was considered
that solely powered knee would be enough for natural
stair climbing.
It has also served for learning since the need of powered
ankle in stair climbing was a new fact to the project,
together with obtained knowledge, that while climbing,
prosthesis creates reaction force that is able to push user
and make him fall back.
As this experiment was a part of scientific research and
master thesis [5], it served as communication tool, since
the need for hydraulic powered ankle was stated in the
conclusion of thesis as a note for further research on the
project.

Fig.5. Classification of prototypes of hydraulic AK
prosthesis project
This helps greatly in practice in avoiding unnecessary and
the expensive changes and iterations to physical
prototypes. With the help of rendering even the final look
of the product can be simulated.
So it could be said that fully detailed 3D model, even
rendered to look like a real product, can be considered as
comprehensive.
Regarding hydraulic AK prosthesis (Fig.5.c), its detailed
3D model to be fully comprehensive would have to
contain detailed 3D model of hydraulic system.

4.1. Prototypes of hydraulic system for AK
prosthesis
Hydraulic system is another major aspect in the process of
developing the new hydraulic AK prosthesis, equally
important as the design of prosthesis, since without it
there would be no power enabled to the construction.
Hydraulic system is supposed to be integrated into the
structure of the prosthesis, but at the time of the
experiment it was not possible to acquire the optimal
hydraulic system, so external system was used (Fig.6.) to
conduct the experiment, having in mind that further
research would bring the development of smaller systems
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Fig.6. Analytical (a) and physical (b) prototype of
hydraulic system [5]

4.2. Prototypes of prosthetic foot designed for
hydraulic AK prosthesis
It is still not possible to design prosthetic foot that would
ideally mimic all movements of the biological human foot
using today technology. Basic movements that ideal
prosthetic foot should fulfill to approximately mimic
biological are: dorsal and plantar flexion, abduction and
adduction, inversion and eversion, meaning that the foot
should have ability of pronation and supination. Also
dorsal flexion (hyperextension) and plantar flexion of
frontal part of the foot (toes) are very important [8].
Most of the commercial prosthetic feet are not able to
perform these functions and are usually rigid with some
functions partially performed using elastic materials,
mostly rubber. Without these functions foot acts like a

rigid body, which along with the lack of knee and ankle
joints of the prosthesis, makes gait with the prosthesis

unnatural and notably different then biological natural
gait.

Fig.7. Prototypes in the development of the prosthetic foot
The design of hydraulic AK prosthesis with joint in the
ankle already enables dorsal and plantar flexion of the
entire foot.
The current research on the prosthetic foot [8] tends to
create prosthetic foot that would have the ability to mimic
dorsal hyperextension by bending the frontal section of
the foot.
The hypothesis of the research is that real joint flexion,
instead of mostly used rubber (on commercial prosthetic
feet), would improve human gait and climbing the stairs
toward being more natural.
The prosthetic foot development has undergone a lot of
transformations and iterations, using a lot of prototypes
(Fig.7.) from the first concepts (Fig.7.a;b), gradually
introducing various factors that have influence on its
design.
The first and basic idea was to create a joint in the place
of metatarsal joins, which would enable dorsal
hyperextension. Later, through research other functions
were found crucial, so the design of the prosthetic foot
grew to its recent state.
Having the shape of biological foot instead of the basic
skeleton shape is important because the foot must fit into
shoe, which amputee will be wearing.
For that purpose, the foot mask was designed (Fig.7.e).
Since the basic skeleton construction of the prosthetic
foot is made of metal (Fig.7.d), the mask of the foot
should be made of lightweight material such as wood or
some other lightweight material. At the present stage of
prosthetic foot development, the mask is planned to be
made of wood, and the skeleton construction of aluminum
alloy, but at some later point of development composite
materials will be considered. The rubber pad (Fig.7.e) has
an important role in amortization of reaction forces of the
ground. It is designed to be thicker at the place of the heel
for better amortization, because through the heel, reaction

forces are mostly transferred to the rest of the human
body.
Amortization of reaction forces is very important, and it is
planned to improve that function in the next versions of
prosthetic foot.
It is planned to introduce more elasticity in the design of
the prosthetic foot in a form of elastic springs or some
other flexible material which would enable softer gait and
more energy storing and releasing when heel makes
contact with the ground.
3D computer modeled prototype of the prosthetic foot
(Fig.7.f) was used in process of 3D rapid prototyping, and
the first focused physical model of the prosthetic foot was
created (Fig.7.g). This focused physical model was used
mainly as a presentation and in this way its importance
was in communication.
This prototype also served in integration process, because
after this prototype was created, it was discovered that
there was a flaw in the design of the mask of the foot,
which made mask not able to fit onto metal construction.
This flaw was overseen by the designers in the design
phase.
Though this should prove that there could still be flaws in
3D computer designed prototypes and that physical
models are needed for integration, this flaw was a result
of human error. If software had been used properly, and
collisions were checked, this oversight would not have
happened. The same human factor oversight can happen
while making physical prototype.
Fully comprehensive physical prototype of prosthetic foot
is not created up to this date and it is currently in the
phase of production.
The prototype of the prosthetic foot could be considered
both as focused and comprehensive, depending if it is
viewed as a separate product or as the part of the
prosthesis. In prosthetic and commercial practice,
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prosthetic foot is usually viewed as separate product, but
it is an integral part of the prosthetic leg.

5. CONCLUSION
In the process of development of hydraulic AK prosthesis
a lot of various prototypes had been used due to the
complex biomechanical process of leg locomotion.
Classification of prototypes used in the project was
necessary in order to be able to fully understand their
purpose and to give directions for the future research and
new researchers of the project.
Urlich-Eppinger [10] classification of prototypes was
chosen for classifying prototypes of hydraulic AK
prosthesis project because of its wideness compared to
standard definitions of prototypes.
In the process of this classification, it was found that 3D
computer modeled prototypes are in some cases of
development as equally important as real prototypes.
The vast majority of research on hydraulic AK prosthesis
project was done individually through master and doctoral
theses, and there was no official budget involved and
finances for the research were dealt individually by
researchers. Using 3D computer modeled prototypes
helped to avoid unnecessary and the expensive changes
and iterations to physical prototypes. This fact is very
important not only as an advice to future researchers
involved in hydraulic AK prosthesis project, but also for
any other project that is limited by its budget.
During the process of classification of prototypes certain
dilemmas came up, concerning which category some
prototypes belong to. In order to improve prototype
categorization and make it more suitable for the needs of
the project the idea to create new, extended classification,
based on principles introduced in Urlich-Eppinger
classification of prototypes came up. The idea is to make
it to be generally applicable in technical areas of
prototype classification, especially in mechanical
engineering, not only for the hydraulic AK prosthesis
prototypes. This idea for new prototype classification is
still in the stage of development and hopefully will offer a
possibility to comprehend prototypes in a new different
way.
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TEST FACILITY FOR INVESTIGATIONS
OF QUASISTATIC ENVELOPING
BEHAVIOR OF TRACTOR TIRE
Boris STOJIĆ
Nenad POZNANOVIĆ
Aleksandar POZNIĆ
Abstract: Vibration characteristics are one of the most
important criteria to assess performances of agricultural
tractors. Since tractor vibrations are mostly excited by
short-wavelength ground undulations, knowing of the tire
enveloping behavior is required to determine effective
vibration excitation. In this paper test facility for
investigations of tractor tire enveloping behavior under
quasistatic conditions is described. Facility was
developed by redesigning its previous configuration that
was used for terramechanic investigations. This approach
imposed certain design limitations since numerous design
parameters were inherited from before and could not be
changed. On the other hand, previous facility
configuration already met some of the most important
conditions and criteria needed for current purpose. This
fact enabled redesigning existing facility instead of
building new one from scratch. Current design enables
investigations of effective road profile elevation. Future
prospects for facility development include enabling of
investigations of other aspects of tire enveloping behavior
(effective camber angle and effective rolling radius) as
well as more general investigations of tractor tire
behavior on hard surfaces.
Key words: tractor tire, enveloping behavior, test facility

1. INTRODUCTION
Vibration characteristics of agricultural tractors are
important indicator of their overall performances. These
properties exert impact on comfort and working
conditions of the human operator. Long term exposition
to vibrations whose intensity is above certain threshold
can compromise human health. Finding appropriate
solution for this problem is still one of the most important
tasks in tractor development [2]. Furthermore, due to
increased engine power output and therefore increased
velocity of contemporary tractors, dynamic fluctuations of

wheel vertical force significantly affect safety related
performances of horizontal vehicle dynamics such as
braking or cornering.
Most important vibration excitation source comes from
pronounced short-wavelength road undulations, which are
typical for unprepared off-road terrains generally dealt
with by tractors. Low-pass geometric filtering of road
profile done by tire thereby defines effective vibration
input. Appropriate tire model that is able to account for
this phenomenon is needed in order to optimize tractor
vibration properties in early stage of development, by
means of computer aided simulations with virtual
prototype. To reduce tire model complexity and therefore
improve simulation speed, yet achieving satisfactory
accuracy, one possible approach is to separate tire model
into two parts, one describing tire enveloping properties
on the short-wavelength road input and the other one for
tire elasticity with single-point contact [3, 6]. Enveloping
model thereby generates effective excitation for contact
point. Schematic view of this approach is depicted in
Fig 1.

Fig.1. Schematic view of separation of the tire model
into parts responsible for road profile filtering
and for tire elasticity
Tire enveloping behavior is result of local structure
deformations accompanied by complex physical
mechanisms. Tire response in this view is defined by
phenomena such as anisotropic behavior of the composite
structure, viscoelasticity of rubber compound, large 3D
strain with appropriate stress state etc. It is therefore in
many cases of interest to study this aspect of tire behavior
by means of physical experiments instead of using
analytical approach. Experimental results can then be
used to derive appropriate model. For such experimental
investigations specific test facility is required. One such
facility was developed in the Laboratory for motor
vehicles (LMV) on the Faculty of Technical Sciences in
Novi Sad. Design and characteristics of this facility will
be presented in the scope of this paper.

2. MAIN DESIGN DETAILS OF THE TEST
FACILITY
2.1. General facility design
Facility was designed adapting previous configuration
that was used for terramechanical investigations. Ideas
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and future plans to redesign facility to enable more
comprehensive testing of tractor tire behavior on hard
surfaces was presented in [4]. Composition of the test
facility is described by the Fig. 2 and appearance of the
facility is given in Fig. 3 and 4. Tested wheel (1, Fig. 2)
and its shaft/axle are mounted at the mounting frame (3)
via ball bearings (2). Mounting frame is connected with
the guiding cart (4) via vertical guide (5). Cart is guided
in longitudinal direction by rails (7). Power from electric
motor with reduction gearbox (6) is transmitted to the
wheel by mean of driving chain (not shown in the
drawing). Weights (8,9) serve for vertical wheel load
adjustment. Wheel rolls along hard ground (10) on which
different road irregularities (11) can be mounted.

mounting frame (1) two guiding modules (3) are welded
that provide for vertical degree of

Fig.4. Facility appearance

Fig.2. Composition of the test facility: 1-tested wheel, 2wheel axle bearing, 3-wheel mounting frame, 4-wheel
guiding cart, 5-vertical guide, 6driving motor with
reduction gearbox, 7-cart guiding rail, 8 i 9-changeable
weights for vertical wheel load adjustment, 10-level
ground, 11-road irregularity, 12- longitudinal travel
sensor; x(t), z(t)-longitudinal and vertical travel of the
wheel rim

freedom only. This is provided by rolling elements (4)
located on the carriers in such way that each of them rolls
along rear and front and rear sides of vertical guides
respectively. As rolling elements, automotive wheel hubs
are used. They are spatially distributed in such way that
they transfer both longitudinal forces and all three
moments from the mounting frame to the cart, disabling
any additional DOF. Should lateral force arise due to
effective camber angle in case of 3D geometry of the road
profile, they can also be handled through hub flanges,
though providing for small amount of lateral motion
before contact force is fully established.

Fig. 5. Elements for vertical guiding of the wheel
mounting frame: 1-wheel mounting frame, 2-vertical post
of the cart, 3-guiding module, 4-automotive hubs with
ball bearings, 5-vertical guide mounted on (2)

2.3. Driving and braking system
Fig.3. Facility appearance

2.2. Vertical wheel guiding system
Since wheel axle bearing houses are rigidly connected to
the mounting frame, wheel vertical guiding is provided by
mounting frame motion in this direction. Guiding
principle is depicted in Fig. 5. On the cart there are two
vertical posts (2) located laterally on both sides, with
vertical guides (5) located on them. On each side of the
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Driving power is provided by 4kW electric motor fed by
frequency inverter for speed regulation. Power is then
transferred to reduction gearbox through belt variator by
which it is possible to additionally adjust range of
obtainable speeds. Ratio of the gearbox is 285, which
enables low velocity needed to provide quasistatic
conditions. If further velocity reduction is needed,
additional handle bar can be temporarily bolted onto the
motor flywheel, by which the facility can be driven
manually. Because of the working safety, it is of highest

importance to disable electric motor to be turned on under
such conditions.
Torque is further transmitted to the tested wheel by the
driving chain. In order to enable chain tightening, whole
driving group is connected with the wheel carrier via
longitudinal sliding guide. Two threaded spindle with
crank handles serve for tightening.
Components of the mechanical transmission are depicted
in Fig. 6.
Frequency inverter, which feeds electric motor, is also
used for braking. Additional hydraulic braking system
consisting of single disc brake and adapted master
cylinder from automotive applications is also mounted for
the reason of safety improvement. This brake can be
activated manually by the command lever if needed.

of wooden blocks whose cross section has length of Lobst
and height of Hobst, Fig. 7. In order to keep blocks (1) in
place during testing, holes for inserting steel wedges (3)
are provided both in blocks and in the ground (2), Fig. 7.
A number of evenly distributed holes in the ground are
prepared in advance so different configurations of blocks
arrangement can be built. Such kind of connection
between ground and wooden blocks enables simple
change of configuration so one ground profile shape can
be easily switched to another. Testing ground with two
single obstacles mounted is shown in Fig. 8.

Fig.7. Obstacle shape and its connection with the ground:
1 – wooden block, 2 – ground, 3 – wedge

Fig.6. Facility components: 1 – drive chain, 2 – driving
sprocket, 3 – threaded spindle with crank handle for
chain tightening, 4 – reduction gearbox, 5 – longitudinal
slider, 6 – inductive displacement transducer

2.4. Vertical load adjustment
Current facility design enables testing of the tire under
constant load, as opposed to constant axle height used by
some facilities for tire testing. Since wheel load represent
one of the most significant working parameter of the
wheel, it is important to enable its controlled variation.
For this purposes, two areas are providing on the
mounting frame on which different weights can be placed
so as to obtain different load levels. Thereby the fact is
used that the weight of mounting frame together with all
mounted components is transmitted directly to the wheel
as working load, due to freedom of motion in vertical
direction.
It should be mentioned that, beside static load, shaker
device could also be mounted on the frame in order to
excite tire dynamically. Such approach was used e.g.
in [1].

2.5. Testing ground
Theoretical background and practical considerations
regarding test ground profile shape and construction were
discussed in more details in [5]. As most appropriate
solution for this kind of examinations single obstacle with
rectangular cross section was chosen. Obstacles are made

Fig.8. Testing ground with two single obstacles mounted

2.6. Measuring system
For investigation of tire enveloping behavior, it is
necessary to obtain effective road profile height as
function of longitudinal wheel travel. Effective road
profile height is given by rim vertical displacement with
relation to its initial position. Measuring system has
therefore to comprise components that can acquire these
data. In Fig. 9 measuring system with its components is
schematically depicted.
For vertical displacement measurement inductive
displacement transducer is used. Transducer signal is fed
into measuring amplifier and subsequently into data
acquisition module where A/D conversion occurs.
Afterwards the signal is transmitted to the PC.
Longitudinal travel is obtained by longitudinal travel
sensor based on incremental encoder. Travel sensor
comprises additional wheel that rolls without slipping
along cart guiding rail so that number of rotations is
directly proportional to the distance traveled. Wheel is
mounted at the suspension arm connected with the cart by
rotational joint. Rotational movement of the wheel is
transmitted directly to encoder. Encoder signal takes
direction of travel into account so that current distance
from starting position is always obtained by measurement.
Signal is transmitted to data acquisition module and from
there to the PC.
91

Fig.9. Measuring system composition: 1-inductive
displacement transducer, 2-incremental encoder based
longitudinal travel sensor, 3- measuring amplifier, 4multifunction data acquisition (DAQ) module, 5-PC

3. CONCLUSIONS
In this paper configuration of the test facility for testing of
tractor tire quasistatic enveloping behavior is described.
Such investigations are important for assessment of
effective vibration excitation of tractors when traveling
over roads with short-wavelength undulations. Tractors,
being off-road vehicles, typically encounter such grounds.
Test facility was developed by redesigning facility that
was previously used for terramechanic investigations.
This approach imposed certain limitations since numerous
design parameters were inherited from before and could
not be changed. On the other hand, previous facility
configuration already met some of the most important
conditions and criteria needed for current purpose. This
fact enabled redesigning existing facility as opposed to
build new one from scratch.
As next step in facility development it is of interest to
enable measuring of tire lateral force to investigate
effective wheel camber angle on spatial (3D form) of the
ground profile. It is would also be preferable to include
possibility of investigating effective tire rolling radius
variations.
Moreover, design improvements are desirable that would
enable more general investigations of tractor tire behavior
on hard surfaces, not limited to quasistatic conditions and
enveloping behavior. Such investigations can include e.g.
stationary and non-stationary longitudinal and lateral slip,
dynamic excitation in wider frequency range etc.
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UTILIZATION OF CAD SOFTWARE FOR
DEVELOPING BLOOD FILTRATION
SYSTEM
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Milan BANIĆ
Abstract: This paper presents the application of a
Computer Aided (CAD) software for developing medical
devices. Using of SolidWorks as a CAD software for
virtual designing of a Blood Filtration System is
presented in this paper. Moreover, the SolidWorks Motion
module is used in order to perform analysis and
simulation of mechanical operations of motorized
assemblies, as well as determine the necessary driving
force. Furthermore, the SolidWorks Simulation module is
utilized for stress analysis in order to confirm whether the
developed system can withstand predicted loads. Based
on the results of virtual development of the Blood
Filtration System, a prototype of the device is successfully
produced and tested.
Key words: CAD; Medical devices; Blood filtration;
Virtual modeling; Prototype

1. INTRODUCTION
The standard procedure in the transfusion process is the
filtration (separation) of whole blood into its components
[1]. Whole blood is a term used in transfusion medicine
for human blood from a standard blood donation. The
process of the filtration is often performed using the
standard technique based on the centrifugal force. For this
technique, the necessary equipment, such as centrifuges
and subsequent processing of blood, is very expensive.
Also, this kind of the filtration process requires some
necessary infrastructure, what can cause difficulties in the
process performing [2]. In order to solve the problems
with the centrifugal filtration, there are several solutions
for replacing this technique with the simple gravity
filtration. Sekiguchi et al. presented a new type of blood
component collector based on a blood filtration process
without using centrifugation [3]. They used a hollow-fibre

system with the gravitational force for the filtration
process. The essence of the filtration process using the
gravity is that blood goes through specific blood filters
via hoses from bags which are at certain height (the
higher level) to bags which are at the lower level. Flow of
blood from the higher to the lower level is influenced by
the gravitational force, so there are no need for any
additional infrastructure and apertures. For proper
performance of the filtering process of blood by using the
gravity, a certain height difference between the higher and
lower levels has to be defined by the medical staff.
However, defined difference and handling has to be
realized with some kind of device.
Modern medicine cannot be imagined without using
devices which enable better, faster and easier handling.
Also, modern devices in medicine take a very important
role for applying in applications such as surgery,
rehabilitation, radiography and so on. On the other hand,
developing and testing of new devices, especially
medical, can be very long and complicated because of
increasing of product costs and specific conditions in
healthcare institutions. In order to solve these problems
and improve final products, the design process of
contemporary medical devices inevitably requires using
of modern CAD software for developing and examining
virtual prototypes [4, 5, 6].As these kinds of software
enable using of analyses and simulations, they can be
used to simulate realistic conditions for products, detect
potential collisions of parts, calculate required driving
forces, check if there are overloaded parts that may cause
failure of products, as well as optimization of some parts
according to specified criteria or requests, and so on.
In order to fulfil conditions for a correct process of the
blood filtration by using the gravity, a development
process of a specific Blood Filtration System is
performed. In this paper the utilization of SolidWorks as a
CAD software for developing complex assemblies is
presented on an example of designing the appropriate
device for achieving the necessary height difference
between levels for the blood filtration, determining
driving force and performing stress analysis of the
proposed solution. The designed device has two platforms
for bags with blood which can move strictly vertical. The
operational principle of this device is the following: in the
start position (so-called - collapsed position) the bags with
blood are placed to hang on the upper platform, while the
empty bags are placed on the bottom platform. The bags
on the different platforms are connected via hoses with
filters. Then, the platforms are set to go to the position for
the filtration (so called - stretched position). In that
position, because of the influence of the gravity, blood
starts going from the upper platform bags through filters
and fills the bottom platform bags. When the process of
the filtrating is done, the platforms are set to come back to
the collapsed position, so the bags can be replaced, and
the filtrating process is ready to be repeated. Having this
in mind, the major problem that occurs during this process
is that the loads on platforms are not the same on the
beginning and at the end of the filtrating process, so the
proposed mechanism, that is the base of the filtrating
device, should be able to withstand loads in both cases.
Because of that, the SolidWorks Motion module is used
for determining the necessary driving force for movement
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of the platforms. Also, the SolidWorks Simulation
module is used for stress analysis in order to verify
whether the system can withstand predicted loads. Based
on data from the developing process, a prototype of the
analyzed system is produced and tested in real conditions.

allow rectilinear or rotary movement, depending on the
degrees of freedom. The mechanical part of the blood
filtration system assembly “Fig. 2”consists of two parts, a
quasi-immobile frame, and of a two moving platforms.

2. DESIGN PROCESS OF A NEW SYSTEM
FOR BLOOD FILTRATION
A systematic approach for the development of system for
blood filtration had four core phases:
 Concept definition
 Modeling in SolidWorks
 Determination of driving force
 Stress analysis

2.1. Concept definition
Defining the parameters and functions that should be
fulfilled, was done in cooperation with the specialist from
the transfusion field. Device should provide vertical
movement of two mobile platforms in the same time, and
in the opposite directions. This kind of movement allows
positioning of platforms in two end position. First
position is internal (collapsed), and it serves for
installing/removing bags with blood “Fig. 1a)”; second
position is external (stretched), and this is position for
blood filtration “Fig. 1 b)”. In internal position, moving
platforms should be on 600 mm distance, while the height
from the ground should be adjusted to provide easy
access. In external position, distance between platforms
should be 1800 mm. Since there are two main movements
on the same axis, the scissor mechanism with one driving
element was adopted.

a)

Fig.2. Blood Filtration System.
Frame consists of several structural members and serves
as the backbone around which the platforms move. The
function of the vertical movement of the platforms was
carried out with the system for vertical guidance "Fig.
3a)", which consists of two pairs of linear guideways with
a circular cross section and one carton each guideway per
platform. The vertical movement of the movable
platforms was realized with mechanism with links that
were linked together in a scissors like mechanism "Fig.
3b)". Moving in opposite directions of mobile platforms
was provided by fixing the central rotary joint of the
scissors mechanism for the frame of the system. The end
members of the scissors mechanism were attached by
rotary joints to the carts that slide horizontally along a
profiled linear guideways mounted on mobile platforms.
With pneumatic cylinder, as the driving element, which
has
a
stroke
of
250mm,
was
achieved
collapsing/stretching of the scissors mechanism that
enables vertical, opposite movement of the movable
platforms of 600 mm versus mean horizontal plane.

b)

Fig.1. a) Position for installing/removing bags with
blood, b) Position for blood filtration
In order to comply strict criteria for medical equipment
(using stainless steel, using non-sparking operating
systems, systems that do not emit harmful vapors,
systems without leak of toxic substances, etc.), the whole
device was made of the stainless steel AISI 304, and the
pneumatic cylinder, as a driving element, was used.

a)

b)

Fig.3. System for vertical guidance of moving platforms

2.2. Modeling in SolidWorks
The mechanical part, which consists of many independent
parts, has been modeled firstly. Based on the multi body
systems theory [7], the mechanical part has been modeled
in SolidWorks. The mechanical part of a system is
defined as a set of bodies joined by joints. These joints
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2.3. Determination of Driving Force
In order to determine the force required to overcome
movement resistance forces, the linear vertical motion of
the platforms sub-assembly “Fig. 1”along the guides was
done. For this purpose the SolidWorks Motion Simulation

module was used The upper platform was loaded in
collapsed position with 50 kg that should represent mass
of bags with blood. In order to stretch platforms and start
filtration, it was necessary to drive pneumatic cylinder.
The preferred velocity of the cylinder is showed on “Fig.
4”. The maximal required force in the cylinder for the
movement of the platforms was 1259N, was obtained by
the SolidWorks Motion Simulation module and was
shown in “Fig.5”.

Fig.6. Restraints, loads and pins of scissor mechanism
subassembly
Fig.4. The velocity diagram of the cylinder for the scissor
mechanism subassembly

The results obtained from this analysis are shown on “Fig.
7”. As can be seen, the maximal stress was 164.9 MPa
and appeared on the central links. The chosen material
was AISI 304 that has yield strength of ~207MPa, so the
material choice and sizing were appropriate.

Fig.5. The force diagram of the cylinder for the scissor
mechanism subassembly

2.4. Stress Analysis
The SolidWorks software package also supports stress
analysis using finite element analysis (FEA). Module used
for this type of analysis is called SolidWorks Simulation,
This module provides several types of analysis. For this
purpose, static analysis was performed. This type of
analysis provides results of stress and strain analysis
during static load, on desired component. In this paper,
stress simulation of the scissor mechanism is presented.
The major problem that occurs during this process, as said
before, was that the platforms have two positions and the
blood is going from the upper platform to the bottom
platform during the filtration, so the scissor mechanism
should be able to withstand loads in both positions. This
problem was solved by adequate sizing of links in scissor
mechanism, which were then tested by FEA analysis, to
confirm that the sizing, as well as selected material was
able to withstand anticipated loads.
When FEA analysis is carried out, it is recommended to
separate parts/assembly, which will be tested, otherwise, a
full assembly analysis may cause waste of time and
resources, even impossibility to conduct analysis. In this
testing only scissor mechanism subassembly was
considered. First, restraints and loads were set, and then
pins in rotary joints “Fig. 6: green arrows – restraint
forces, violet arrows – active load, blue dots – pins”. As
can be seen on “Fig. 6”, there were two places with
restraints. The upper one represent the central pin that is
firmly connected to the frame, while the bottom represent
the cylinder, in some position, which doesn’t move during
the analysis. Then, material was assigned. Finally, the
subassembly was meshed and the simulation was done.

Fig.7. Restraints, loads and pins of scissor mechanism
subassembly
The prototype of the system for blood filtration “Fig. 8”,
was made after successful design process that included
utilization of CAD software SolidWorks and its modules
with which Motion and FEA analysis were conducted.
After additional tests, it is expected that the system will
enter into production.

Fig.8. The prototype of the developed System for Blood
Filtration
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3. CONCLUSION
In this paper, a contemporary approach using a CAD
software as a tool for developing a modern medical
system is presented. It is demonstrated on an example of a
Blood Filtration System that is developed by using the
SolidWorks software platform and its modules. The main
advantage of this approach is that it enables engineers to
perform virtual inspections for unwanted intersection and
collision of the parts in assemblies, which can be
corrected very easily and will not have influence on the
final product. On the other hand, the modules for Motion
and Finite Element Analysis enable corrections of
possible lacks of technical solutions and selected
materials. Moreover, they are a great help during the
process of determination of necessary forces/torques for
the driving components. Simulations of virtual prototypes
enable to analyze dynamic behavior of the final product
much earlier than with the traditional approach. These
benefits were utilized during the development of the
Blood Filtration System. After modeling the assembly of
the device, the necessary driving force of the linear
actuator for movement of the platforms and the stress
analysis of critical assembly parts were done. Based on
the simulation results, after a successful verification, the
prototype of the developed system was produced and
tested in real conditions with specific loads. All of the
mentioned showed that a design approach based on using
any CAD software platforms saves time and resources
during the development of new products and contribute to
reducing prices and finding better solutions.
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COMPARISON OF DIFFERENT AIR
VENTS ARRANGEMENTS IN A
TRACTOR CAB USING THE CFD
TECHNIQUES
Dragan RUŽIĆ
Abstract: The paper deals with the comparison of three
different arrangements of the air distribution system in
the farm tractor cab. The research was done on the
virtual models of the tractor cab and the operator, using
the CFD software. The results showed that the
arrangement of the vents is very significant factor
influencing the local distribution of heat fluxes over the
operator's body. It follows that by increasing the number
of vents the non-uniformity of thermal conditions inside
the cab would be reduced. On the other hand, the system
design must be such that allows setting of asymmetric
thermal conditions, in order to compensate asymmetric
boundary condition that could be caused by solar
radiation.
Key words: farm tractor, cab, air-conditioning, CFD,
equivalent temperature

1. INTRODUCTION
Modern farm tractors are complex and highly efficient
systems, and the general direction of the development is
the reduction of the negative impact they have on the
environment. There is also a tendency to improve the
ergonomics of operator's workspace. The conditions
inside a tractor cab have significant impact on the
performance of the operator, and in that way on the total
efficiency of the operator-tractor-environment system as
well.
The main principle for both the improvement of the
microclimatic conditions and the reduction of airconditioning energy consumption in any type of cabin is
the cooling the operator's body by the effective use of
airflow from the air-conditioning system. Cabs usually
have an air distribution system with air vents (outlets of
ventilation system) placed on the ceiling. The vents
mostly have a circular cross-section and the operator can
change the velocity and direction of the air jet, and
optionally, temperature. Vapour compression systems are

used for air-conditioning (AC), same as in automotive
applications. AC compressors can take around 4 – 8 kW
from the tractor engine, which presents 2.5 - 15% of the
engine rated power, even more in smaller tractors.
In our climatic region, the farm tractors are used over the
whole year, but more intense during the warm part of the
year. The operator spends a lot of time in the closed
tractor cab, being protected from dust and adverse
aerosols. Unobstructed field of vision required the cab
design with large glass area. The transferred solar
radiation has significant influence on thermal conditions
inside the cab. Since the forced convection is the main
mode of operator's body cooling, the method of
conditioned air distribution strongly affects an operator's
thermal sensation and comfort.
The paper presents the comparison of three different
arrangements of the air distribution system in the farm
tractor cab. The research was done on the virtual models
of the tractor cab and the operator, using the
Computational Fluid Dynamics software STAR-CCM+.
Cooling power and boundary conditions were kept on the
same level in all virtual experiments, taking into account
the influence of the solar radiation. The assessment of the
operator's thermal sensation was done using the
equivalent temperature.

1.1. A literature review
A review of the literature that covers thermal conditions
inside the closed cabins shows that researches are more
oriented towards passenger cars. However, the principles
used in the researches could be applied to single-seating
closed cabs, not only in farm tractors but in other
confined spaces intended for operator too.
Janssen (1984, [4]) carried out the analysis of the various
air distribution systems in the tractor cab. In the
experiments, designs with perforated ceiling, rectangular
slots and rectangular opening were investigated. By the
measurement of the air temperatures and air velocities in
the cab's space, it was concluded that method of air
distribution has significant impact on thermal sensation.
Among the observed air distribution designs, the
perforated ceiling showed better performances regarding
the avoidance of high air velocities in the head region. For
the assessment of the thermal sensation, PMV index
(Predicted Mean Vote) was used. However, there was
neither operator nor equivalent object in the cab that
would have appropriate effect on interior aerodynamics
and thermal processes.
The project presented in the report by Bohm et al. (2002,
[1]), deals with the thermal effects of glazing in cabs with
large glass areas. Using the thermal manikin AIMAN,
they studied and evaluated the effects of different kinds of
glass and design of the windows, as well as the effects of
sun protection and insulation glazing. The results showed
that neither in severe winter conditions nor in sunny
summer conditions, could acceptable climate be obtained
with standard glazing in cabs with large glass areas.
The research carried out by Currle and Maue (2000, [3])
dealt with the numerical study of the influence of the air
flow and vent geometrical parameters (area and position
of the vents) on thermal comfort of passenger car
occupants. The results showed significant influence of the
vent area, not only on velocity levels in the cabin, but also
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on overall as well as local thermal comfort. The research
was conducted with only one direction of the vents, which
means that there are no data about the significance of the
size of the vent in relation to its direction.
The overview of the characteristics of the agricultural
tractor cabs that have direct or indirect effect on thermal
ergonomics is given by Ružić and Časnji (2012, [11]).
The research included the analysis of the thermal
processes that influence the human body in the cab. The
result showed that cabs of modern tractors have many
common features, from the materials used, to the design,
and, in general, the cabs have a high level of ergonomics.
However, there are significant differences regarding the
operator's thermal loads, caused by different layouts and
setting of air distribution systems, under the same
boundary conditions [6], [7].

2. THE METHOD
The research described in this paper was conducted by
virtual experiments using the CFD software STAR
CCM+. For evaluation of thermal conditions, the model
of equivalent temperature was used, based on the sensible
(dry) heat transfer from the body [9].

2.1. The model of the cabin
The sample cab is made by Hisarlar, Turkey and it is
installed on small farm tractor YTO 504, China, Fig 1.
The interior of the tractor cab was modelled using the
CAD software CATIA. The cab space was defined by the
inner surfaces only meant to provide appropriate
boundary conditions and not to have any physical
interpretation in the form of mass and thermal properties.
There were three different vents arrangement on the cab
ceiling. The first design has three vents of 65 mm in
diameter placed close to the middle part of the ceiling
(labelled with V3, Fig. 2, Fig. 3). The second design has
four vents placed near to the cab pillars (labelled with V4,
Fig. 2, Fig. 4). The third design is a large rectangular
perforated part of the ceiling (labelled with VD, Fig. 2).
The area of the perforated opening is 0.288 m2.
The V3 design is a standard design made by the cab
manufacturer, although the original cab has no airconditioning but the ventilation only. The V4 design is a
prototype of the air-conditioned cab, and the VD design
with a perforated surface of the ceiling is made only as a
virtual prototype.
The boundary conditions at the vents were mass airflow
and temperature. The vents were directed vertically
downwards. The total mass airflow and air temperature
were the same in each of three designs of the air
distribution system: 0.0528 kg/s (around 170 m3/h) and
10°C, respectively. The values are corresponding to the
values of the conventional air conditioning systems
installed in vehicles.

Fig.1. The cab installed on tractor YTO 504 (above) and
the cab model with a virtual thermal manikin (below)

V4

V3

VD

V4

2.2. The virtual thermal manikin
Virtual thermal manikin (VTM) is shaped in a form of a
simplified human body in a sitting position, Fig. 5.
Dimensions of the body were retrieved from the database
of CAD program CATIA, for 50-percentile male. The
position of the manikin inside the cabin was determined
using the H-point.
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Fig.2. Arrangements of all three air distribution designs
on meshed model of the cab

2
3

1
6

4

5

7
8

10
11
12

9

Fig.5. Virtual thermal manikin with numbered segments

2.3. The finite volume mesh

Fig.3 Ventilation system design with three vents (V3
design)

The entire virtual model was discretized in about 200,000
polyhedral finite volumes with several prism layers at the
surface of solids. The turbulence model was Two-layer
RANS Realizable k-ε. Basic characteristics of the finite
volume mesh of the cabin interior with the VTM are
presented in Tab. 1.
Table.1: Basic parameters of the finite volume mesh
Domain boundaries

Target/minimum surface
element size, mm

walls in front part of the
cab

24/12

walls in front part of the
cab

54/30

vent (domain inlet)

15/7.5

duct

18/9

constant pressure outlet

60/30

virtual thermal manikin
surface

24/12

3. ASSESMENT OF THE THERMAL
SENSATION

Fig.4. Ventilation system design with four vents (V4
design). The three vents in the middle are out of function
in this design
VTM's surface temperature was at constant 34°C and it
was divided into 18 segments.A more detailed description
of the model and its validation by comparison with the
results of benchmark tests [5] is given in [10].

The equivalent temperature was defined as the uniform
temperature of an imaginary closed space with the air
velocity equal to zero, in which a person would have the
same sensible heat transfer as in a real environment. By
equating the heat emitted to the surroundings by
convection and radiation in a real environment as well as
in an imaginary homogeneous environment in which the
air temperature was equal to the mean radiant
temperature, i.e. to the equivalent temperature, the
equivalent temperature was obtained in the general form
of [14]:
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t eq  t sk 

q
hcal

, °C

q = C + R + RS = Ceq + Req, W/m2

(1)

heat loss under these conditions, the calibration
coefficients of heat transfer were calculated by [14]:

(2)

hcal ,seg 

where:
teq – equivalent temperature, °C
tsk – skin temperature, °C
hcal – calibration coefficient, W/m2K
C – heat transfer by convection, W/m2
R - heat transfer by radiation, W/m2
RS – heat gain by solar radiation, W/m2
Ceq – heat transfer by convection in homogenous
environment, W/m2
Req – heat transfer by radiation in homogenous
environment, W/m2
The coefficients of segmental dry heat transfer, required
for the calculation of the equivalent temperature, were
determined by calibration. Virtual calibration was
performed in a chamber the size of 2 × 2 × 2 m, with
homogeneous microclimate conditions, where was ta = tmr
= teq = 24°C, without forced air flow. Based on segmental

qcal ,seg
t sk  t eq

, W/m2K

(3)

The results of the calibration are shown in Table 2.
Table. 2. Calibration coefficients of dry heat transfer [9]
hcal, W/m2K
11.5
10.3
8.3
8.8
9.6
8.7
9.4
10.3
11.0
8.9
9.3
10.2
9.6

Segment
Head
Scalp
Neck
Chest
Back
Pelvis
Upper arm
Lower arm
Hand
Upper leg
Lower leg
Foot
Body

40

Equivalent temperature, °C

35
30
25
20
too cold
15

cold but comf ortable
neutral

10

warm but comf ortable

5

too hot

0

Fig.6. The equivalent temperatures limits [14]
Thermal conditions are considered favourable if the
equivalent temperature deviates less from the neutral
value (Fig. 6). Due to local discomfort, thermal conditions
can be considered uncomfortable even when the
equivalent temperature of the entire body is at the neutral
value. For this reason, this study evaluates even the
deviations in the segmental equivalent temperatures from
their neutral values, taking into account the thermal
sensitivity and size of the individual segments. This
allows comparison of the two microclimatic conditions
even when their teq body are equal. Similar evaluation of
microclimate conditions was used in the research that was
carried out by Bohm et al. (2002, [1]). Conditions with
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less standard deviation of the relative difference of the
segmental equivalent temperature from the neutral values
were considered to be more appropriate [9].

4. THE VIRTUAL EXPERIMENTS
As the focus of this study is the influence of air
conditioning on human thermal sensation, where the
convection is the main mode of heat transfer, it is
assumed that the other influences are constant. The
guidelines for defining boundary conditions in the virtual
experiments were taken from the standard ASABE/ISO
14269-2 (1997) [12], as well as from the other available

sources [1], [9], [13]. The boundary conditions in the
virtual experiments were as follows:
 the initial air temperature in the cabin 32°C;
 constant temperature of the interior surfaces, 32°C;
 emissivity of the cabin interior surfaces ε = 0.95,
 virtual thermal manikin with constant and uniform
surface temperature of tsk = 34°C, emissivity εsk =
0.95, solar absorptivity αS = 0.62;
 glass solar transmissivity τS = 0.5;

The simulations were carried out under two conditions:
without solar radiation and in the case with the solar
radiation from the right side of the cab (labelled with s
index).
The solar radiation characteristics were as follows:
solar altitude θS = 45°, azimuth Φ = 90°, direct solar
radiation 678 W/m2, diffuse solar radiation 229 W/m2.

40,0

Equivalent temperatures, °C

35,0
30,0
25,0
20,0
15,0
10,0

V3

V4

VD

too cold

neutral

too hot

5,0

Fig.7. Equivalent temperatures under the conditions without solar radiation

40,0

Equivalent temperatures, °C

35,0
30,0
25,0
20,0
15,0
10,0

V3s

V4s

VDs

too cold

neutral

too hot

5,0

Fig.8. Equivalent temperatures under the conditions with solar radiation
101

5. RESULTS AND DISCUSSION
The resulting segmental equivalent temperatures are
shown in Fig 7. and Fig. 8. Regarding the heat loss from
the operator's body, the most efficient is the system V3. In
order to achieve neutral equivalent temperature for the
body it would be necessary to reduce the cooling power in
V3. However, the extremely low equivalent temperatures
on the hands, lower arms and legs make the conditions far
from comfort limits, in both cases with and without solar
radiation.
The indicators of high non-uniformity are the values of
the standard deviation of the relative difference of the
segmental equivalent temperature from the neutral values,
shown in Tab. 3. The standard deviation considers total
heat flux hence the the solar radiation has an influence on
thermal non-uniformity. The results indicate that more
vents and/or larger the area of the vents produce better
results regarding the uniformity of the heat removal from
the body.
Table. 3. Deviations from the neutral value of the
equivalent temperature and the standard deviation of the
segmental equivalent temperature differences
Virtual
experiment

Δteq
(teq neut =
28.1°C)

Fig.9. Convective heat loss over the operator's body and
air velocity field in a longitudinal plane - V4 design

SDteq rel

V3

-7.4

0.157

V4

-2.8

0.070

VD

-1.4

0.043

V3s

-4.3

0.116

V4s

0.3

0.047

VDs

1.6

0.066

It must be taken into account, that due to inter- and intraindividual differences among people in the vehicle cabin
and because of non-uniformity of boundary thermal
conditions there needs to be the possibility for precise
temperature air flow and direction adjustments of each
vent. Settings of the operating parameters of air
conditioning systems must be wide enough and the use of
it suitable and understandable to the exposed person. This
includes asymmetric setting of the system for the
compensation of asymmetric boundary conditions, mainly
caused by the solar radiation. Compare values of the
equivalent temperatures of left (L) and right (R) segments
between the graphs on Fig. 7 and Fig. 8. Regarding this
feature, V4 design offer better performances than VD
design.
The air velocity fields inside the cab and convective heat
loss fluxes over the operator's body for V4 design and for
VD design are shown in Fig. 9, Fig. 10, Fig. 11 and Fig.
12.
Looking at the air velocity field inside the cab, conditions
that are more favourable are achieved with VD design.
This design generates wider airflow of lower velocity
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around the operator. On the other hand, a reach of the
airflow is not sufficient to remove excess of the heat from
the lower part of the body, i.e. legs and feet that can be
exposed to the transmitted solar radiation.

Fig.10. Convective heat loss over the operator's body and
air velocity field in a transversal plane - V4 design

Fig.11. Convective heat loss over the operator's body and
air velocity field in a longitudinal plane - VD design
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6. CONCLUSIONS
The aim of the research presented in this paper was to
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vents and with single large perforated opening on the cab
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whole body and additionally to observe the occurrence of
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MODELLING OF INTERNAL
COMBUSTION ENGINE WITH LONGER
PISTON DWELL AT TOP DEAD CENTER
Jovan DORIĆ
Ivan KLINAR
Abstract: In this paper was presented one approach for
modelling new unconventional internal combustion
engine mechanism. In this case was examined synthesis of
such motion where piston have longer piston dwell near
top dead center. Presented mechanism is designed to
obtain a specific motion law which provides better fuel
consumption of internal combustion (IC) engines.
Described mechanism can easily achieved very complex
motion which combines smooth stop and go movement.
This article also described some basic shape of this new
mechanism and CAD model of novel IC engine.
Key words: IC engine, kinematic

1. INTRODUCTION
Conventional IC engines are based on a relatively simple
solution to achieve a thermodynamic cycle while
providing mechanical power. While the performance,
emissions and reliability of IC engines have been
improved significantly, the fundamental principle of
crank-rod-piston slider mechanism still remains largely
unaltered. In theory, the most efficient thermodynamic
cycle for IC engines is the Otto cycle [1], which consists
of isentropic compression and expansion processes and
constant volume heat addition and rejection processes [2,
3]. 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. In this paper one of the
possible ways of reducing thermodynamic losses in the IC
engine is shown.
A series of achievements have ensured since finite-time
thermodynamics was used to analyze and optimize real
heat-engines [4-7], from this publications can be
concluded that the most important parts of the cycle
which determine the efficiency are the constant volume
heat addition at high compression ratios [8]. This fact

provides the highest thermal potential of the various
possible thermodynamic cycles which are suitable for IC
engines, and the subsequent expansion process, which
converts the thermal potential into work. In reality,
neither conventional spark ignition or compression
ignition or even the modern developed homogeneous
charge compression ignition (HCCI) and controlled auto
ignition (CAI) combustion processes, can achieve the
efficiency level suggested by the ideal thermodynamic
cycles [9-11]. Only the Otto cycle delivers theoretical
maximum thermal efficiency. The traditional design of
internal combustion engines using a simple slide-crank
mechanism gives no time for a constant volume
combustion which significantly reduces the cycle
efficiency [12].

2. DESIGN OF NEW PISTON MECHANISM
Conventional IC engines are based on a crank-rod-slider
mechanism, which provides a relatively simple solution to
achieve a thermodynamic cycle to produce mechanical
power. In theory, the most efficient thermodynamic cycle
for IC engines is the Otto cycle, in which the constant
volume heat addition is essential for high efficiencies. In
reality, neither conventional SI nor CI, or even the newly
developed HCCI or CAI combustion processes, can
achieve the efficiency level suggested by the ideal
thermodynamic cycles. The main difficulties are due to
the geometric cycle of the piston movement and the
requirement that the engine delivers smooth rotation to
the mechanical clutch and vehicle transmission. Even if
we have IC engine that is able to provide such motion
where is possible to achieve very long piston dwell in top
dead center that is not always advantage. Firstly, because
if piston stay very long at TDC we will have very high
thermodynamic losses due heat transfer through cylinders
walls, represented in Fig.1. Real problem is to find
optimum value of piston dwell at TDC.

Fig.1. Piston at Top Dead Center
Movement of the piston in conventional IC engines is
based on relatively simple kinematic [13]. Fig 2. shows
the kinematics of a crankshaft drive with crossing, in
which the longitudinal crankshaft axis does not intersect
with the longitudinal cylinder axis, but rather is displaced
by the lenght e.
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Fig.2. Kinematics of the crankshaft drive
During operation of conventional IC engines, the piston
can only reciprocate continuously between Top Dead
Centre (TDC) and Bottom Dead Centre (BDC) at a
frequency proportional to the engine speed. The chemical
reaction process associated with combustion events,
however, essentially takes a fixed-time to-complete,
which is relatively independent of the engine speed. In
order to maximize the work obtained from the heat energy
released by combustion, the air/fuel mixture has to be
ignited prior to the piston reaching TDC, and the ignition
timing should be adjusted according to the engine speed
and the quality of the air/fuel mixture. Clearly, the early
stage of the heat release before the piston reaches TDC
results in negative work. During the combustion event,
the piston movement is defined by the crank rotation, so
that truly constant volume heat release is not achievable.
Further, to efficiently scavenge the burned gas, the
exhaust valve has to be opened well before BDC, while
the pressure of the burned gas is still high. Thus, a large
portion of the thermal energy is expelled into the exhaust,
which further reduces the engine efficiency.The ideal
scenario is to initiate and complete the combustion event
while the piston remains at the TDC position. A practical
method is to reduce the engine crank rotation velocity at
the TDC position to provide extra time for completing the
combustion. This will then generate a new combustion
cycle, Quasi-Constant Volume (QCV), which sit between
conventional IC engine combustion cycle and ideal Otto
constant volume combustion cycle. The ideal scenario is
to initiate and complete the combustion event while the
piston remains at the TDC position. This provides the
maximum thermal potential and eliminates the negative
work due to early ignition which is well into compression
stroke with conventional engine strategies. In addition, if
the combustion event completes at the TDC, the effective
expansion stroke can be maximally extended to fully use
the thermal energy as well as to provide sufficient time
for post combustion reactions, thereby reducing partial
burned emissions. During operation of conventional IC
engines, the piston can only reciprocate continuously
between TDC and BDC at a frequency proportional to the
engine speed. The chemical reaction process associated
with combustion events, however, essentially takes a
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fixed-time to complete, which is relatively independent of
the engine speed. In order to maximize the work obtained
from the heat energy released by combustion, the air/fuel
mixture has to be ignited prior to the piston reaching
TDC, and the ignition timing should be adjusted
according to the engine speed and the quality of the
air/fuel mixture. Clearly, the early stage of the heat
release before the piston reaches TDC results in negative
work. In the following section will be presented basic
parts and shape of a new IC engine concept. New piston
engine is presented on the fig. 3. Basic parts of this engine
are: 1 – engine block, 2 – engine head, 3 – piston, 4 –
crankshaft, 5 – connecting disc, 6 – piston rings, 7 –intake
camshaft, 8 – exhaust camshaft, 9 – intake valve,10 –
exhaust valve, 11 – intake valve spring, 12 –exhaust valve
spring. As can be seen from the described illustration
piston make a movement conditioned by the mechanism
consisting of similar parts as ordinary engine. In this
article will not be presented detailed description of this
concept, since it is not the intention of the authors to
propose a thermodynamic analysis of new internal
combustion engine design but only kinematic features and
advantages over ordinary spark ignition engines.

Fig.3. Basic parts of QCV spark ignition engine [14]

3. KINEMATICS OF NEW PISTON
MECHANISM
In the previously section was defined basic shape and
parts of new IC engine concept. From the presented Fig. 3
it is clear that there is a certain similarity between
ordinary and this unconventional engine design. First of
all, this piston mechanism is one special case of ordinary
piston linkage that can be found in conventional internal
combustion engine, but with some special features that
will be explaind in this section. It may be noted that the
kinematic scheme of this mechanism is very similar with
ordinary piston mechanism, it can be said that there is
only two main differences. First is due reverse setting of
piston mechanism, and the second is feature that with
such design of the mechanism is possible to achieve very
large ratio between crankshaft radius and connecting rod
length. Kinematics scheme of unconventional piston
mechanism is presented on the following fig. 4.
For the piston path s (  ), it follows from Fig. 4.

s  α =

 r+l

2

-e2 - l2 - e+rsin  α-β   -rcos  α-β 
2

(1)

Fig.5. Piston path in relation of crank angle and selected
ratio lk

Fig.4. Kinematics of the unconventional crankshaft drive
The derivative provides for the piston speed relation:

r e+rsin  α-β   cos  α-β 
ds
=rsin  α-β  + 
2
dα
l2 - e+rsin  α-β  



(2)
Fig.6. Piston velocity in relation of crank angle and
selected ratio lk

From the definition of the cylinder volume:

V  α  =VC +D2

π
s α
4

(3)

the alteration of cylinder volume follows in (9):

dV 2 π ds
=D
dα
4 dα

(4)

With the eccentric ratio of crank radius and connecting
rod lenght   r l , it follows for the limiting case when
e=0.



1
s  α  =r 1-cos  α   + 1- 1-λ 2k sin 2  α   

λk 


(5)

Through this kinematics, the movement of the piston is
very limited, refer to (5), the piston is not able to make a
dwell, but only change the direction of the movement. It
can be seen that dwell exists only for an infinitesimal
moment.

4. RESULTS
After solving necessary equation for piston motion it is
easy to plot results of piston path, speed and acceleration
for several investigated cases. Piston path for several most
interesting investigated cases was presented with fig. 5.
On the fig. 6 was plotted only piston speed in relation of
selected kinematic ratio lk. It can be concluded that all
selected cases have longer piston dwell near TDC.
Although there is obvious similarity between these two
piston mechanism there is a difference between ordinary
and unconventional piston mechanism for the same
kinematics ratio, these differences in piston motion are
represented through two path curves noted with lk* =
0.33 and lk = 0.33, where is with lk* noted piston
motion law of ordinary IC engine.

Fig.7. Piston acceleration (a) in relation of crank angle
and selected ratio lk

Compared to the conventional, this concepts of engine
provides some 25 to 35% longer piston dwell at
combustion dead center (CDC), i. e. additional time for
the preparation of the mixture and the combustion of
the fuel at better thermodynamic conditions. Even
though the piston accelerates slower in transition, the
piston ultimately reaches higher speeds to cover the
additional stroke. This increase in piston speed means
greater component strain.
5. CONCLUSION
Reciprocating piston engines are widely despised for their
poor efficiency and their contaminant emissions. In the
near future, though, if they are to survive the relentless
improvement by electric batteries is to reengineer them in
a fundamental, efficiency-oriented way. As showed
elsewhere, the function governing the position of the
pistons relative to the angle rotated by the crankshaft can
be altered, allowing, for example, to build a system where
the pistons stay shorter near their top dead center than a
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piston - crank mechanism. This may in turn lead to a
better efficiency. The theoretical maximum efficiency of
any heat engine depends only on the temperatures it
operates between. The lower temperature is that of the
environment, and of course is a given. The higher
temperature depends on the fuel and the compression ratio
among others. According to C. Taylor, "the efficiency of
constant volume fuel-air cycles continues to increase with
increasing compression ratio up to compression ratio
300". In practice, this approach is limited by the melting
point of the metals that make up the cylinders and the
pistons and by the heat resistance of the lubricants used
and by contaminant emissions that come with high. In this
paper was presented one approach for modelling
intermittent motion with unconventional mechanism.
Described mechanism allows to perform very complex
movement of output shaft. In relation to ordinary
intermittent motion mechanisms this way of realizing
such motion has several advantages. The unconvetional
approach demonstrates some highly useful characteristics
for intermittent motion machines:
The ratio of motion to dwell time is adjustable within
wide limits. It can even exceed unity, if desired. The
number of indexing operations per revolution of the
input member also can exceed unity.
The velocity and acceleration variation during motion
is adjustable within wide limits.
The mechanism is compact and has relatively few
moving parts, which can be readily dynamically
balanced.
The engine used for most contemporary motor vehicles is
the four-stroke SI internal combustion engine. A novel
Otto cycle engine concept, in which intake and
compression are carried out through unconventional
piston mechanism, is presented in this paper. Future
studies should discuss the possible effects of mechanical
losses of this concept, in order to achieve values not only
kinematic features but also mechanical efficiency of IC
engines with such mechniasm.
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training under VFR and IFR conditions, aerobatic
training, sport flying, etc. (see Fig. 1.).

DETERMINATION OF AERODYNAMIC
CHARACTERISTICS OF A LIGHT
AIRCRAFT USING VISCOUS CFD
MODELING
Zoran STEFANOVIĆ
Ivan KOSTIĆ
Olivera KOSTIĆ
The CFD calculations with included viscous effects
represent the latest analyses, aimed for the assessment of
aerodynamic characteristics of a new light airplane.
During the evolution of such an aircraft, appropriate
calculation methods should be applied at the different
design development stages. The general trend is
application of fairly simple, but reliable analytical and
semi-empirical methods at the initial stages, combined
with simplified - inviscid CFD computational models, and
complex viscous CFD analyses at its final design levels.
At the present stage of light aviation development, it is
assumed that the contemporary design tools for each of
those steps should be appropriate enough, so that they
actually verify and additionally fine-tune each other's
results. Here presented viscous CFD calculations have
been based on the application of unstructured meshes
with reasonably small number of elements, combined with
robust physical model, involving RANS k- SST
turbulence treatment, which has enabled analyses at
around-critical and post-stall angles of attack. These
calculations have provided very useful, both quantitative
and qualitative aerodynamic data, while the results for
aerodynamic coefficients have shown fair agreements
with those obtained by methods at previous design levels.
Key words: light aircraft, aerodynamic design, viscous
CFD calculations, unstructured mesh, RANS k- SST

1. INTRODUCTION
This paper is primary focused on the latest stage of the
aerodynamic analyses of a new light aircraft (NLA),
designed at the Innovation Centre of the Faculty of
Mechanical Engineering, University of Belgrade. This is a
two-seat, single piston-engine trainer, of metal primary
structure, with plastic composite engine cowling, wing
and tail tips, aimed for primary and advanced flight

Fig.1. The NLA development: (1) initial conceptual
design sketch, (2) 3D CAD model, (3) loft for viscous
CFD analyses, (4) airframe used in structural tests, and
(5) completely equipped full size airplane mockup
From the historical perspective, in the initial stages of the
aerodynamic computational analyses of NLA, a fairly
simple CFD model based on 3D vortex lattice method
(VLM) was used [1, 2]. Such inviscid calculation model
inherently neglected boundary layer influence and
separation effects, so the effectiveness of the flaps and
control surfaces were overestimated at moderate and
higher deflection angles, and parasite drag components
could not be determined. Also, the lift and moment curves
could have been determined only in their linear domains,
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and just induced drag polars could be calculated. In order
to overcome these problems and obtain complete final
diagrams, the authors have applied the hybrid method
approach, developed in two directions.
First, to obtain proper effectiveness of flaps and control
surfaces within the CFD calculations, the non-linear
calibration factors had been successfully derived, from
wind tunnel test data of a domestic aircraft of similar
category. They also included the additional circulation
correction parameters, which took into account the
different lifting characteristics and influences of applied
slotted flaps, instead of the plane flaps simulated by VLM
[3, 4]. Second, the parasite drag components, which can
not be obtained by the applied VLM calculations, were
determined using reliable analytical and semi-empirical
methods. These results have been superimposed with the
induced drag values, which VLM successfully calculates
for many combinations of flaps and elevator deflections,
and angles of attack [5].
On the other hand, these methods also have some
inevitable inherent shorcomings: The VLM (also called
the "inviscid CFD") omits viscous effects and can not
verify analytically determined aerodynamic predictions at
arround-critical angles of attack; obtained parabolic polars
give minimum drag at zero lift, while actual minimums
are at some small positive lift coefficients, etc.

Fig.2. Loft for CFD calculations, flaps deflection  = 30o
Due to that, at the final stage of aerodynamic design, with
general aircraft configuration finally "frozen" (Fig. 2.),
aerodynamic analysis required the application of the CFD
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model with includes viscous effects, taking into account
both micro and macro-vorticity influences on the
flowfield around the airplane. This way, the whole range
of angles of attack could have been investigated,
including deep stall (beyond critical) angles. Considering
control surfaces, in this paper only flaps deflection cases
have been considered, and all results have been compared
with those obtained by previously applied methods.

2. THE CFD CALCULATION MODEL WITH
VISCOUS EFFECTS
To generate tree airplane lofts, necessary for the CFD
analyses, the CAD model (Fig. 1. - (2)) has been used,
with flaps deflections of  = 0o,  = 20o and  = 30o. All
other undeflected control surface gaps on the airplane
have been "sealed", in order to reduce the complexity of
the analyses, without any substantial penalties considering
the overall accuracy of the results. Also, some less
relevant details have been omitted (like spaces between
shock absorber struts and torque arms, etc.).
In cases with flaps deflected, the accurate 3D geometry of
the convergent slot between the single-slotted flaps and
the wing structure had to be modeled (more detailed
information about applied flaps type can also be found in
[3] and [6]). On the NLA, flaps extend from the ailerons
to the trapezoidal centerplane segments of the wing (see
Fig. 1. - (3) and Fig. 2.).

Fig.3. Mesh applied for CFD calculations, in the vicinity
of the model
The selection of the meshing method and the applied
physical model complexity was based on an optimum
compromise, dictated by the available hardware
resources.

After a certain number of test runs, the optimum choice,
which gave satisfactory outcomes, was based on the
following:
(A) Application of a mesh with reasonably small number
of elements, in this case of the order of 1.000.000
tetrahedral elements for half-model calculations (Fig. 3.),
the exact numbers vary slightly for different flaps
configurations. It should be noted that for very large and
complex configurations, the fine meshes can exceed tens
of millions of elements, but even with very powerful
hardware, the CPU time for a single run might be
measured in hundreds of hours.
(B) Application of a very sophisticated calculation
method, capable of dealing with separation effects at high
angles of attack, fully taking into account compressibility
effects (for example, as for transonic 3D flow
calculations, although compressibility influence at the
NLA's cruising Mach number of M = 0.15 is rather
small), etc. Calculation of angles of attack around and
beyond critical has become possible after the RANS
(Reynolds-Averaged Navier-Stokes) k- SST (ShearStress Transport) turbulent model [7], [8], [9] has been
applied, so this model has been adopted as standard for all
calculations.
Since only symmetrical cases have been analyzed, another
reasonable simplification was the analysis of half-models,
instead of full (also see Fig. 3.), while for the visual
presentations, the images were generated using mirroring
option with respect to the plane of symmetry. The
solution convergence had been boosted by the initial
optimum reordering of the mesh domain using the
Reverse Cuthill-McKee method [10], the application of
FMG - the Full Multi-Grid solution initialization at 4
levels [9], [10], and by active solution steering, applying
the automatic optimization of Courant number for the
achieved solution convergence stage. It had been assumed
that the solution for the given angle of attack has
converged when the solution monitors for lift, drag, and
pitching moment coefficients show no change (constant
values) within the last 100 iterations.
By this approach, with the available hardware, the
required CPU time for the convergence of the solutions
per one angle of attack had been reduced to only 1 ÷ 2
hours (longer time required for higher angles of attack).

airplane configuration, with flaps at three characteristic
positions (retracted, i.e.  = 0o, and deflected to  = 20o
and  = 30o).
The results are graphically shown in Fig.'s 4. and 5, and in
Tables 1. ÷ 3.

Fig.4. Diagrams of lift and moment coefficients
for three flaps positions

3. DISCUSSION OF THE RESULTS
The CFD aerodynamic analyses have been performed for
angles of attack  [o] ranging from negative, to positive
post-stall values, at Reynolds number MRe ≈ 5.3
calculated with respect to the wing chord, for all flaps
positions (to retain full compatibility of the results,
although such MRe value would be a bit too high for
operational flaps applications). The analyses have
provided very useful quantitative and qualitative results.

3.1. Quantitative assessments
Obtained numerical results can generally be divided into
“global” and “detailed”, where the most important global
assessments imply the lift coefficient CL, drag coefficient
CD and pitching moment coefficient CM about the
nominal CG (center of gravity) position, for the entire

Fig.5. Polar curves for three flaps positions
Presently it has been assumed that these two flaps
positions would satisfy their purpose for take-off and
landing applications, on such a light aircraft (although
with their electric actuator, any angle can be established).
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Table 1. Calculated aerodynamic coefficients for  = 0o

 [ o]
-4
0
3
6
10
14
15
16
18

CD
0.05003
0.04429
0.05214
0.07032
0.10976
0.16689
0.18233
0.20091
0.27813

CL
-0.184
0.192
0.477
0.760
1.122
1.438
1.468
1.431
1.280

CM
0.1212
0.0446
-0.0088
-0.0571
-0.1184
-0.1863
-0.2106
-0.2621
-0.4380

CL / CD
-3.67
4.34
9.15
10.81
10.22
8.62
8.05
7.12
4.60

Table 2. Calculated aerodynamic coefficients for  = 20

 [ o]
-5
-3
0
5
10
12
13
14
16

CD
0.06143
0.05949
0.06516
0.09564
0.15023
0.17666
0.19100
0.20663
0.24574

CL
0.023
0.212
0.495
0.958
1.376
1.496
1.531
1.534
1.481

CM
0.1064
0.0655
0.0066
-0.0823
-0.1603
-0.1980
-0.2253
-0.2540
-0.3434

CL / CD
0.38
3.57
7.59
10.01
9.16
8.47
8.01
7.43
6.03

Table 3. Calculated aerodynamic coefficients for  = 30

 [ o]
-7
-4
0
4
8
11
12
13
14
15
16

CD
0.07960
0.07476
0.08373
0.10905
0.14968
0.18903
0.20273
0.21559
0.23141
0.24912
0.29063

CL
-0.049
0.237
0.611
0.979
1.326
1.556
1.616
1.619
1.618
1.599
1.383

CM
0.1299
0.0688
-0.0091
-0.0816
-0.1459
-0.1907
-0.2065
-0.2368
-0.2636
-0.3050
-0.3785

o

o

CL / CD
-0.61
3.17
7.29
8.98
8.86
8.23
7.97
7.51
6.99
6.42
4.76

Presented results, obtained by CFD analyses, show
moderate increase in maximum lift coefficient with flaps
deflection. With the applied flaps design and deflections,
the configuration fully satisfies the EASA CS-23
regulation requirements considering minimum speeds.
The influence of flaps is more important considering the
airplane's stall characteristics (Fig. 4.). Namely, without
flaps deflection, CFD calculations indicate rather abrupt
stall, which presents no particular problem at normal
flying altitudes. On the other hand, during the landing
phase, flaps deflections change it to smooth and sustained
stall behavior, specially at  = 30o. This is of primary
importance in case of student pilots, whose judgment of
ground proximity before touch down might be poor - even
when at minimum speed, the airplane will smoothly glide
towards the ground.
The assessed maximum value of (CL / CD) max ≈ 11 is
quite realistic and satisfactory for light aircraft of metal
design (values in the range of 10 ÷ 12 are most commonly
reported by pilots in operational use, for such airplane
category).
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The detailed numerical results imply that each of the
coefficients shown in Tables 1. ÷ 3. can be divided into
separate contributions of the airplane loft members, also
called the zones, or "named selections". Table 4. provides
an example of the detailed contributions to the drag
coefficient CD = 0.20273, obtained for  = 30o and angle
of attack  = 12o (see also Table 3.).
Table 4. Detailed contributions to total drag coefficient,
for  = 12o and  = 30o (number of decimal digits is
shown as provided by the software)
Zone
flap
wing
nose leg
main leg
fuselage
horiz. tail
vert. tail
Total

Pressure

Viscous

Total

0.061359989

0.000577269

0.061937259

0.091292484

0.009768767

0.101061250

0.001511985

5.11388e-05

0.001563124

0.005003766

0.000163604

0.005167371

0.017627113

0.006439333

0.024066446

0.005470524

0.001742480

0.007213005

0.000730859

0.000993846

0.001724705

0.18299672

0.01973644

0.20273316

3.2. Qualitative assessments
The most relevant qualitative characteristics of the
airplane design have been obtained using flow pattern
(represented by eddy viscosity) and pressure distribution
visualization tools (Fig. 6.).

Fig.6. Examples of flow pattern (eddy viscosity - left), and
pressure (right) visualizations, = 6o and  = 0o
In this sense, the CFD post-processing tools provide
information which are, at least, of the same relevance as
those obtained by the wind tunnel visualization
techniques. It must be kept in mind that the applied CFD
calculation method had previously been thoroughly tested
and verified by comparisons with the relevant
experimental data, used for the so called “software
parameter calibration” purposes.

Fig.7. Quite abrupt stall, occurring with flaps retracted

Fig.8. Sustained stall with flaps deflected to  = 30o
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Figure 7. shows the flow field pattern development for
flaps-retracted configuration, and angles of attack ≥ 10o.
The eddy, or vortex generated viscosity visualization
gives the most relevant insight in the flow characteristics
around, and behind the airplane. Small red colored
domains in Fig. 7. – (3) indicate initial separation, which
occurs close to the wing roots (also see point ”3” on CL –
 diagram), at the critical angle of attack of cr = 15o,
where maximum lift coefficient is achieved. One degree
more, at  = 16o, the separated flow intensity obviously
drastically increases, indicating the airplane’s tendency of
rather abrupt stall with flaps retracted.
Only three degrees beyond critical angle of attack, at  =
18o, the airplane is in a deep stall condition, with very
massive separation, which is clearly identified by dark-red
and yellow domains, looking like “fire” coming out of the
wings (actually, these are the zones of very intensive air
turbulence). Very important is the fact that, at this angle
of attack, the bottom side of horizontal tail is out of the
turbulent domain (see Fig. 7. – (5) right). This contributes
to the airplane’s natural tendency for stall recovery, by
pitching the nose down towards smaller, sub-critical
angles of attack, which is very important for training
airplanes. Also, up to about  = 14o, the horizontal tail is
also out of the turbulent flow generated by the wing (see
Fig. 7. – (2) left). This way, flow visualization has
confirmed the appropriate positioning of the tail.
Figure 8. shows quite different behavior of the airplane in
landing configuration, with flaps deflected to  = 30o. The
maximum lift coefficient is reached at about  = 12o, and
this value remains practically constant until  = 15o (Fig.
8. - (2) ÷ (5)), and after that the airplane drops into a deep
stall (Fig. 8. - (6)). During such sustained stall behavior,
the flow separation, which laterally occurs at the wingcenterplane junction (flaps root section, see Fig. 8.),
longitudinally slowly moves from the trailing edge, for
some 40% chord forward, within 3o of  domain. That
keeps most of the wing area still "flyable" in this 
range, and as already mentioned, helps student pilots to
perform smoother landings, considering their limited
flying experience during the initial flight training stages.
This phenomenon can directly be attributed to the applied
slotted flaps type. Through the convergent gap, generated
by their deflection (again see Fig. 2.), a certain amount of
air is accelerated towards the upper flaps surfaces, where
the initial stall begins. This air energizes the flow in the
domains where it tends to separate, suppresses the abrupt
stall tendency, and prolongs the generation of maximum
lift.
A benefit of the presented visualization procedure, which
should be additionally emphasized, is the detection of
lateral spanwise position of initial flow separation. It is
obvious that in both cases, without and with flaps
deflected, it occurs close to the wing root, at the junction
of the outer rectangular wing and the trapezoidal
centerplane sections. Another requirement for primary
flight training airplanes is that the initial stall should
appear as close to the wing root as possible. In case of
asymmetric stalling conditions, where flow over one side
of the wing separates before the other (in sideslip, with
sideways wind gusts, etc.), such an airplane will show
little tendency to roll-over and fall into a spin, after stall.
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Fig.9. Pressure distribution, flaps at  = 30o ,  = 12o
Figure 9. shows the pressure distribution over the loft
with flaps fully deflected, calculated with respect to the
ambient atmospheric pressure at the cruising altitude,
taken as zero reference. By this approach, the underpressure is quantified by negative, and over-pressure by
positive values. The under-pressure, seen as bright yellow
domain over the upper wing surface overflows the
fuselage in the domain of the canopy, by which this part
of the fuselage additionally contributes to a certain extent
to the overall lift. It is known that in the presence of wing,
the fuselage generates more lift than the same fuselage
shape as an isolated body. In the domain of profiled wing
tips, which could be treated as very small winglets, the
same low pressure extends all the way to the trailing edge,
also improving lift in that part of the wing, etc.

3.3. Comparisons with previous results
The results calculated by here presented CFD model are
compared in Fig.'s 10. and 11. with those obtained by
methods applied in previous design steps [3, 4, 5].

Fig.11. Comparisons of drag polars

Fig.10. Comparisons of lift and moment curves

Keeping in mind the fact that several principally different
calculation methods have been applied during three
consecutive design development stages, the obtained
results for the NLA’s aerodynamic characteristics show
quite fair agreements.
Lift coefficient curves give very close values for lift curve
slopes for all three configurations. Viscous CFD
calculations provide more optimistic assessments of
maximum lift coefficient values (higher in all three cases
than obtained by Datcom).
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The only principal difference is in stall characteristics –
unlike Datcom, the viscous CFD has predicted abrupt stall
with flaps retracted, and slow and sustained stall with full
flaps extended.
Considering pitching moment characteristics, the VLM
and viscous CFD results coincide well for all three
configurations, where slopes of moment curves define the
measure of airplane’s longitudinal static stability (pitching
moment had not been analyzed by Datcom).
Finally, certain differences in polar curves are readily
expected. Namely, in hybrid method calculations, polars
are obtained in simplified parabolic forms of the type
CD  A  B  CL 2 , suitable for performance calculations,
which give minimum drag at zero lift coefficient. In
reality, minimum drag is achieved at certain small
positive lift coefficients, as predicted by viscous CFD
calculations. On the other hand, the order of drag values
at lift coefficients used in standard operational flying
conditions has been mutually confirmed by all methods.

4. CONCLUSION
Aerodynamic analyses presented in this paper have been
performed using a CFD method which takes into account
viscous, but also compressibility effects (no matter how
small in case of light aircraft). The calculation model uses
mesh with a reasonably small number of elements, and a
very sophisticated physical model, based on the RANS k SST equations for turbulence. By this, and applying the
half-model analysis, the CPU time for calculations of
different angles of attack had been substantially reduced,
while the range of angles of attack had been extended to
the post-stall values, compared with methods applied at
previous design steps. Calculations have provided a vast
scope of very useful quantitative and qualitative data.
Results obtained by all methods during the aerodynamic
development of NLA, including the latest CFD
calculations, have shown fair agreements for practical
engineering purposes. This way, the requirement posted
in contemporary airplane design, that the calculation tools
and methods applied at all different design levels should
generally confirm, supplement and fine-tune each-other,
has been satisfied.

REFERENCES
[1] Bertin, J., Smith, M. (1989). Aerodynamics for
engineers, Prentice - Hall International Editions,
ISBN: 0-13-018227-3, Englewood Cliffs, NJ
[2] Katz, J., Plotkin, A. (1991). Low Speed
Aerodynamics - From Wing Theory to Panel
Methods, McGraw-Hill, ISBN: 0-07-100876-4, New
York
[3] Stefanović, Z. & Kostić, (2010). A Vortex Lattice
Method Application in Aerodynamic Analysis and
Design of Light Aircraft, Proceedings of the Sixth
International Symposium about Forming and
Designin in Mechanical Engineering, KOD 2010,
Palić - Serbia, ISBN: 978-86-7892-278-7, University
of Novi Sad - Faculty of Technical Sciences, pp. 8592, Graphic Center GRID, Novi Sad
116

[4] Stefanović, Z.; Kostić, I. & Kostić, O. (2011).
Efficient Evaluation of Preliminary Aerodynamic
Characteristics of Light Trainer Aircraft, Proceedings
of the International Conference of Innovative
Technologies, IN-TECH 2011, Bratislava, ISBN:
978-80-904502-6-4,
World
Association
for
Innovative Technologies, pp. 520-523, Tisk AS,
Jaromer
[5] Stefanović, Z.; Kostić, I. & Kostić, O. (2012).
Primary Aerodynamic Analysis of a New Light
Aircraft in Symmetrical Flight Cinfigurations,
Proceedings of the Seventh International Symposium
- Machine and Industrial Design in Mechanical
Engineering, KOD 2012, Balatonfured - Hungary,
ISBN: 978-86-7892-399-9, University of Novi Sad Faculty of Technical Sciences, Slovak University of
Technology in Bratislava - Faculty of Mechanical
Engineering, ADECO, pp. 97-104, FTS Graphic
Center GRID, Novi Sad
[6] Stefanović, Z. (2005) Aeroprofili (Airfoils),
University of Belgrade, Faculty of Mechanical
Engineering, ISBN: 86-7083-506-1, Belgrade
[7] Wilcox, D. C. (2006) Turbulence Modeling for CFD,
DCV Industries, Inc. ISBN 978-1-928729-08-2, San
Diego, California
[8] ANSYS FLUENT 14.0 (2011): Theory Guide,
ANSYS, Inc., Canonsburg, PA
[9] ANSYS FLUENT 14.0 (2011): User's Guide,
ANSYS, Inc., Canonsburg, PA
[10] ANSYS FLUENT 14.0 (2011): Tutorial Guide,
ANSYS, Inc., Canonsburg, PA

CORRESPONDENCE
Dr. sc. Zoran STEFANOVIĆ, Professor
University of Belgrade
Faculty of Mechanical Engineering
Kraljice Marije 16
11120 Belgrade 35, Serbia
zstefanovic@mas.bg.ac.rs
Dr. sc. Ivan KOSTIĆ, Associate Prof.
University of Belgrade
Faculty of Mechanical Engineering
Kraljice Marije 16
11120 Belgrade 35, Serbia
ikostic@mas.bg.ac.rs
(corresponding author)
Mr. sc. Olivera KOSTIĆ, Research Assist.
University of Belgrade
Faculty of Mechanical Engineering
Kraljice Marije 16
11120 Belgrade 35, Serbia

by the passengers of a vehicle or those ones concerning
the level of acoustic radiations, respectively the material
fatigue.
The dynamic response of the mechanical systems is,
frequently, influenced by the un-linear effects that, in
numerous cases, take place to the coupling interface
among the different components (dynamic excitations
generated by the contact in drive links and in the stress
transmission machinery, unsteadiness concerning the
friction in mechanical systems) that leads to undesirable
noises and excessive detrition.

CONTRIBUTIONS TO THE
MATHEMATICAL SIMULATION
FOR THE VIBRATIONS OF THE
MECHANIC SYSTEMS
Mihnea CATANEANU
Adina CATANEANU
Dan BAGNARU
Abstract: The goal of this paper is to present some
original contributions concerning: the way to elaborate,
in operator domain, the mathematical model in
displacements of the vibrations in case of the kinematical
elements with linear elastic behavior; the determination
of the accelerations fields of kinematical elements with
linear elastic behavior; the performance of the
experiments using the Spider 8 electronic system
dedicated to numerical measurement of the analogue
data, this one being a modern measuring system,
specialized in the numerical acquisition of the mechanical
parameters, as it stands, displacements velocities and
accelerations. In order to obtain the mathematical
equations of the movement for the type straight bar or
thin plane plate kinematical elements with linear elastic
behavior, the Hamilton’s variation principle is used.
Other group of mathematical models of the vibrations for
the kinematical elements with linear elastic behavior is
the one with a finite number of degrees of freedom.
Solving the mathematical models for the vibrations of
kinematical elements type straight bar or thin plane plate
is done using the integral transforms.

2. MATHEMATICAL MODELS AND THEIR
SOLVING METHODS
The movement equations of the type bar or thin plane
plate kinematical elements with linear elastic behavior are
obtained using the Hamilton’s variation principle from
elastodynamics. Other group of mathematical models of
the vibrations for the kinematical elements with linear
elastic behavior is the one with a finite number of degrees
of freedom. All mathematical models are written in
operator domain, in view of the computer run for the
analyzed problems. The solving of the mathematical
models for the vibrations of a type straight bar or thin
plane plate uses integral transforms. In case of the type
continuous spectrum, first of all the Laplace transform in
relation to time is applied to the partial differential
equations that describe the vibrations of such elements.
Afterwards, to the equations this way obtained, depending
on the limiting conditions and according to the type of
element (straight bar or thin plane plate), one of the
simple or double finite Fourier transforms in sine or in
cosine is applied. This method is based on solving of
algebraic equations systems that have as unknowns the
displacements in their Laplace and Fourier images.

2.1. Mathematical models in displacements for
the vibrations of the kinematical elements
straight bar type with linear elastic
behaviour
Let’s consider the vibrating straight bar with linear elastic
behavior from figure1. This bar has a spatial motion.

Key words: vibrations, kinematical elements, linear
elastic

1. INTRODUCTION
The way in which the mechanical structures vibrate is an
important point in the mechanical design of those ones,
with a view to safeguarding of working in best conditions.
Thus, for example, in the view of safeguarding in case of
the collisions of vehicles, the foresight of the behaviour of
structures submitted to great deformations, as early as the
conceptual phase, is necessary. There is also the necessity
of prevention for the aerodynamic instability of the
aeroplanes, the care concerning the acceleration perceived

Fig.1. Straight bar in a spatial motion
By using the Hamilton’s variation principle, neglecting
the influence of the shearing forces, the mathematical
model (1) is obtained under the form of partial differential
equations for the vibrations of the linear elastic bars in a
spatial motion.
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the components of the instantaneous angular velocity,
respectively of the angular acceleration of the bar;
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that represents the components of the exterior moment in
rapport to the length unit, excluding the rotary bending.
Afterwards, deliberately neglecting the coupling terms
between the longitudinal and the cross vibrations, as those
that confer to the mathematical model (1) the quality of
invariant in time model, the mathematical model, in a first
approximation, (1’) is obtained:

 L0 u   M 4 a0   V1   M 7  f   V2   0,
(1’)
where:

 L0     M 1 
M4 

4 
4 
2 

M

M
 2 2 2  3 2 
x 4
x t
x

2 
t 2

is a differential matric operator and the other matrices and
vectors are given above.
Further on, in figure 2 is presented a straight bar in spatial
motion, corresponding to the mechanical model with
concentrate masses.

 is the specific mass;
A=constant, is the plan area of the bar;
E is the Young modulus;
Izz=constant, is the geometrical moment of inertia of the
plan area about the neutral axis for flexures, that is
parallel with the Oz axis;
Iyy=constant, is the geometrical moment of inertia of the
plan area about the neutral axis for flexures, that is
parallel with the Oy axis;

u  u1

u2

u3

T

the linear elastic displacement;

aO   aO ,1

aO ,1 aO ,3 

T


aO ,1 , aO ,2 , aO ,3 the components of the acceleration aO ;

 f    f1

f2

f 3

T

the components of the exterior force in rapport to the
length unit;

0  0
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0 0 ;
T

Fig.2. Straight bar in a spatial motion - the mechanical
model with concentrated masses
To deduce the equations (2) it is used the field of
acceleration in case of a linear elastic body being in a
spatial motion.
This way it results the acceleration of the point Pi. The
n

total mass of the bar is

mt   mi , with mi
i 1

representing the mass joint to the point Pi, i  1, n . Then,
the influence coefficients method is applied. So, it results
the mathematical model for vibrations of the linear elastic
bars, in spatial motion, with a finite number of freedom
degrees:

  m  u1  23 u2   22 u3  22  32 
u1  12   3 u2   13   2 u3 
  A1  E u1    F1
  m u2   23 u1  21 u3  12  32 
u2   12   3 u1  23   2 u3 
  A2   E u2    F2    M 3
  m u3  22 u1  21 u2   12  22 
u3  13   2 u1  23  1 u2  
  A3  E u3   F3   M 2 
(2)
where:

   ij  nn ;      ij  nn ;     ij  nn ;
    ij  nn ;    ij  nn ; ij   ji ,

are the influence coefficients for the longitudinal
vibrations u1i(t), respectively for the cross vibrations u2i(t)
and u3i(t).

2.2. Mathematical models in displacements for
the vibrations of the kinematical elements
thin plate type with linear elastic behaviour
In order to obtain the mathematical model (3) for the
vibrations of the linear elastic thin plane plate, the
variation Hamilton’s principle is used. The considered
plate has a spatial motion and is presented in the figure 3.
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;  is the Poisson’s ratio,

h is the thickness plate.
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Fig.3. Thin linear elastic plane plate in spatial motion
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ui  t  the displacement of the point Pi;

Fi  t  , i  1, n the exterior force that actuates on the
point Pi;
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3. THE DYNAMIC RESPONSE
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By applying to the equation (3) the Laplace transform and
the double finite Fourier transform in sine, first, the fields
of cross displacements are obtained. Further on, the field
of accelerations, for the linear elastic thin plane plate,
results under the next form:

a P ,3  x1 , x2 , t   aO ,3 
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that realises the conversion in a voltage signal of a
respective parameter (in this paper there is the vertical
component of the acceleration for one point of the

m 1

1
cos   n2   m2   c 2 2
c
sin  n x1  sin   m x2 


t


considered plate, the point P  L1 / 2, L2 / 2,0  ).
(4)

where:
L1 L2

f s**  n, m     f  x1 , x2  sin  A sin  B  dx1dx2 ;
0 0

5. CONCLUSION
The paper is dedicated both to pure research (relation (4))
and to experimental one (fig.5) and also to engineering
design. In a concrete case, the experimental results verify
the theoretical ones.

L1 L2

g s**  n, m     g  x1 , x2  sin  A sin  B  dx1dx2 ;
0 0

A   n x1; B   m x2 ; n 

n
L1

; m 

m
L2

; n, m  N

4. EXPERIMENTAL DETERMINATIONS
The experimental measurements are made using the
Spider 8 system dedicated to numerical measurement of
the analogue data, a modern measuring system,
specialized in the numerical acquisition of the mechanical
parameters, as it stands, displacements and accelerations.
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Fig.5. The graphical representation of the vertical
component of the acceleration a P ,3  x1 , x2 , t 

We can measure any parameter with the condition to
introduce, in the measurement system, a sensitive device
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trends refers to the replacement of metallic materials by
materials with flow behaviour which can reduce inertial
forces and moments because of their smaller density.
The linear viscoelasticity theory constitutes a system of
theoretical methods in prolongation of classical elasticity
theory, reasonably including the factor time.

2. THE MATHEMATICAL MODEL FOR THE
VIBRATIONS OF THE VISCOELASTIC
BARS IN SPATIAL MOTION
In [1], using the Hamilton’s principle from
elastodynamics, the equation of the vibrations for a linear
elastic bar, in a spatial motion, is obtained:

STUDY OF VIBRATIONS OF
KINEMATICAL ELEMENTS WITH
VISCOELSTIC BEHAVIOR
Adina CATANEANU
Mihnea CATANEANU
Dan BAGNARU
Abstract: The present paper has for an object the study of
the vibrations of kinematical elements straight bar type
with viscoelastic behavior. With this in view, it starts from
the mathematical model of the vibrations of a linear
elastic straight bar in a spatial motion, written on a
matric form. The unilateral Laplace transform in relation
to time is applied and the Young modulus is replaced with
E  s  for the Maxwell’s model corresponding to the
plastics. Then, it is inverted taking into account the
convolution theorem, as well as the filtering property of
the function Dirac. Thus the mathematical model for the
vibrations of the viscoelastic bars is determined. By
applying to the obtained integral-differential equation
one of the finite Fourier transforms in sine or in cosine, it
results a system of integral-differential equations. After
the integration of those equations systems, the fields of
longitudinal and cross displacements are determined by
inverting the Fourier transforms. Further on, the concrete
case of a viscoelastic connecting-rod of a crank gear is
considered. For this one, the cross displacement is
determined as well as the field of accelerations. Finally,
the theoretical diagram of the vertical component of
acceleration is compared with the curve of same
component of acceleration, experimentally plotted, using
the electronic measurement system Spider 8.
Key words: vibrations, viscoelastic, mathematical model

1. INTRODUCTION
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Formally, in the matric equation (1), the unilateral
Laplace transform in relation to time is applied which
afterwards is introduced in the obtained equations instead
of Young’s modulus E
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for the Maxwell’s model corresponding to the plastics,
and then it is invert, taking into account the convolution
theorem as well as the filtering property of the function
Dirac. Using:
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it results the integral-differential equation:
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Fig.1. Straight bar in a spatial motion
In the equation (4):
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The vibrating behaviour of a mechanical structure is very
well represented at the low frequencies by the proper
mods of vibrations, this meaning a practical importance in
the domain of the internal or external acoustics of the
motor vehicles. The research activities concentrate on the
development of the experimental, theoretical and abilities
in order to improve the knowledge about the behaviour of
materials and mechanical structures. One of today’s
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ui*, s  n, t  and ui*,c  n, t  representing the solutions in the

k approximation, the cut-and-try process continues until
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t ,   0 and ε are small

enough, in accordance with the imposed calculus
accuracy.
Let’s consider the crank gear from the figure 2.
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Fig.2. The crank gear

;

G1M , G are the rigidity modulus;

The field of the cross displacements ui  x, t  , i  2 , in the

K B , K are the compression modulus;

first approximation, for the vibrations of the viscoelastic
connecting rod OA of the crank gear R(RRT) from figure
2 is given by the relation (5), where:

 0 is the constant corresponding to the Newton’s
component of the Maxwell model;
 is the viscosity factor.
By applying to the equation (4) one of the finite Fourier
transforms in sine or in cosine, systems equations in the

u2,(1)s  n, t  
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unknowns ui*, s  n, t  or ui*,c  n, t  , i  1, 3 are obtained.
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After the integration of those system equations, by
inverting the Fourier transforms, the longitudinal and the
cross displacements fields result. If the cut-and-try
method is applied, the solutions in a first approximation
of those systems can be considered as accurate solutions
for the reposing bars. Replacing those solutions in the
right member of the above named equations, it results the
solutions, in a second approximation, by applying the
finite Fourier transform. Proceeding in the same way, the

 an ,6 sinh n t   an ,6 cosh n t  
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respectively,

series
* 
i ,c

u

1

1

2

n

ui*,s  n, t  , ui*, s  n, t  ,..., ui*, s  n, t  ,
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obtained. Those cut-and-try series approach to the
solutions ui*, s  n, t  , respectively, ui*,c  n, t  .
Finally, inverting the finite Fourier transforms in sine or
in cosine, the longitudinal and the cross displacements
results under the form:
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The material is, in the both cases, indurated fabric.
Taking into account the definition law (5), where
1
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the figure 3 a) and b).
Further on, the fields of accelerations are determined
under the form (7):

n ,1 n ,2
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The variation of the vertical component for the
acceleration of the point M is presented in figure 4.
a)

b)
1
Fig.3. Graphical representation of the function u2   x, t 

Fig.4. Graphical representation for the variation of the
vertical component of acceleration a y , M
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3. TEST DATA
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Fig.5. The cross displacement curve
The figure 5 represents the cross displacement curve for
the indurated fabric connecting rod OA of the crank gear,
in case of 1,2817 [Hz] drive.

CORRESPONDENCE
Fig.6. The vertical component of acceleration curve
In the end, the figure 6 represents the diagram
corresponding to the vertical component of acceleration
for the point M of the connecting rod OA.
The comparison between figures 3 and 5, respectively 4
and 6, validates the theoretical results obtained both
concerning the cross displacement and vertical component
of acceleration.

4. CONCLUSION
The analysis of the above results shows that the
displacements are bigger in case of plastic materials. This
is not an obstacle due to the fact that the plan area of the
connecting rod can be enlarged and, this way, the
displacements are similar to those for the metallic
material. Also the plastic materials have smaller density
as compared to the metallic materials and they are
cheaper. For this reason, the plastic materials can be
successfully used.
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CASE STUDY: VIBRATION ANALYSIS
OF A VERTICAL PUMP OF COOLING
SYSTEM IN FERO-NICKEL INDUSTRY
Tale GERAMITCHIOSKI
Ljupco TRAJCEVSKI
Abstract: The basic goal of this investigation is analyzing
the vibration condition of a vertical pump type 165 used
for transportation of a hot water to the tower for natural
cooling in fero- nickel industry Feni – Kavadarci –
Republic of Macedonia. For that purpose was used
VIBROTEST 60 (Bruel&Kjaer) instrument with
appropriate modules. The paper shows the procedure for
early detection of failure the rolling bearings using
vibrating signature of the measurement and analyses the
other problems of the elements as results of existing pump
cavitation. Some proposal for constructive intervention on
the pump-motor to decrease existing vibration amplitude
values are given in the paper

defining discrete air forces imply irregular operation of
the plant.
Modern equipment for measurement, analysis and
diagnostics, along with knowledge and experience of
professional staff who manage it, guarantee to resolve the
complex side effects that occur during the operation of the
plant. All rotating machines during operation generate
vibrations that are inevitable occurrence in their
exploitation. Their full elimination is impossible, but it is
the same loft in boundaries defined by the equipment
manufacturer or adopted global standards and norms, such
as: VDI 2056 recommendations; DIN 45.666 norms ISO
10816 standards; E 90-100 French norm.
The fact that irregular work of some mechanical element
with particular intensity and frequency determined exactly
unique to that part of the plant, is used for determining
and defining exactly inertial forces that cause the dynamic
state of the plant.
Nature of inertial forces can be various different
[2],[3],[7]:
imbalance in the rotating masses ;
misalignment - axis of the shaft ;
mechanical damage in rolling bearings ;
irregularity in the operation of the sliding bearings ;
work in terms of resonance phenomena ;
Excitation aerodynamic and hydraulic forces ;
Electromagnetic vibration and more.
The choice of balancing rotors in their own bearings has
that advantage:
Corrects imbalances of the total rotating mass of the
entire composition.
There are no transport costs;
Avoided mistakes are repeated editing.
The following example will show the measurement and
diagnosis of vertical centrifugal pumps used permanently
in Feni - INDUSTRIES- Kavadarci, R.Macedonia.

Key words: pump, vibration analysis, bearing life

1. INTRODUCTION
Production of nickel is an intensive process that uses
robust and rotating equipment where it is exposed to
intense workload and high temperatures, whereas the
susceptibility of equipment failures poses a serious threat.
In critical positions in flow of the production process
include crushers , rotary dryers (x4), mills (x2), rotary
kilns (x2) and the main hydraulic oil lubrication systems
that use large electric motors and reduction enclosures , in
addition to electric furnaces ( x2), converters (x2), arc
furnace (x1), granulation system ( x1 ) and vats that are
susceptible to decline bricks and large transformers [1].
By exploiting the plant comes to unwanted accidents due
to the occurrence of illicit vibration. In order to avoid
these phenomena are often performed unnecessarily
replacing the elements of the plant, although they can still
be used.
The latest trends tend to maintain fixed time intervals for
replacement of mechanical elements, to be replaced by
interval control state of the plant. The basic principle of
this system maintenance vibration diagnostics is to

Fig.1.Vertical centrifugal pump type 16

2. CASE STYUDY–VERTIKAL PUMP 165
2.1. Results of the measuring
The task of this type vertical pump 165 (Fig.1,2) is heated
water from the cooling system of the electric furnace to
transport the cooling tower to perform again cooled
naturally. The technical characteristics of the pump are:
speed of the impeller pump n = 1450 rot / min
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pump bearings in points 1h/2h are SKF 7320 BGM
bearings in electric motor in points 3h/4h are SKF
6319 CZ and 7319 B is 5h/6h (see fig.2).

b) First 10 harmonics of the characteristic frequency of
SKF 6319 CZ on point’s 3,4 in the motor (front side)

Fig.2. Vertical pump type 165 for distribution hot water
to cooling tower – measurement point’s
The bearing frequencies can easily be calculated from the
bearing geometry using the formulae given in Fig. 3[1].
c) First 10 harmonics of the characteristic frequency of
SKF 7319 CZ on point’s 5,6 in the motor (back side)
Fig.4. Calculate general frequency with the GERABOX
The rolling bearings monitoring in this case is bearing
number 1,2 SKF 7320BGM- (see fig.5,6), measured
vibrations with FFT analysis in two different periods.
Measured vibrations and FFT analysis for bearings in
electric motor in points 3h/4h (SKF 6319 C3) on the front
side in two different way’s (vertical and horizontal) shows
on fig.7,8.

Fig.3. Formulas for calculating bearing frequencies
a)

a) First 10 harmonics of the characteristic frequency
of SKF 7320 BGM on point’s 1,2 in the vertical
pump
To calculate the generate frequency we used the software
GEARBOX for each of the bearings in pump and motor.
(see fig.4).
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b)
Fig.5. Bearing SKF 7320BGM –FFT on point 1-pump
a) measuring on 15.03.2012 b) on 04.06.2012
The same situation exist on another main point’s where
vibrations are measured in both directions, so, there are

two figures for each characteristics point- two on pump
1,2 and fore to motor 3,4,5,6.

a)

a)

b)

b)
Fig.6. Bearing SKF 7320BGM –FFT on point 2-pump
a) measuring on 15.03.2012 b) on 04.06.2012

Fig.8. Bearing SKF 6319 –FFT analysis on point 4-motor
a) measuring on 15.03.2012 b) on 04.06.2012
It’s evident that FFT diagram established on 15.03.2012
had a big number of different frequencies as a sideband of
the main frequencies as a result of a rapid progress the
failure of outer ring (first step) and after that, on the inner
ring. The major amplitude (pick) show as a shaft
imbalance. On FFT established on 04.06.2012 in the area
of high frequencies, there is a lot of picks as a result of
cavitation of the pump.

a)

a)

b)
Fig.7. Bearing SKF 6319 –FFT analysis on point 3-motor
a) measuring on 15.03.2012 b) on 04.06.2012
Measured vibrations and FFT analysis for bearings in
electric motor in points 5h/6h (SKF 7319 B) on the back
side, where the motor cower exist, shows on fig. 9, 10.

b)
Fig.9. Bearing SKF 7319 –FFT analysis on point 5-motor
a) measuring on 15.03.2012 b) on 04.06.2012
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The letters A, B, C and D as seen in Figure 2.13,
classify the severity. Class I Individual parts of
engines and machines integrally connected with a
complete machine in its normal operating condition
(production electrical motors of up to 15 Kw are
typical examples of machines in this category).
Class II Medium-sized machines (typically electrical
motors with 15–75 kW output) without special
foundations, rigidly mounted engines or machines
(up to 300 kW) on special foundations.
Class III Large prime movers and other large
machines with rotating masses mounted on rigid and
heavy foundations, which are relatively stiff in the
direction of vibration.
Class IV Large prime movers and other large
machines with rotating masses mounted on
foundations, which are relatively soft in the direction
of vibration measurement (for example –
turbogenerator sets, especially those with
lightweight substructures).

a)

3. RESULTS AND DISCUSSION
b)
Fig.10. Bearing SKF 7319 –FFT analysis on point 6-motor
a) measuring on 15.03.2012 b) on 04.06.2012

2.2. Norms and standards according ISO 2372
The most widely used standard as an indicator of
vibration severity is ISO 2372 (BS 4675). The
standard can be used to determine acceptable
vibration levels for various classes of machinery.
Thus, to use this ISO standard, it is necessary to first
classify the machine of interest. Reading across the
chart we can correlate the severity of the machine
condition with vibration. The standard uses the
parameter of velocity-rms to indicate
severity.

Fig.11. ISO 2372 standard for evaluate vibrations impact
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Fig. 5,6 represent the FFT spectrums on point 1,2 exists
on the pump and shows the spectrum measured for the
first bearing SKF 7320 in two different measuring times
and ways. The measuring vibrations on point 1 realized
on 15.03.2012 (Fig2a) and on 04.06.2012 (Fig.2b) shows
FFT spectrum with several conclusions:
rotational speed frequency of the pump shaft is
1450/60=24.167 Hz and this frequency is with the
maximum peak (amplitude) of 1.48mm/s (fig.5a).That
means unbalance of the shaft and rotation elements
exist because of equal the vibration frequency and
rotational speed frequency. After balancing, the
condition was better (Fig5b) but some other problems
show later.
On fig5a all bearing frequency exists with different
peaks. The limited frequency of each of the element
bearing is calculated by the instrument for measuring
vibrations and shows on the right side of the picture of
the spectrum. When the frequency of the measured
vibration of the elements coincided with border
(red lines), it is a signal that element of bearing
failure. In this case, that happened in line 1 with the
outer race of the bearing with the frequency 118.18
Hz and the amplitude of 0.95 mm/s (Fig.13). As
bearing wear progresses, defect shows up first on the
outer race as spalling. The amplitude of outer race
frequency increase as the spalling gets deeper. In the
final stages of failure, the rollers transfer the spalling
to the inner race and inner-race frequencies
increase (Fig.5b).
Definitely, the situation in fig.5 main problem is
imbalance, but also misalignment of the rotating
elements with the bearing axis. This conclusion is
supported by the large number of peaks of different
frequencies in the width of the frequency range.

If you compare Fig.5a and Fig.5b, it is evident that in
the range of high frequencies Fig.5b peaks occur with
significant values of the amplitudes. It is proof that
appeared in pump cavitation. Cavitation is the
vaporization of fluid within the pump. It occurs when
the fluid pressure is less than the vapor pressure at the
temperature. Technically, cavitation is the boiling of
fluid at the ambient temperature due to the reduced
pressure. Prolonged cavitation caused erosion
damage to a pump impeller (Fig.10). Cavitation
causes vibration in the frequency range of 700-1000
HZ. Dominant peaks occur at 845 HZ with amplitude
of 0.62mm / s at 883Hz with amplitude of 0.48mm / s
and the highest amplitude of 0.74mm / s at
910Hz.Problem of existing cavitation will be solved
later.
On FFT analysis on fig.5a its shows a bearing wear
progresses defect show up first on the outer-race as
spalling. The amplitude of the outer-race frequency
increase as the spalling gets deeper
Fig. 7,8 represent the FFT spectrums on point 2 exist on
the motor of the pump from the front side and shows the
spectrum measured for the first bearing SKF 6319 in two
different measuring times in two directions – horizontal
and vertical. The measuring vibrations on point 2 realized
on 15.03.2012 (Fig7a-horizontal direction, and Fig.7a.
vertical direction) and on 04.06.2012 (Fig7b-horizontal
direction, and Fig.8b. vertical direction) shows FFT
spectrum with several conclusions:
On 15.03.2012 were measured 4.9mm/s amplitude of
the vibrations on pump motor point 4 with rotational
speed frequency of the motor (pump) shaft
1450/60=24.167 Hz. Other amplitude on other
characteristics bearing frequencies is minor. So this
amplitude shows the imbalance existing on that point.
In point 3 at the same date, FFT diagram (Fig.7a
shows a lot of pick’s with the significant amplitudes
and wide frequency range. That implicate of existing
the misalignments in rotation parts of the motorpump system. On that diagram there are a various
number of the picks of vibrations on the frequency
range of 150-220Hz with the dominant amplitude
1.45mm/s on frequency 169.2Hz which is the 7-th
harmonic of the rotational speed frequency of
24.167Hz. It implicated the existing of a significant
misalignment in the phase of under mounting
rolling bearing in the housing. Amplitude with the
peak of 1.38 mm/s on frequency 118.5Hz implicates
the failure of the inner ring of the bearing because it
touched the red line no.2 (limited frequency of the
inner ring). It has a huge impact on the rolling
elements because the amplitude of 1.58mm/s with
frequency 99.8Hz is near by the limited rolling
elements ball-pass frequency (red line no.4) and exist
the failure of the rolling elements.
Fig. 9,10 represent the FFT spectrums on point 5,6 exist
on the motor of the pump from the back side and shows
the spectrum measured for the first bearing SKF 7319 in
two different measuring times in two directions –
horizontal and vertical. The measuring vibrations on point
2 realized on 15.03.2012 (Fig.9a-horizontal direction, and
Fig.9a. vertical direction) and on 04.06.2012 (Fig10a-

horizontal direction, and Fig.10b. vertical direction)
shows FFT spectrum with several conclusions:
Evident is the dominance of the frequency of the
working speed of 24 166 HZ which indicates
imbalance, but also the resonance of the cower
shit of the motor. This conclusion is supported by
the fact that some basic frequency came into range
of harmonic frequencies with smaller amplitudes in
the range of 120-160Hz.
Fig.9a and 10a show the emergence of a number of
peaks equally spaced frequencies in the frequency
band width of 80-140 and 160-220Hz suggesting
massive failure of all rotating bearing elements
[6],[7].
Fig.9b. and 10b section at high frequencies showed
great influence on the cavitation chamber, and the
Fig.12 reflected damage of the propeller pump as
a result of the action of cavitation..

Fig.12. Damage on the pump propeller as an influence of
the cavitation

Fig.13.Corosion on outer race of the bearing SKF 7320
on point 1,2 in pump as a result of cavitation impact

4. CONCLUSION
On FFT spectra diagrams of all points of the system
motor – vertical pump showed the existence of imbalance
of the rotating parts of the system, i.e. the shaft of the
pump. In the future, it must be made completely
balancing the entire rotating parts of the system.
On the FFT diagrams is evident existence of eccentricity,
i.e. misalignment on the rotating elements in terms of
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housing existence through a series of significant vibration
amplitude across the width of the entire spectrum. This is
due to unprofessional and incorrect mounting of the
bearings in the housing which occurs misalignment of the
outer ring relative to the axis of house. It happened at the
mounting bearing on the shaft with alignment not be
achieved. It needs to be fully dismantled and reinstalled with full attention to avoid misalignment and
control that with the comparators.
SKF bearing - mounted in 6319 there point 3.4 quart of
inner ring and rolling-ball elements . Bearing must be
replaced with new.
Recent measurements showed the occurrence of
cavitation due to the presence of very hard particles in the
form of dirt that passed the existing filter and
contaminated water are transported to the cooling towers ,
and causing an imbalance in the flow of water provided
by the pump. Cavitation damage the fins of the impeller
of the pump . To avoid this phenomenon , it is necessary
to clean or replace the filter to prevent penetration of
dirt in the water .
Taking into account all these considerations, in October
2012, there was a complete overhaul of the vertical pump
165th Run a balancing shaft, changed three pairs of
bearings and re-mounted refrigeration system.
After that, measurements were made of the peak
amplitudes of the three characteristic points in two
directions at four different time periods-Table 1.
Table 1. Measured vibration values in bearings after repair
Amplitud
e (mms)
in
measured
point’s
on date’s:

1H

2H

3H

4H

5H
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6H

21.10.2013 2.0758 3.9418 4.6607 5.9112 5.3209 9.8723
15.11.2013 2.5771 3.5648 4.1232 4.9399 8.2336 8.2336
17.02.2014 1.3146 2.0643 3.8055 1.9329 3.8449 6.1531
07.04.2014 2.2812 1.3207 2.1902 3.3808 4.1433 9.2737

The results made the following conclusions:
Values of the peak amplitudes of vibration in bearings
are quite high ; compared with the recommended
values of the standard ISO 2372 , worrying values in
section 6 ( slot on the back side of the motor).
According to these values , the motor work in
unacceptable area of dynamic stability.
Requires further constructive intervention of the pump
by inserting rubber washers under the flange contact
surfaces of the motor and the pump housing (3.4
points), better anchor the back cover of the engine,
and shall re- balancing the rotor of the motor due to
the occurrence of capture the fins of the fan cover for
imbalance.
The pump should be set on the ground through the
rubber that will cushion the impact of vibrations from
adjacent units.
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wobble around the gear ring. However, they develop
rotation superimposed on the wobble. The rotation of the
planet gears is output rotation in reverse direction of the
input shaft. The planet gears transmit rotation to the
output shaft by a pin coupling. The gear ring is fixed to
the housing. The planocentric gear box arrangement is
illustrated in Fig. 1.

M1

NEW DEVELOPMENT OF
PLANOCENTRIC GEAR BOXES
FOR MECHATRONIC INDUSTRY

M3

M2

Gorazd HLEBANJA
Simon KULOVEC

Fig.1. Planocentric gear box arrangement
The gear ratio equation is:

Abstract: The presented paper deals with planocentric
gear boxes, devices for large transmission ratios, which
are primarily applied in in automation and mechatronic
industry. The aim of these devices is to decrease
rotational movement and increase torque to the largest
possible extent in the smallest available space. In this
context the paper discusses several planocentric gear
boxes in common use, many of them patented, and
proposes a new solution, in order to improve some
characteristics of such devices. The proposed solution is
based on the S-shaped gearing theory, which has been
also used for many other gearing arrangements. The
solution should enable use of non-metal materials to
reduce weight as well.
Key words: planocentric gear box; cycloidal lantern
gears; gear tooth shape; S-gear geometry

1. INTRODUCTION
Planocentric gear boxes are in technical use for many
decades. The main purpose is to reduce rotational speed
and increase torque as much as possible in the smallest
available volume. This type of device is used for hightorque, high reduction application in aircraft, marine, and
appliance fields. Expected efficiency may be as high as 90
% or more and it can have ratio of 100:1. Such
arrangements are also described in many books in this
area of expertise [1], [2]. There are many available
industrial solutions, e.g. Cyclo gear box [3], Spinea drives
[4], etc.
The planocentric gearbox has coaxial input and output
shafts, and large transmission ratios can be achieved
based on a gear ring with internal gearing in combination
with usually two planet gears with external gearing,
where the difference in the numbers of teeth between the
gear ring and the planet gears is small. The planet gears
are mounted on an eccentric shaft. Bearings separate the
planet gears from the eccentric shaft. The planet gears

i

zP
,
zB  zP

(1)

where zP stands for the number of teeth of the planet gear
and zB for the gear ring. It is clear that the preferable
constellation is with the difference in number of teeth 1.
Let us examine some of many recently patented solutions
in this area.
The oldest of these is the patent issued to Hlebanja, issued
1994 [5]. The reducer is implemented by means of lantern
gears, where the teeth of the gear ring are shaped as
cylindrical pins, whereas the teeth of the planet gears are
shaped as complementary cylindrical spaces. Design aims
were focused to allow application in automatic and CNCmachinery. The planocentric lantern gear box design was
robust. The transmission of rotation from the planet gears
through a pin composition to the output shaft was
provided by a single sided cage with double bearing
output shaft. Prototypes were produced with various gear
ratios, up to 100 and various modules, down to m = 0,5
mm.
Another patent is that of Moore Gear and Manufacturing
Co. – US 005951427A, from 1999 [6]. In this case the
planocentric gear box employs the transmission of power
via hypocycloidal gearing, where power is transmitted by
gears and a screw joint. An interesting fact is that this
arrangement eliminates rolling bearings and thus
simplifies the design and assembly. The output cover
plate provides for an aperture for a second seat of the
input eccentric shaft. Therefore, this arrangement is
intended for up to 3,5 kW and low rotational speeds.
Next to be mentioned is Robert Bosch’s patent
PCT/EP05/053989, dated 2005 [7]. The eccentric gear
box comprising a cycloidal lantern gearing transmits
rotational motion and rotational torque by cylindrical pins
in the gear ring and semi-circular spaces in the planet
gears. The gear box also employs the principle of an input
eccentric shaft and a pin coupling driven by planet gears.
Principally, this solution resembles the first one. It also
provides a single sided pin connection to the output shaft.
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The last but not the least to be mentioned is Spinea’s
patent No. EP1831590, issued 2009 [8], for a planocentric
gearbox that transmits rotational motion and torque based
on cycloid gears. Here the gear ring is composed of
cylindrical pins and the counterpart planet gears contain
corresponding
semi-cylindrical
spaces.
This
implementation is rather complicated considering
numerous parts composing the assembly. The design
solution also employs single sided bearing of the cage to
the housing or gear ring. Spinea products are used in
robotic and automation industry so they conform to rather
strict requirements.

Another observation is that, due to close fit between teeth
in initial hypocycloidal path, there are many tooth pairs in
contact simultaneously, which implies lower flank
pressure.

2. LANTERN GEARS
Potential advantages of planocentric gear boxes, namely a
high speed reduction ratio combined with high output
torque in a relatively small volume, were a driving force
for a new development. So, the modified lantern gears
were developed [9] and patented [5]. The internal gear
pair during meshing is illustrated in Fig. 2, clearly
indicating a value of eccentricity. The teeth of the gear
ring are designed as semi-circular extremities, whereas
the planet gears are designed with corresponding semicircular spaces, enlarged for a tolerance.

Fig.3. Hypocycloidal path of a tooth space center
The efficiency of power transmission from the input shaft
C to the output shaft A, if the gear ring is fixed (the gear
ring is actually integrated in the housing) can be
expressed by the ratio of the output and input power as

 A/C 

If the pitch circle kP of the planet gear rolls along the
pitch circle of the gear ring kB then each tooth space
center of the planetary gear moves along a hypocycloid.
The same hypocycloid can be described if a circle with
the radius equal to eccentricity e rolls along the same
pitch circle kB. The hypocycloid itself extends from any
tooth center to the adjacent one as indicated in Fig. 3..
The pitch circles kP and kB are are in contact in SB1, which
is also the current velocity pole. The tooth space (planet
gear) and the semi-circular tooth (gear ring) coincide in
this point. The hypocycloidal movement of the tooth
space center is illustrated in points SP0, SP1, SP2, SP3,
etc., where actual positions of the space can be observed.
In this way the tooth space center actually proceeds to the
next coincidence point SB2. One can also observe that the
eccentric rolls in the opposite direction to that of the
planet gear. The planet gear teeth tips are chamfered to
avoid possibility of collision between tooth flanks.
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(2)

where S stands for a basic efficiency of power
transmission between shafts A and B, that is when the
input shaft (eccentric) is fixed and the minimum value for
S is defined as:

S  

Fig.2. Gear ring and planet gear during meshing


i
PA
 B/C S ,
PC 1  i B / A  S

iC / A
,
iC / B

(3)

The true values for S are based on measurements and are
much higher in comparison to the lowest S values (Eq.
3), based on the self-locked reversed efficiency C/A = 0.
Thus, for a gear train with zP=100 and zB=101 the
efficiency A/C equals 0,76 and for a gear train with zP=80
and zB=81 the efficiency A/C equals 0,80. Anyway, the
estimation of efficiency should be based on actual rolling
– sliding and frictional circumstances. Therefore,
estimation of such gear flank geometry, enabling maximal
rolling and minimal sliding during meshing becomes
crucial. The gear ratios, Eq. 2 and Eq. 3, are listed in
Table 1.
Table 1. Gear ratios
Equation

Meaning

iB / C 

nB
nC

Ratio when the shaft A is fixed

iB / A 

nB
nA

Ratio when the shaft C is fixed

iC / B 

nC
nB

Ratio when the shaft A is fixed

iC / A 

nC
nA

Ratio when the shaft B is fixed

Simple and useful Stribeck’s criterion was used, under
(unrealistic) assumption that load is always transmitted by
a single tooth pair, to define the load of tooth flanks [10]:

k

Ft
 k lim ,
d b

(3)

where Ft is tangential force on the pitch circle; d is pin
diameter; b is tooth width and klim is specific load limit
(experimentally determined).
A variant of the assembly is illustrated in Fig. 4. Gear
boxes of this type have been produced in various sizes
and configurations to serve primarily wood cutting
automation machines. Materials for gears included among
others self-lubricating plastics for planet gears, despite
through hardened steel with tensile strength of 900
N/mm2 prevailed. The specific load klim for continuous
working conditions in the latter case amounts to 125
N/mm2, which implies the output torque of 100 Nm for
the illustrated gear box with the gear ratio 100 and the
module 1 mm.

was also regarded as to be economic to manufacture due
to little influence of a manufacturing and assembly errors.
However, due to possible gear interference, such gears
exhibit rather high pressure angle p around 30o, and z
cannot amount to less than 5, or 4 (if the numbers of teeth
of pinion and ring gear are rather high – 167 and 171 in
this case). This also means essentially lower gear ratio
(Eq. 1), i=41,75 in this case.
Another attempt was made with a rectilinear tooth profile
where a tooth is defined by two lines enclosing an angle,
by an inside or outside circle, by the root circle and fillet
arcs [12]. The power is transmitted by the arc at the
pinion tooth tip which slides over the linear tooth part of
the gear ring. The problem is that such a gear composition
does not follow the gear law. If there is a requirement
towards high speed then such a gear arrangement can
develop noise and torque fluctuation.
Yet another tooth design is trapezoidal [13], where the
contact of teeth is surface-like. However, the efficiency of
such gear box may be poor, due to lack of rolling, amount
of sliding and (non)conformity to the law of gearing.

4. S-GEARING FOR PLANOCENTRIC GEAR
BOX

Fig.4. Assembly of a planocentric lantern gear box

3. VARIOUS GEAR GEOMETRIES
Beside semicircular gear shape, many other gear flank
geometries have been proposed for planocentric gear
trains, all in search for an optimal geometry.
It was showed that involute gear shape can be used for
planet gears and gear ring [11]. The goal was to produce a
robotic gear box to replace an existing cycloidal
planocentric gearbox. The key point of the new model

So, authors propose a new solution, which is usage of Sshaped teeth for the planocentric gear box. General
characteristics of the S-gearings have been described in
several papers [14], [15].
This gear box is similar in function to those already
mentioned. It contains an input shaft with eccentrics. As a
motor rotates the shaft the eccentrics rotate two planet
gears which rotate on the ring gear. The planet gears are
positioned in such a way that they enclose 180o for the
sake of symmetry. For each rotation of the eccentric the
planet gear proceeds for one tooth on the ring gear in the
opposite direction. A cage consists of a supporting ring
and output shaft that are connected by pins in an
interference fit. The cage is rotated by planet gears,
having appropriate holes in which connecting pins with
bearings comply. The cage is fixed to the input shaft by
bearings at the extremities and in a similar manner to the
housing with the ring gear. In this way a compact low
volume gear box is achieved.

Fig.5. S-gear tooth design - planet gear and ring gear of a planocentic gear box
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The S-gear configuration brings several advantages, the
most important being the following:
1. Convex-concave contact in the vicinity of the meshing
start and meshing end point;
2. Low amount of sliding during meshing which is due
to the curved path of contact;
3. Evenly distributed flank load, which is due to similar
sizes of addendums and dedendums of both meshing
gears.
The other features include better lubrication due to high
relative velocities and amount of rolling. In the case of
internal-external gear pair some features may become less
pronounced. Additionally the path of contact is less
curved, which is on behalf of smaller dedendum and
addendum heights. The derived geometry focused on gear
ratio and volume, the requirement was to design a
prototype gear box with less then 100 and ratio i=80.

[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]
[11]

[12]
[13]
Fig.6. Prototype of S-gear based planocentric gear box

5. CONCLUSION
The paper deals with planocentric gear boxes, where
cycloidal gear arrangement prevails. These gear boxes are
popular due to their high reduction ratio, high output
torque and low volume. Nowadays they are used mainly
in mechatronic, CNC, automation, robotic industry.
Many new proposals have been made for new gear tooth
shape. Therefore, the authors suggest the S-gear tooth
shape. Corresponding prototypes with several material
combinations have been made of e.g. hardened steel, Peek
(Polyether ether ketone) with carbon fibers and others.
PEEK is material specially fit for gears, having increased
endurance and temperature stability. The mentioned
prototypes have proven functionality by preliminary
testing, however, it is necessary to perform in-depth tests,
which will enable design finalization and, more
important, which will prove features necessary in
automation and robotic industry.
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The structural scheme of a double harmonic transmission
(Fig. 1) is made of: a wave generator (1) as input element,
a short flexible toothed wheel (2) with the respective
external and internal toothed crowns, the fixed rigid gear
(3) and the mobile rigid gear (4) as output element, [3].
The short flexible toothed wheel has the form of a circular
tube with thin wall, open at both ends and having at each
end a toothed crown (external z2 = 200 teeth and internal
z'2 = 192 teeth).

NUMERICAL SIMULATION
OF STRESS AND STRAIN STATE
OF THE FLEXIBLE WHEEL OF THE
DOUBLE HARMONIC TRANSMISSION
Sava IANICI
Aleksandar MILTENOVIC
Draghiţa IANICI

Fig.1. Scheme of a double harmonic transmission

Abstract: The paper presents the results of a research
regarding the dynamic behaviour of the flexible wheel of
the double harmonic gear transmission, by emphasizing
the stress status and the strains of its wall, in case the
wheel is deformed using a mechanical wave generator
with two eccentric disc.
The dynamic analysis involves modeling and the
numerical simulation of flexible toothed wheel, by using
the finite element method, with the help of SolidWorks
Simulation program in elastic range.

The wave 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 internal teeth
(z3 / z2 - first step, I-I) and two with the mobile rigid gear
having external teeth (z'2 / z4 - second step, II-II). Between
the two pairs of opposing driving zones (I-I and II-II
respectively) there is a 90o angle.
By studying the research conducted on the harmonic
transmission it was found out that the functional
performance and durability are greatly influenced by the
dynamic behavior and durability of the flexible toothed
wheel. This fact lead to the necessity of researching the
stress status and the deformations of its wall.

Key words: flexible wheel, double harmonic transmission,
simulation, stress, displacement

2. NUMERICAL SIMULATION OF
FLEXIBLE TOOTHED WHEEL

1. INTRODUCTION
The continuous modernization of the current industry led
to the improvement of existing actuator systems, as well
as the emergence of new systems, which contain in their
structure more efficient gear transmissions capable of
achieving very high kinematic accuracy, at smaller
dimensions and mass.
The category of these modern transmissions also includes
the harmonic gear transmissions, which were imposed by
the most diverse applications in all of the top
technological areas: the of construction ships and cosmic
rockets, airplanes, helicopters, nuclear reactors, industrial
robots, radar antennas, naval mechanisms, servomechanisms, motor reducers, machine tools, precision
dividing heads, drives in sealed areas of chemical and
petroleum industries etc. [1, 2, 3, 4].
The functioning principle of the harmonic gear
transmission is essentially different from the classic gear,
because the transmission of the rotary movement is
accomplished by means of elastic deformation, which is
propagated by the harmonic law, in the periphery of one
of its elements called flexible toothed wheel.

The flexible toothed wheel of the harmonic transmission
is in a complex state of tension and elastic deformation,
depending on many factors such as: the type of wave
generator, the geometric shape of the flexible gear, the
torque transmitted and the coupling of the flexible gear
with the output shaft.
In order to investigate the state of stress and deformations
of the flexible toothed wheel of the double harmonic
transmission and to achieve numerical simulation using
the finite element method, with the help of SolidWorks
Simulation module, the following steps were required, [5]
 3D geometry modeling of the flexible toothed
wheel and wave generator with eccentric disc
in SolidWorks CAD software;
 defining case analysis;
 defining material from the library of materials;
 defining restrictions and applying the loading;
 finite element mesh of the model tested;
 calculating the strains and tensions by using
SolidWorks Simulation module;
 view and analyze the results.
In numerical calculus, flexible wheel of the double
harmonic transmission was modeled by a cylinder opened
at both ends, defined by the radius, r = 29,3 mm, length,
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l = 30 mm and the constant wall thickness, s = 0.6 mm,
which is provided with two teeth (outer respectively
inner) of width 12 mm.
The analysis of the dynamic behavior of flexible toothed
wheel was made in the case of the geometric model of
wave generator with 2 eccentric disc (Fig. 2).

Fig.2. Analysis model
The analysis model is composed of a flexible toothed
wheel of double harmonic transmission and of a wave
generator with 2 eccentric disc. The two eccentric disc
were modeled by the two identical circular cylinders,
characterized by: cylinder diameter dc = 56 mm and
height of the cylinder bc = 8 mm.
SolidWorks Simulation operates with the concept of
"Study", pointing out specific characteristics of the
analysis: analysis type and associated options, materials,
set load and boundary conditions and meshing the model
analyzed.
The geometry of the flexible toothed wheel of the double
harmonic transmission was modeled in "solid" and its
numerical simulation consisted of a linear static analysis,
meshing was performed using spatial finite elements. The
geometry of the flexible toothed wheel has the origin in
the point O of its symmetry, the Oz - axis being oriented
along the generatrix, the xOy plane being oriented NSVE,
the Ox - axis being positively oriented from V to E and
the Oy - axis from S to N (Fig. 3).

In these two areas of contact the following restrictions
will be applied to the flexible toothed wheel: two
restrictions of value 0, which will cancel the movement of
the contact zones N1 respectively S4, in the direction Ox,
and two restrictions of value 0.3 mm applied to the
exterior of the wheel, which materialize the strain
/deformation in the direction Oy of the wheel due to the
two eccentric disc of the wave generator.
Also, in simulation will be applied a restriction type
Roller/Slider, to the side which is parallel and opposed to
the NSVE side. For this type of restriction, the points
belonging to this plane side can move freely in their
plane, but are not able to move perpendicular to this
plane.
The loads applied to the flexible wheel consisted in the
only two components of the normal forces (tangential
force Ft and radial force Fr), developed in the first stage of
harmonic gear (Fig. 4). This is because the effect of the
interaction between the wave generator and flexible wheel
has already been taken into account by imposing elastic
deformation produced by the generator inside the flexible
wheel.

Fig.4. Uploads applied to the flexible toothed wheel
In order to simulate the flexible toothed wheel, meshing
to use solid type (Fig. 5) was used, which generated a
total number of 63.687 finite elements and a number of
123.511 nodes.

Fig.5. Meshing of the flexible toothed wheel
Fig.3. Restrictions applied to the flexible wheel
For the wave generator with 2 eccentric disc, contact
between the flexible toothed wheel and the generator, is
produced on the inner side of the wheel, in the areas N1
and S4.
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After following the above mentioned stages, the analyses
calculus was performed by the simulation of the
deformation of the flexible toothed wheel, in order to
determine and display graphically the status of stress and
strains.

After the numerical processing of the simulation of the
behavior of flexible toothed wheel, can view the results,
that can be viewed graphically (charts and color maps) or
analytically (numerical values for von Mises stress and
displacements).

because the Oz-axis has positive orientation, and is in the
opposite direction to running through the generatrix.
0.302
Displacement
 [mm]

0.300
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0.298
0.296

In the case of numerical analysis that was performed
using SolidWorks Simulation program, there were studied
the variations of the displacements and stresses (von
Mises), in the body of the flexible toothed wheel,
according to the loading moment of the double harmonic
gear transmission.
Thus, by successive runs of the numerical analysis
program, maximum values of displacements and von
Mises stress were recorded for six steps of the charging
(Mt4 = 0, 100, 200, 300, 400, 500 Nm ).
The results obtained after applying numerical simulations
are summarized in Table 1 - for maximum stress von
Mises, respectively Table 2 - for the resultant
displacement, and Fig. 6 and 7 present their variation
diagrams, [3].
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Fig.7. Resultant displacement diagram,  = (z)
Fig. 8 shows, under the form of color maps, the von
Mises stress distribution, respectively the resulting
displacement , in the case of deformation of the flexible
wheel with the wave generator where the 2 eccentric disc.

Table 1. Maximum stress von Mises
Torque
Mt4 [N·m]

Tangential
force
Ft [N]

Radial
force
Fr [N]

Stress
v Mises max
[MPa]

0
100
200
300
400
500

0
52,33
104,66
156,99
209,33
261,66

0
19,04
38,09
57,13
76,18
95,23

320.3
317.3
335.4
353.3
371.4
389.3

σvon Mises - Mt4 = 0 Nm

 - Mt4 = 0 Nm

σvon Mises - Mt4 = 100 Nm

 - Mt4 = 100 Nm

σvon Mises - Mt4 = 200 Nm

 - Mt4 = 200 Nm

σvon Mises - Mt4 = 300 Nm

 - Mt4 = 300 Nm
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Fig.6. Maximum stress von Mises diagram, vM =Vm(Mt4)
Table 2. Displacement of nodes on the generator N
No.
node

Positioning share
znod [mm]

Displacement
 [mm]

1
2
3
4
5
6
7
8

0
-4,5
-8,25
-12
-18,031
-22,256
-27,057
-30

0,3
0,3
0,299
0,296
0,293
0,292
0,292
0,292

We can observe that the values of the coordinate z, by
which are established the positions of the nodes from a
certain flexible wheel generator, give negative results
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σvon Mises - Mt4 = 400 Nm

 - Mt4 = 400 Nm

σvon Mises - Mt4 = 500 Nm

 - Mt4 = 500 Nm

Fig.8. The von Mises stress (vMmax)
and the resultant displacement ()
In order to research and appreciate more correctly the
deformation mode of the flexible toothed wheel there
were visualized the resulting displacements  of the
characteristics nodes, from the finite elements located in
the direction of the generatrix N of the wheel, at a load of
Mt4 = 100 Nm (Fig. 9).
From the analysis of the variation diagram of the resultant
displacements Δ = Δ (z), one can see that in the proximity
of the point where one applies the deflection force on the
flexible toothed wheel (corresponding to cote z = 0 on the
N generator), it is found for the value of the resultant
displacement the exact value of the maximum radial
elastic deformation of the flexible wheel, Δ(0) = 0.3 mm.

 the stress forming in the wall of the flexible toothed
wheel are dependent on the load of the transmission,
presenting a slightly increasing character (σvMmax є
[320,3; 389,3] MPa) with increasing torque (Mt4 є [0;
500] N·m);
 the maximum value of the stress occurs in the
immediate proximity of the point where we apply the
force of elastic deformation on the flexible toothed
wheel, in the area of the eccentric disc of wave
generator, and this stress is well below the yield
strength of the material of the wheel (σc = 620 MPa);
 maximum stress variation is insignificant at low
torque of the transmission (Mt4 ≤ 100 N·m);
 the resultant displacement of the nodes located on the
generator N has a slightly decreasing character, once
we remove the nodes from the NSVE side of the
flexible, a fact that was confirmed by the results of
experimental research conducted.
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Fig.9. Variation of the resultant displacement 
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4. CONCLUSIONS
The paper presents the results of numerical simulation of
the flexible toothed wheel, of the double harmonic
transmission, with the wave generator with 2 eccentric
disc, allowing to evaluate the dynamic behavior of the
wheel. The analysis of these results reveals the following
conclusions:
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CONVEYOR IDLER’S TURNING
RESISTANCE TESTING
METHODOLOGY
Radivoje MITROVIĆ
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Milan TASIĆ
Zoran STAMENIĆ
Abstract: This paper describes the conveyor idler’s
turning resistance testing methodology developed at the
University of Belgrade - Faculty of Mechanical
Engineering, with examples of existing testing
methodologies, relevant international standard and key
features of newly developed testing machine and
methodology – based on analytical determination of
conveyor idler’s moment of inertia (using standard
calculation procedures or available commercial 3D
modelling software) and measurements of tested conveyor
idler’s rotational speed deceleration during the rotation
stopping (without active forces acting on tested conveyor
idler).
Sample results of conducted tests are also presented and
used as a basis for qualitative comparison of tested
conveyor idlers.

Fig.1. Conveyor power consumption for
long horizontal profiles
Conveyor idlers, Fig.2, are assemblies commonly
consisted of shaft, shell, pair of sealing groups and pair of
rolling bearings, with main purpose to provide support for
conveyor belt and transported material (usually - coal),
Fig.3. Very important characteristic of conveyor idlers is
their turning (rotational) resistance, because it directly
depends on level of damage of built-in rolling bearings.

Key words: conveyor idlers, idlers testing, turning
resistance, qualitative comparison
Fig.2. Typical conveyor idler assembly

1. INTRODUCTION
Due to the lack of natural resources, one of the main
priorities of 21st century science is improvement of energy
efficiency and reduction of overall power losses in all
phases of electric power production and transport. The
best place to cut energy losses in case of thermal power
plants is at coal digging sites – where necessary resources
are being excavated. High percent of energy losses in
electrical power production process is caused by
transportation systems - mostly belt conveyors and their
key elements: conveyor idlers (rollers). The power
consumption distribution in long belt conveyors (laid
horizontally), given in percentage of power used to
overcome particular resistances to the motion (of about
1.5km in length), is presented in Fig.1 [1].

Conveyor
section

Conveyor
belt

Conveyor
garland

Fig.3. Conveyor idlers working principle
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Turning resistance of a single idler is defined as a
tangential force applied to the roller shell in order to
overcome the frictional resistance in the bearings and the
seals. This component can be only experimentally
determined and its boundary values are recommended by
national and international standards.
Taking into account that there are over 80000 conveyor
idlers per standard open pit mine, it is clear that economic
and energy savings due to optimal choice of the best
conveyor idler for specific exploatational conditions are
very significant and that’s the main reason for
development of new conveyor idler’s turning resistance
testing machine and methodology. Also, one of the
purposes of the new methodology is to provide basis for
qualitative comparison between conveyor idlers made by
different manufacturers, new and repaired conveyor
idlers, conveyor idlers with different greases applied etc.

However, many conveyor idler’s turning resistance
testing machines are developed with different working
principles, other ways for load generation and various
testing parameters than those in DIN 22112. Examples of
those testing machines are shown in Fig.5 [2].

2. REVIEW OF EXISTING CONVEYOR
IDLER’S TURNING RESISTANCE
TESTING METHODOLOGIES AND
MACHINES
There are many different standards dealing with the
conveyor idler’s turning resistance (such as PN-91 M46606, SABS 1313 etc.) but the most relevant one for the
area of Western Balkan is DIN 22112-1, 2, 3 (used as a
basis for relevant national standards). DIN 22112 defines
conveyor idler’s turning resistance testing machine
(Fig.4), parameters of the testing and allowed values of
measured turning resistances. According to the mentioned
standard, at the beginning of the testing, conveyor idler
should be worked out for at least 1hr by turning with
rotational speed of 650RPM, under the affect of radial
load of 250N and after that actual measurement should be
conducted (using load cells or weight measuring systems).
Allowed values of measured turning resistances in
described experimental conditions are shown in Table 1.

Fig.4. Conveyor idler’s turning resistance testing
machine according to the DIN 22112-1, 2, 3
Table 1. Samples of allowed values of measured turning
resistance according to the DIN22112-1, 2, 3
Conveyor idler diameter
[mm]

Max turning resistance
[N]
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2,6

159

2,6
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Fig.5. Examples of conveyor idler’s turning resistance
testing machines

3. CONVEYOR IDLER’S TESTING
MACHINE DEVELOPED AT THE
UNIVERSITY OF BELGRADE - FACULTY
OF MECHANICAL ENGINEERING
In order to build an installation for conveyor idler’s
testing, which would to be enhanced comparing to the
existing test frames, a new testing machine was developed
at the University of Belgrade - Faculty of Mechanical
Engineering.

A general view of developed testing machine is shown at
Fig.6, along with the data acquisition system, specially
designed to fulfill requirements necessary for appropriate
measurements.

FN

FN/2

FN/2

CPU

Fig.7. Conveyor idler’s exploitational load distribution
and conveyor idlers testing machine working principle

4. PRINCIPLE OF CONVEYOR IDLER’S
TURNING RESISTANCE TESTING
METHODOLOGY

Vibration
sensors

Holder

Magnets
Microphone

Pressure
sensor

Temperature
sensor

Fig.6. Conveyor idler testing machine and data
acquisition system developed at the University of
Belgrade – Faculty of Mechanical Engineering

4.1. Analytical approach
During the regular work in exploitational conditions there
are two moments acting on the conveyor idler: active
moment M and reactive resistance moment Mtr (Fig.8).
Active moment is caused by friction between conveyor
idler and conveyor belt with transported material (radial
load: FN).

During the typical conveyor idler testing performed on
newly developed installation, it’s possible to measure,
record and monitor following working parameters:
Temperatures in idler’s rolling bearings [oC];
Vibrations of idler’s rolling bearings [mm/s];
Noise [dB];
Conveyor idler’s rotational speed [RPM].
It’s important to mention that wide spectrum of working
conditions could be simulated on developed testing
machine, including load from 2-9kN, rotational speed
between 900-1200RPM etc. [3]. Also, by varying pressure
in car wheel tires its possible to simulate uneven radial
load distribution - similar to the exploitational loads
acting on side idlers in conveyor garlands (Fig.7).

Fig.8. Active and reactive moments acting on the
conveyor idler in exploitational conditions
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If conveyor idler is separated from conveyor belt during
the regular work, active moment equals zero (act no
more) and reactive moment cause deceleration and
eventual stopping of conveyor idler’s rotation. This
situation is described analytically by following equations:

Numerical method - conveyor idler’s rotational parts
moment of inertia is being determined by available
software for 3D modelling (Fig.10).
Sealing
group

Working state:

I    M  M tr

Bearing outer
ring

(1)

Rotation deceleration:
0

I    M  M tr  0  M tr   M tr

(2)
Idler’s
shell

Where:
I – conveyor idler’s rotational parts moment of inertia
[kgm2]
ε – angular acceleration [rad/s2]
Conveyor idler’s rotational parts moment of inertia could
be easily determined analytically or by commonly used
3D modelling software.
Angular acceleration is determined by measurement of
conveyor idler’s rotational speed change during the
deceleration time and by following equations:

2
d ( n)
d
2 dn

 60 
( )
dt
dt
60 dt

Material density
Model mass
Model volume
Surface area
Center of mass
Moment of inertia
2
0,086723kgm

(3)

Where:
ω – angular velocity [rad/s]
n – conveyor idler’s rotational speed [RPM]
Because developed conveyor idlers testing machine
allows direct measurement of conveyor idler’s rotational
speed (~8 measurements per minute) its possible to
indirectly determine reactive moments change in time,
which has to be divided by conveyor idler’s outer
diameter in order to gain conveyor idler’s turning
resistance.

4.2. Determination of tested conveyor idler’s
moment of inertia
Conveyor idlers rotational parts moment of inertia is
commonly determined by:
Analytical method – conveyor idler’s rotational parts
are being approximated by cylinders (Fig.9) and
partial moments of inertia are calculated and
summarized;

Fig.10. Numerical method for determination of conveyor
idler’s rotational parts moment of inertia
It’s important to mention that results of both methods
were practically the same – difference was less than 1%.

4.3. Testing procedure
Step 1: tested conveyor idler should be mounted on the
testing machine and worked out for at least 1hr,
under the act of minimal radial load which can
provide safe turning (without sliding). Rotational
speed should be larger than 650RPM;
Step 2: tested conveyor idler and car wheel tires should
be separated as quick as possible by pressure
regulation in pneumatic cylinders (Fig.11);

Pneumatic
cylinders

Fig.9. Analytical method for determination of conveyor
idler’s rotational parts moment of inertia
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Fig.11. Car wheel tires, tested conveyor idler and
pneumatic cylinders

Step 3: it must be secured that the data acquisition
system is turned on in order to record rotational
speed values, during the conveyor idler rotation
stopping;
Step 4: recorded rotational speed values should be
presented graphically, for example in form of
diagram shown at Fig.12;

Step 7: last equation represents conveyor idlers turning
resistance change in time and should be graphically
presented as shown on Fig.14 (straight line).

Fig.14. Sample of conveyor idler’s turning
resistance change in time
Fig.12. Sample of the recorded rotational speed values
during the conveyor idler’s rotation stopping
Step 5: rotational speed values should be interpolated by
polynomial line of second order, like in Fig.13:

Step 8: from the last generated diagram value of turning
resistance at 650RPM should be acquired and
compared with the allowed values presented in
the Table 1.

5. RESULTS AND DISCUSSION
In total, 7 samples (conveyor idlers) were tested. Among
them, two were brand new and five were repaired (using
usual repairing procedure). Also, bearings from tested
conveyor idlers were greased by different grease types –
common industrial grease and grease modified by
advanced additives.
Table 2. Review of tested conveyor idlers

Fig.13. Sample of the measured rotational speed values
interpolation with polynomial line of second order
Step 6: generated polynomial equation should be
differentiated with respect of time, multiplied by
2π/60 and by predetermined value of conveyor
idler’s rotational parts moment of inertia, and
after that divided by conveyor idler’s outer
diameter – like in the following equations:

2 dn 2 df (t )


60 dt 60 dt
2 d (0,4985 t 2 - 48,507t + 1165,5)


60
dt
 0,1044t - 5,0796

  g (t ) 

M tr  (0,1044t  5,0796)  0,086723 

(5)

 0,0091  t - 0,4405
Ftr 

0,0091  t - 0,4405
 0,1145  t - 5,5409 (6)
0,159 / 2

New/
Biult in No of
Repaired bearings samples

Code

Type

Grease

NVGM

Ø159 /
670mm

Modified
industrial
grease

N

6310
С3

1

NVPM

Ø159 /
670mm

Common
industrial
grease

N

6310
С3

1

RVGM

Ø159 /
670mm

Modified
industrial
grease

R

6310
С3

2

RVPM

Ø159 /
670mm

Common
industrial
grease

R

6310
С3

3

Experimental conditions were:
At the beginning of testing, all samples were worked
out for at least 2hrs;
Testing radial load: 9kN
Testing rotational speed: ~1120RPM
Taking into account described experimental parameters,
one hour of testing equals 20,2hrs of work in
exploitational conditions. Results of performed testings
are shown on Fig.15 and Fig.16.
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Turning resistances of repaired conveyor idlers with
improved bearing grease is up to 30% smaller than
turning resistance of repaired conveyor idlers with
common industrial bearing grease.
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Fig.15. Turning resistances of new conveyor idlers
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Fig.16. Turning resistances of repaired conveyor idlers
Measured idler’s rotation stopping times (during
deceleration from 1120RPM to zero RPM) and turning
resistances at 650RPM (for comparison with allowed
values according to DIN 22112) are shown in Table 3.
Table 3. Measured idler’s rotation stopping times (from
1120RPM to zero RPM) and turning resistances at 650RPM

Sample

Turning
resistance
[N]

Conveyor idler’s
rotation stopping time
[s]

NVGM1

2,5

87

NVPM2

3

N/A

RVGM1

4,7

36

RVGM2

5,5

38

RVPM1

5,7

32

RVPM2

6,1

28

Based on the presented results, following conclusions
were made:
Repaired conveyor idlers have significantly worse
characteristics than new conveyor idlers;
Repaired conveyor idlers turning resistances are up to
2,3 times larger than turning resistances of new
conveyor idlers (regardless the applied bearing
grease);
Turning resistance of new conveyor idler with
improved bearing grease is 22% smaller than turning
resistance of new conveyor idler with common
industrial bearing grease;
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ANALYSIS OF CLEARANCES AND
DEFORMATIONS AT CYCLOID DISC
Mirko BLAGOJEVIĆ

Fig.1. One - stage cycloidal speed reducer

Abstract: Cycloidal speed reducer belong to the new
generation of mechanical gear train. Thanks to a lot of
favorable working characteristics, they have a wide
application in industry. This paper presents a method for
calculating the deformations of cycloid disc teeth and
clearances which occur between the cycloid disc teeth
and ring gear rollers. The influence of profile correction
on deformations and clearances, and on the number of
teeth which simultaneously transmit the load is analyzed
in the paper.
Based on the analysis of the obtained results it can be
concluded that the number of teeth which transmit the
load decreases with increasing the size of profile
correction and the size of the gear tooth deformation is a
periodic function of time.

Fig.2. Exploded view of one - stage cycloidal speed
reducer (1 - input shaft, 2 - eccentric, 3 - needle bearings,
4 - cycloid discs, 5 - body of the ring gear, 6 - ring gear
rollers, 7 - output rollers, 8 - carrier, 9 - output shaft

Key words: cycloidal speed reducer, cycloid disc,
clearance, deformation

1. INTRODUCTION
Gears with cycloid profile (cycloid discs) have the great
application at cycloidal speed reducer, Fig. 1. Cycloidal
speed reducer belongs to a group of new generation
planetary gears, [1, 2, 3]. They have a number of excellent
characteristics such as: long and reliable work life, large
range of possible transmission ratios, extremely reliable
functioning in dynamical load conditions, compact
design, and high efficiency coefficient, [4, 5, 6, 7, 8].
Internal non - involute roller gearing is applied at
cycloidal speed reducer, [9]. Typical internal gear has
been replaced by rollers placed between two discs, while
the cycloid disc has the usual appearance (external gear).
The exploded view of one - stage cycloidal speed reducer
is presented on Fig. 2.
At cycloid disc with non corrected profile, Fig. 3, all ring
gear rollers are in the contact with the corresponding
cycloid disc tooth and half of them transfer the load
However, at the real cycloidal speed reducer, it is not the
case. Between the ring gear rollers and the cycloid disc
teeth, there is the adequate clearances, [10, 11, 12, 13].

Fig.3. Cycloid disc with non corrected profile
These clearances are necessary for several reasons, Fig. 4,
in order to:
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Fig.4. Cycloid disc with corrected profile
1. compensate the errors made in the process of
production of cycloidal speed reducer elements;
2. provide better conditions for lubricating surfaces of
teeth and central gear rollers;
3. achieve the process of assembly and disassembly.
At cycloidal speed reducer there are a lot of locations
where clearances may occur. In this paper were analyzed
only clearances between cycloid disc teeth and ring gear
rollers.
The above-mentioned clearances can be achieved in
several ways as follows:
 correcting the profile of cycloid disc tooth,
 increasing the diameter of a stationary ring gear in
which are arranged the rollers,
 reducing the diameter of the ring gear rollers.
Regardless of the method by which the mentioned
clearances are achieved, cycloidal speed reducer should
have: constant transmission ratio, quiet operation, uniform
load distribution, ...

2. CALCULATING OF DEFORMATIONS
AND CLEARANCES AT CYCLOID DISC
Unlike the cycloid discs with theoretical (non corrected)
profile in which all the teeth are in the contact with the
relevant ring gear rollers, and half of them are involved in
the process of transmission of loads, at cycloid discs with
corrected profile it is not the case. At cycloid discs with
corrected profile the number of teeth in contact depend
from profile correction value (from clearance between
cycloid disc teeth and ring gear rollers).
Based on the mathematical models from papers [14, 15],
this paper presents the procedure for calculation of
deformations and clearances between the cycloid disc
teeth and ring gear rollers, as well as procedure for
determining the number of teeth that are also in contact
and carry the load.
The starting point for analysis is Fig. 5 which presents the
cycloid disc in contact with the ring gear rollers.
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Fig.5. Calculating the deformations and clearances at
cycloidal speed reducer elements
Clearance between the "i" ring gear roller and appropriate
cycloid disc tooth (Fig. 5), is calculating, [14, 15]:
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(1)

where:
q - profile correction value,
r - radius of the ring gear where the rollers are arranged,
r1 - radius of the fixed circle,
r2 - radius of the moving circle,
e - eccentricity value,
i - position angle of "i" ring gear roller (the angle
between the "i" ring gear roller axis and the direction of
eccentricity CR)
z2 - number of ring gear rollers.
Total deformation in contact point of cycloid disc tooth
and ring gear roller can calculate as, [14, 15]:
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where:
wmax - the maximum value of the total deformation.
The maximum value of the total deformation can
calculate as:
wmax  wmax1  wmax 2
(3)
where:
wmax1 - the maximum contact deformation,
wmax2 - the maximum bending deformation of the ring
gear pin at the acting point.
The maximum contact deformation wmax1 is calculated
from the expression:

wmax1 
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 b  3
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16  q  
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shown in Table 1.
(4)

where:
 - Poisson`s ratio of cycloid disc material ( for steel,
    ),
E - elasticity modulus of
cycloid disc material
5

(for steel E = 2,1  10 MPa ),

FNmax - the maximum value of the normal force in contact
of cycloid disc tooth and the ring gear roller,
b - width of cycloid disc,
q - radius of the ring gear roller,
 - curvature radius of cycloid disc at the point where the
force acting on the tooth is maximum,
C - constant.
Curvature radius of cycloid disc at the point where the
force acting on the tooth is maximum is calculated from
the expression:
3/ 2
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(5)

 - drive angle.
Constant C is calculated as:
C  4, 99  10
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Power

P

CR

u

Transmission ratio
Input speed
Efficiency

   kW
CR

 

n   min

CR   

Number of cycloid disc teeth

z  

Number of ring gear rollers

z  

1

2

Radius of the ring gear where the rollers are
arranged

r   mm

Radius of the ring gear roller

q   mm

Radius of the fixed circle

r   mm

Radius of the moving circle

r   mm

Eccentricity value
Width of cycloid disc

1

in

1

2

e   mm
b    mm

The maximum value of the normal force in
contact of cycloid disc tooth and the ring gear FNmax    N
roller

where:
z1 - number of cycloid disc teeth,

3

Table 1. Parameters of the cycloidal speed reducer

2  q

(6)

 q

On the basis of expressions (1) - (8), and the parameters
of cycloidal speed reducer given in the Table 1,
calculation of clearances and deformations into a function
of drive angle
 was realized. Clearances and
deformations are calculated for different values of
cycloid disc profile correction q.
The results of calculation are presented on Figures from
(6) to (9).

The maximum bending deformation of the ring gear pin at
the acting point:

wmax 2 

FNmax  l

3

(7)

    I x

where is:
l - distance between the supports of the ring gear roller,

I x - moment of inertia of the ring gear pin.
4

Ix 

r0  


(8)

r0 - radius of ring gear pin.

Fig.6. Distribution curves of deformations and clearances
for values of profile correction q = 0,005 mm

3. CLEARANCES AND DEFORMATIONS AT
THE PROJECTED ONE - STAGE
CYCLOIDAL SPEED REDUCER

By analyzing the expressions for calculating the
clearances and deformations of cycloidal speed reducer
elements, it is easy to conclude that the value of profile
correction q does not effect on the size of the
deformations, and directly effects on the size of the
clearances. In Figures from (6) to (9) it could be seen two
curves: curve and clearance and curve of deformation.
They intersect at two points, and these points represent

Calculation of clearances and deformations for the
concrete one - stage cycloidal speed reducer is presented
in this paper.
The main parameters of the cycloidal speed reducer are
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the boundaries of contact cycloid disc teeth and ring gear
rollers. All rollers of the ring gear and the corresponding
cycloid disc teeth which position angles  is located
between the x coordinates of intersection points,
respecting the rollers (teeth) whose the deformation is
larger than clearance, take part in the transfer of loads

Fig.10. Dependence of clearance curve from profile
correction value q

Fig.7. Distribution curves of deformations and clearances
for values of profile correction q = 0,01 mm

Dependence of clearance from profile correction value q
is presented in Figure 10. As it was expected, the higher
values of profile correction q provide greater clearances,
and therefore smaller number of ring gear rollers and
cycloid disc teeth which simultaneously transmit the load.
Since the normal force in the contact between the ring
gear roller and cycloid disc tooth FN and deformation are
directly in proportion, with increasing the value of the
normal force, increasing the value of deformation, Figure
11.

Fig.8. Distribution curves of deformations and clearances
for values of profile correction q = 0,05 mm

Fig.11. Dependence of deformation curve from normal
force FN
Dependence of deformation from width of cycloid disc is
presented in Figure 12. As shown in the Figure, with
increasing the cycloid disc width, the deformations are
smaller.

Fig.9. Distribution curves of deformations and clearances
for values of profile correction q = 0,1 mm

Ring gear rollers with position angle in front of the first
intersection point or behind the second intersection point
(rollers where the size of the deformation is less than the
size of the clearance), do not participate in the transfer of
loads.
From the above - mentioned Figures, it is easy to see that
with increasing the value of profile correction q, the
number of rollers (teeth) which simultaneously transmits
the load reduces.
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Fig.12. Dependence of deformation curve from cycloid
disc width b

Since the process of meshing between the cycloid disc
teeth and ring gear rollers is periodic function of time, the

same can be said for the deformations of mentioned
elements. Deformation curve for profile correction q =
0,05 mm, maximum value of normal contact force FN =
1588,6 N and cycloid disc width b = 13,3 mm is presented
in Figure 13.

This is explained in a way that is at smaller value of
profile correction q, a wider range of meshing (larger
number of rollers and teeth is in simultaneously contact).
In those cases, the deformation does not remain only in
the zone of high values.
Dependence of number of ring gear rollers which are in
simultaneously contact with corresponding cycloid disc
teeth and transmit the load from profile correction q is
presented in Figure 15. By increasing the profile
correction q, the number of ring gear roller and cycloid
disc teeth in simultaneously contact is smaller.

4. CONCLUSION

Fig.13. Deformation curve as periodic function of time

Dependence of deformation from drive angle, for
different values of profile correction q from q = 0,001
mm do q = 0,1 mm is presented in Figure 14.

Fig.14. Dependence of deformation from drive angle
(q = 0,001 mm to q = 0,1 mm)

From Figure 14 it can be concluded that the value of
maximum deformation is the same for all values of the
profile correction q. However, the minimum values of
deformations are significantly different. Namely, by
reducing the value of the profile correction q, the
minimum value of the deformation of a cycloid disc tooth
and the ring gear roller in contact is reducing, too.

Fig.15. Dependence of number of ring gear rollers and
cycloid disc teeth in simultaneously contact from profile
correction

Internal non - involute roller gearing is applied at
cycloidal speed reducer. To achieve the necessary
clearances at cycloidal speed reducer, correcting of
cycloid disc tooth profile is done. As there is a clearance
between the cycloid disc teeth and the ring gear rollers,
the number of the above mentioned cycloidal speed
reducer elements which are in simultaneously contact and
transfer the load is reducing.
Based on the results presented in this paper, it can be
concluded that:
 Number of cycloid disc teeth that simultaneously
transmit the load depends on the size of the profile
correction;
 Size of profile correction does not affect on the size of
the deformation, and directly affects on the size of the
clearance;
 With increasing the size of the profile correction,
reduces the number of the cycloid disc teeth that
simultaneously transmit the load;
 With increasing the normal contact force, increases
the size of the deformation;
 The value of deformation is inversely proportional to
the cycloid disc width;
 The value of deformation is a periodic function of
time.
In further research it would be interesting to describe the
clearances that occur at other locations in cycloidal speed
reducer. Also, it is necessary to analyze the impact of
these clearances on the load distribution.
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destruction large. The dynamic load rating of the bearing
C is the load this bearing may submit during the 106 rev,
it being does not occur damage of more than ten
percent of the bearings (bearing failure probability 0,1).
Value of failure probability 0.1 may be increased
depending on the conditions of the exploitation. Taking
into account the exploitation conditions, during testing
comes to the changes of load, rotation frequency, inertial
forces, lubrication etc. For the purpose of experimental
tests in real working conditions when driving a truck at
various road conditions a six-speed gearbox have been
utilized (Figure 1). During the testing, next to road
conditions, load on vehicle have been changed too.

ANALYSIS OF LOAD SPECTRUMS OF
SIX-SPEED GEARBOX FOR
MOUNTAINOUS AND FLAT TERRAINS
Miroslav MILUTINOVIĆ
Spasoje TRIFKOVIĆ
Abstract: The bearings, which are embedded in gearbox,
are exposed to the varying work conditions and workloads
during exploitation. The load and the frequency of
rotation are changed in short intervals. The examination
of the bearings, that are built into the gearbox, need to
examine the entire gearbox. In order to obtain realistic
loads during work of the bearing and forming load
spectrum on the basis of experimental results in the
exploitation, the measurement of load at the output of the
gearbox has carried out. Based on these results, load
spectrum for the bearings embedded in six-speed gearbox
in the representative working conditions has been formed.
Key words: bearing, gearbox, load spectrum

1. INTRODUCTION
Bearings are exposed to the varying working conditions
during the work of the gearbox. There is a change in load
and the frequency of rotation in short intervals. The
bearing testing are possible in the laboratory [1-4] or in
the working conditions [5]. Bearing load testing is
planned in a standard laboratory conditions under the
corresponding force at a constant angular velocity [6-9].
Bearing testing results in laboratory conditions are
compared with results which computer obtained [10].
Namely, the results obtained in laboratory conditions do
not fully correspond to real working conditions and is
necessary to transform them, with the appropriate
calculations, in the fields close to working conditions of
the gearbox. Further, it is possible to carry out
measurements of torque [11, 12, 13, 14, 15] in real
working conditions of the gearbox with embedded
bearings.
As the gearbox working conditions vary depending on the
exploitation conditions and the transmission speed, so is
the dissipation of the number of revolutions until

Fig.1. Bearings and gearsposition in the gearbox

2. GEARBOX TEST CONDITIONS
The six-speed gearbox is fitted to the freight motor
vehicle, which position of the bearings is shown in figure
1.Five bearings are embedded in this gearbox, one of
which is cylindrical roller bearing on the input shaft (B1),
one ball bearing on the output shaft (B4), two tapered
rolling bearings (B2 and B5) on the central shaft and
another roller bearing on the output shaft (B3). Figure 2
shows a 3D view of the inner part of the gearbox with
display of the bearings that are embedded in gearbox.
During operation of gearbox working conditions are
variable. Depending on the speed of the gear, as well as
the conditions of exploitation, there are changes in:
bearing load, rotation frequency, temperature, inertial
forces and lubrication conditions. Taking this parameters
into account, loads for different exploitation conditions
are measured on the gearbox. Since the load is not the
same, as well as participation of the gear speeds for laden
and unladen motor vehicle and the operating conditions
when driving on different terrains, in this case the
measurement of the load for laden and unladen vehicle
when driving on mountain and lowland terrains has been
carried out. Figure 3 gives an overview of gearbox speed
ratio when driving a truck in mountain and lowland
terrain.
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different terrains, up and down the slope, all gearbox
speedsare not used. The number and size of gearbox
speeds, used for driving, depend on the road
characteristics and vehicle load.
Mountain terrain
Lowland terrain

Fig.3. Gearbox speed ratio when driving on mountain
and lowland terrain
Fig.2. Six-speed gearbox with a 3D display of the interior
of the gearbox

In the same way the test results for other terrain, when
driving loaded and unloaded vehicle, are obtained.

Data are the result of the survey, which was conducted in
long-term monitoring of freight motor vehicles, where
were embedded manual gearboxes. The analysis results
relate only to the gearboxes installed into freight motor
vehicles and buses, and does not include results for
passenger vehicles. For a given gearbox speed ratio the
measurement of the torque on the output shaft was made,
i.e. on the Cardan shaft, which is connected to the output
shaft of the gearbox (Figure 4). The value of the load,
which is measured on the Cardan shaft, greatly depends
on the working conditions of the gearbox, so that the
measurement was performed for representative working
conditions, i.e. for a variety of terrain and gearbox speeds.
The test drive was done on the flat ground, up the slope
and down the slope. Figure 5 gives an overview of the
results of one measurement when driving unladen freight
motor vehicle on the flat ground using all gearbox speeds.
It should be noted that when driving the vehicle at a

Fig.4. Measurement equipment installed on the Cardan
shaft

Fig.5. Torque diagram when driving unladen freight motor vehicle using all gearbox speeds on flat terrain
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Roller bearingis embedded on the output shaft in the
support B1 (figure 1). The bearing is exposed to variable
load, depending on the running gearbox speed. In addition
to these changes, the load changes depends on the change
of the torque, which is transmitted through the gearbox.
Fourteen force changes occurs in this support, i.e. the
forces that occur when driving vehicles with all levels of
transmission, except the fifth. On the other hand, the input
shaft is supported on the output shaft. At the contact of
the input and output shaft there is the bearing which
transmits the forces at work of all gearbox speeds, except
the fifth, so that the axial forces are balanced for the most
part. The forces, which acting on the bearings, were
calculated on the basis of the loads that is transmitted
from the input to the output shaft using a certain gearbox
speed. Based on the percentage share of gearbox speeds,
the number of revolutions of the input shaft is calculated,
so that percentage share of the bearing rpm on the input
shaft for life time of 106 revolutions was obtained. Using
the forces acting on the bearing, calculation for equivalent
bearing loads for each gearbox speedis made (Table 1), on
the basis of which the load spectrum for the ball bearings
on the input shaft is formed (Figure 6).
The load is transferred from the input to the output shaft
through the central shaft in all gearbox speeds except the
fifth. Two tapered rolling bearings are embedded on the
central shaft and distance between gears and bearings are
fixed, so that loads transmitted through these bearings
depend only on load changes. These changes are result of
changing gearbox speed or driving conditions. Both
bearings have the same rotation speed.
The loads are transmitted over the output shaft during the
work of all gearbox speeds. One side of output shaft is
relies on the input shaft, and the other side is connected
with Cardan shaft.There are two bearings on it, one of
which is single row ball bearing at the outlet of the
gearbox and the other is roller bearing which is located at
the joint of the input and output shaft. The loads are
calculated for both bearings for each gearbox speed,
except the fifth, and they are different because of the
distance between the gears and bearings where the load
calculated.
Although both bearings are on the same shaft and rotating
in the same direction, they won't have the same number of
revolutions. The number of revolutions of the bearing
(roller bearing) at the junction of the input and output
shafts is equal to the difference between the number of
revolutions of these two shafts.
Table 1. Equivalent loads of the bearing on the input shaft
1
2
3
5
6
7

F N
19624
17953
16191
14808
14231
8563

xi=Fi/F
1
0,915
0,825
0,754
0,725
0,436

n
281097
69896
6884
485175
149624
7324

Xi=Fi/F

4. LOAD SPECTRUM OF THE BEARING

Fig.6. Load spectrum for the bearing on the input
shaft
In the same way, as for the roller bearing on the input
shaft, the load spectrum for the bearings on the central
and output shaft are formed. Figure 7 shows the load
spectrum for all bearings embedded in the gearbox.

1- roller bearing on the input shaft
2- tapered roller bearing on the central shaft on the side of
the input shaft
3- tapered roller bearing on the central shaft on the side of
the output shaft
4- ball bearing on the output shaft
5- roller bearing on the output shaft
Fig.7. Load spectrum for all bearings in the six-speed
gearbox
Based on the analysis of the load spectrums for all
bearings embedded in six-speed gearbox can be
concluded that the bearings 1.2 and 5, i.e. roller bearing
on the input shaft, tapered roller bearing on the central
shaft on the side of the input shaft and roller bearing on
the output shaft, have approximately equalized working
conditions, i.e. heavy duty. The least loaded bearing, i.e.
bearing exposed to middle duty, during the work, is the
ball bearing on the output shaft.

3. CONCLUSION
The bearings are exposed to variable loads during the
work of the gearbox, which largely depend on the
working conditions. To test bearing during the
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exploitation it is necessary to carry out tests on complete
gearbox during various driving conditions. In the first
place should be defined road conditions on which the
testing carried out, as well as a percentage share of the
gearbox speeds. The measurement was carried out using a
strain gages on the Cardan shaft which is connected to the
output shaft of the gearbox. The results are obtained for
different road characteristics and different percentage
share of the gearbox speeds. On the basis of these results,
load spectrums for the bearings embedded in six-speed
gearbox have been formed. By analyzing the results and
load spectrums it can be concluded that the bearings
embedded on the side of the input shaft may be critical.
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GEAR OPTIMIZATION
Vilmos SIMON
Abstract: In this study, an optimization methodology is
presented to systematically define head-cutter geometry
and machine tool settings to introduce optimal tooth modifications in spiral bevel and hypoid gears. The goal of
the optimization is to simultaneously minimize the tooth
contact pressure and the angular displacement error of
the driven gear (the transmission error), to maximize the
elastohydrodynamic (EHD) load carrying capacity of the
oil film and to minimize the power losses in the oil film.
The proposed optimization procedure relies heavily on
the loaded tooth contact analysis for the prediction of
tooth contact pressure distribution and transmission errors and on the EHD lubrication analysis developed by
the author of this paper. The core algorithm of the proposed nonlinear programming procedure is based on a
direct search method. Effectiveness of this optimization
was demonstrated on spiral bevel and hypoid gear examples. Considerable reductions in the maximum tooth contact pressure and in the transmission errors and drastic
increase in the EHD load carrying capacity of the oil film
and reduction in the power losses in the oil film were obtained.
Key words: spiral bevel and hypoid gears, tooth contact
pressure, transmission errors, EHD lubrication characteristics

applied the polynomial representation of the universal
motions of machine-tool settings on CNC machines to
correct tooth surface errors.
The recent papers addressed to the optimization of spiral
bevel and hypoid gears are: Artoni et al. [5] proposed a
fully automatic procedure to optimize the loaded tooth
contact pattern. Reference [6] presented an automatic
procedure to optimize the loaded tooth contact pattern of
face-milled hypoid gears with misalignments varying
within prescribed ranges. Through the formulation of an
appropriate nonlinear optimization problem, study [7]
proposed a novel methodology to systematically define
optimal ease-off topography to simultaneously minimize
the loaded transmission error and tooth contact pressures,
while concurrently confining the loaded contact patterns
within a prescribed allowable region on the tooth surface
to avoid any edge- or corner-contact conditions. An algorithmic framework was proposed by Artoni et al. [8] to
accurately solve the problem of multi-objective ease-off
optimization for spiral bevel and hypoid gears. Artoni et
al. [9] presented a novel methodology to restore the designed functional properties of hypoid gear sets whose
teeth deviate from their theoretical models due to inevitable imperfections in the machining process. In References
[10-15] new methods for the optimization of tooth flank
modifications in different types of gears are presented.
During the last decades many theoretical and experimental works have been directed towards the analysis of
elastohydrodynamic (EHD) lubrication in line and point
contacts. In these works the lubrication of spherical and
cylindrical bodies was investigated, and on the basis of
the obtained results equations were developed for the calculation of the minimum oil film thickness and power
losses in the oil film [16]. Some researchers as: Gu [17],
Akin [18], Martin [19], and Matsumoto et al. [21] used
these equations for the determination of lubrication characteristics of involute gears; Bathgate and Jates [17] applied the same formulas for worm gears. But the special
geometry and kinematics of gears, especially of spiral
bevel, hypoid and worm gears, make such a calculation
doubtful. The full thermal EHD analysis of lubrication of
gears was carried out by Simon [22-30], Sato and
Takanashi [31], Wu and Huang [32], Huang et al. [33],
Yu et al. [34], and He and Wei [35]. The recent results on
lubrication of gears were presented in References [36-42].

1.2. The Goal of the Optimization
1. INTRODUCTION
1.1. Literature Review
Over the past few decades, numerous authors have carried
out many studies on the tooth flank modification in spiral
bevel and hypoid gears. Shih and Fong [1] proposed a
flank modification methodology for face-hobbing of spiral bevel and hypoid gears, based on the ease-off topography of the gear drive. A flank-correction methodology
derived directly from the six-axis Cartesian-type CNC
hypoid generator is proposed in Reference [2]. Procedure
to obtain the correction values of machine-tool settings
for tooth surface modification in the case of face-hobbing
and the construction of the corresponding prototype gear
cutting machine were presented in Reference [3]. Fan [4]

To achieve maximum life in a spiral bevel or hypoid gear
set, appropriate bearing pattern location with low tooth
contact pressure and low vibration levels and the conditions for EHD lubrication must coexist. The conditions of
meshing, characterized by maximum tooth contact pressure, transmission error, and the conditions of EHD lubrication depend substantially on tooth geometry. In theory,
truly conjugate face-hobbed hypoid gears have line contacts. In order to reduce the tooth contact pressure and the
transmission errors, to decrease the sensitivity of the gear
pair to errors in tooth surfaces and to the relative positions
of the mating members, and to improve the EHD lubrication conditions, a set of carefully chosen modifications is
usually applied to the teeth of one or both mating gears.
As a result of these modifications, the gear pair becomes
“mismatched”, and a point contact replaces the theoretical
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line contact. In practice, these modifications are usually
introduced by applying the appropriate machine tool setting for the manufacture of the pinion and the gear and/or
by using a head cutter with an optimized profile.
The main goal of this study is to systematically define
optimal tooth modifications introduced by head-cutter
geometry and machine tool settings to simultaneously
minimize tooth contact pressure, angular displacement
error of the driven gear, to maximize the EHD load carrying capacity of the oil film and to minimize the power
losses in the oil film. The proposed optimization procedure relies heavily on a loaded tooth contact analysis for
the prediction of tooth contact pressure distribution and
transmission errors and on the EHD lubrication analysis.

1.3. The Method for Load Distribution Calculation
In this study a novel method for load distribution calculation is applied to investigate the influence of tooth modifications on loaded tooth contact in spiral bevel and hypoid gears. In the applied load distribution calculation it is
assumed that the point contact under load is spreading
over a surface along the “potential” contact line, which
line is made up of the points of the mating tooth surfaces
in which the separations of these surfaces are minimal,
instead of assuming the usually applied elliptical contact
area. The separations of contacting tooth surfaces are calculated by applying the full theory of tooth surface generation in spiral bevel and hypoid gears. The bending and
shearing deflections of gear teeth, the local contact deformations of mating surfaces, gear body bending and
torsion, the deflections of supporting shafts, and the manufacturing and alignment errors of mating members are
included. The tooth deflections of the pinion and gear
teeth are calculated by the finite element method.
The basic equations of the load distribution calculation
are:
The displacement compatibility equation
  
y r  a0   e
2  2d   2k   n 
 2k 
(1)

r
rD
The composite displacement of contacting surfaces in the
contact point in the direction of the tooth surface normal
is equal to

yn  wz D   sz D   en z D 

(2)

The transmitted torque is defined by the equation
T

it  N t




rF  pz F   t 0 F


i 1 L
t

 dz
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it

As the Equations (1-3) governing the load sharing among
the engaged tooth pairs and the load distribution along the
tooth face are nonlinear, an approximate and iterative
technique is used to solve this system of equations. The
details of the method are described in References [43-44].

1.4. The Method for EHD Lubrication Analysis
The method of thermal EHD lubrication analysis applied
in this paper is based on the simultaneous solution of the
Reynolds, elasticity, energy, and Laplace's equations. The
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oil viscosity variation with respect to pressure and temperature and the density variation with respect to pressure
are included. The real geometry and kinematics of the
face-hobbed spiral bevel gear pair is applied, thus the
exact geometrical separation of the mating tooth surfaces
is included in the oil film shape, and the real velocities of
these surfaces are used in the Reynolds and energy equations. The governing equations are:
The Reynolds equation
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The energy equation
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The Laplace's equation

 2Tm  2Tm  2Tm


0
x 2
y 2
z 2

(6)

The composite normal elastic displacement of the contacting surfaces in point P(x,y), caused by the pressure distribution p(X,Y), is given by
d x,y   K d 

xmax ymax

p X,Y 

 y x  X 2   y  Y 2
x
min

 dX  dY

(7)

min

The Reynolds, elasticity, energy, and Laplace's equations
represent a highly nonlinear integrodifferential system.
This system of equations is solved by using the finite difference method and numerical integration. The finite difference method is based on a three-dimensional grid mesh
in the oil film and in the teeth. The intervals used to divide the coordinates along the oil film are irregular, they
decrease gradually as they approach the pressure peak.
The use of such a nonuniform mesh reduces considerably
the computational time. Automatic mesh generation in the
oil film and in the gear teeth is included. The systems of
linear equations, obtained by using finite difference approximation of the Reynolds, elasticity, energy, and Laplace's equations, are solved by the successive-overrelaxation method. The details of this method are presented in References [22,29,30].

2. OPTIMIZATION PROCEDURE
Minimizing the tooth contact pressure, angular displacement error of the driven gear and the power losses in the
oil film, and maximizing the EHD load carrying capacity
of the oil film are regarded hear as a mathematical optimization problem. The formulation of this problem re-

2.1. Manufacture Variables
The contact properties, the loaded transmission error, and
the conditions of EHD lubrication are extremely sensitive
to any small-level variations in the head-cutter geometry
and machine-tool setting. Appropriate modifications of
existing basic manufacturing parameters can significantly
enhance the performance characteristics of the gear drive.
For this reason, the following manufacturing parameters
are taken as the basis of the proposed optimization formulation (Figs. 1 and 2): the radii of the head-cutter blade
profile ( rprof 1 and rprof 2 ), the difference in head-cutter

where pmax 0 and 2 max 0 are the maximum tooth contact
pressure and transmission error, respectively, obtained for
the initial values of the manufacturing parameters, variables c p and c are non-negative weighting coefficients,
expressing their relative importance.

zt





2 max mp   2 max rprof 1 ,rprof 2 ,rt 0 , ,  ,hd ,e , ig 1 









W mp   W rprof 1 , rprof 2 , rt 0 , ,  , hd , e , ig 1

fT mp   fT rprof 1 , rprof 2 , rt 0 , ,  , hd , e , ig 1
a)

ze

b)

(8)

ze
rprof2

A
P
u

Op2

Op1

Oe

xe

u

P2

ee
zeM

Mr

Oe

M
ee
B

ee

P1

z ep1

rprof1

z ep2
xe

x ep1
x ep2

s/
2

(c)

2.2. Objective Function and Constraints
As pointed out earlier, the goal is to minimize the tooth
contact pressure and transmission errors while keeping
the loaded tooth contact pattern inside the possible contact
area, namely inside the physical tooth boundaries of the
pinion and the gear. The objective function and constraints for the optimization problem at issue are obtained
by converting the above concepts into mathematical requirements. The applicable objective function can be expressed by the linear combination
pmax mp 
 mp 
 c  2 max
pmax 0
2 max 0

z t'
x t0

x't

x c0

Oc

y 01

(w)

Generated gear
Generating crown gear

Fig.2. Machine tool settings for hypoid gear manufacture
Proper constraints need to be devised to result the contact
pattern remains inside the possible contact area defined by
the load distribution calculation and inside the physical
tooth boundaries of the pinion and the gear. This leads to
the requirement that the contact load exerted outside the
instantly possible contact area be zero. The load distribution calculation method applied is based on the assumption that the theoretical point contact of teeth surfaces
under load spreads over a surface along the whole or part
of the “potential” contact line made up of the points of the
meshing teeth surfaces in which the geometrical separations of these surfaces are minimal [43,44]. In every iteration cycle, a search for the points of the potential contact
lines that are not in instantaneous contact should be performed. In such potential contact line points a single variable C needs to be initialized to zero and its value is simply and cumulatively incremented by the non-existing load
read at each point of the potential contact line of the instantaneously engaged tooth pairs throughout the mesh
cycle. As such a variable will ultimately have to be zero,
and the constraint can simply be denoted by
C mp   0

Fig.1. Blade profiles

f mp   c p 

z t0

Ot

rotation axis, the tilt distance ( hd ), the variation in the
radial machine-tool setting ( e ), and the variation in the
ratio of roll in the generation of the pinion tooth-surface
( ig 1 ). Therefore, the maximum tooth contact pressure,

pmax mp   pmax rprof 1 , rprof 2 , rt 0 , ,  , hd , e , ig 1

y t0

(t)

radii for the manufacture of the contacting tooth flanks of
the pinion and the gear ( rt 0 ), the tilt (  ) and swivel
(  ) angles of the cutter spindle with respect to the cradle

the maximum transmission error, the EHD load carrying
capacity of the oil film, and the power losses in the oil
film depend on the eight manufacturing parameters:

yt

y c0

Head cutter

e

quires that the proper manufacture variables, target (objective function), and constraints be defined.

(9)

(10)

where C is the total of the potential contact points with
non-existing contact loads, which depends on the toothsurface topography through the manufacturing parameters
mp.
The applicable objective function for the EHD lubrication
optimization can be expressed by the linear combination
f mp   cW 

W mp 
f mp 
 cf  T
W0
fT 0

(11)

where W0 and fT 0 are the EHD load carrying capacity of
the oil film and the friction factor obtained for the initial
values of manufacture parameters; cW and c f are nonnegative weight coefficients, expressing their relative
importance.
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Proper constraints need to be devised to cause the satisfaction of boundary conditions and the pressure distribution to remain inside the pre-assigned tooth boundaries. It
leads to the requirement that the oil pressure exerted outside the instantly possible contact area be zero. This
equality constraint is easily computable through the EHD
lubrication analysis. For this, a single variable C needs to
be initialized to zero and its value is simply and cumulatively incremented by the no-existing pressure read at
each point of the potential contact area of the instantaneously engaged tooth pairs throughout a mesh cycle. As
such variable will ultimately have to be zero, the constraint can simply be denoted by
C mp EHD  0

(12)

where C EHD is the total of no-existing tooth surface points
under pressure, which depends on the tooth surface topography through the manufacture parameters mp.
In conclusion, the optimization problem to be solved can
be stated as follows:

p mp 
 mp  
min f mp   min c p  max
 c  2 max

mp
mp
pmax 0
2 max 0 


subject to C mp   0

W mp 
f mp  
min f mp   min cW 
 cf  T

mp
mp
W0
fT 0 


(13)

subject to C mp EHD  0
It is important to emphasize that all the functions in Equations (13) are numerically available through the load distribution calculation and EHD lubrication analysis.

2.3. Solution of the Optimization Problem
The optimization problem formulated according to Equations (13) is a nonlinear constrained optimization problem, belonging to the general framework of nonlinear
programming. In addition functions f mp  and C mp 
are not available analytically, and are only computable,
i.e., that is, they exist numerically through the load distribution calculation and EHD lubrication analysis. Therefore, the problem defined by Equations (13) also falls
within the category of simulation-based optimization. In
the simulation-based optimization setting [5], the computer simulation of load distribution must be run, repeatedly,
in order to compute the various quantities needed by the
optimization algorithm. As a consequence, a good deal of
numerical noise is introduced into the model, which causes the calculation of partial derivatives for the gradientbased optimization algorithms to be quite impractical,
even for underlying smooth problems (which is the case
under consideration). It follows that the finite deference
approximation of the gradient can be unreliable. Also, the
load distribution calculation and the EHD lubrication
analysis relay on a model based on several level of dis158

cretization. The discretization error contributes to the risk
of having wildly inaccurate derivative estimates. For all
these reasons, a non-derivative method is selected to solve
this particular optimization problem. One of the direct
search methods described in Ref. [45] can be adopted.
Here, the Hooke and Jeeves pattern search method [46] is
used. This method is designed to solve nonlinear optimization problems, even for non-smooth cases, when function derivatives are unavailable or their calculation would
be impractical or unreliable. Typically, direct search
methods are employed for nonlinear unconstrained optimization problems. In this case, the direct search method
is adapted to handle constraint optimization problem by
transforming it into a sequence of smooth problems by
using the exact penalty function method, which guarantees convergence to a local minimum. Ideally, finding a
global minimum would be the ultimate goal of the optimization problem. In this case, the amount of calculations
required by global optimization techniques is prohibitive
with typical computers. On the other hand, it is expected
that the optimal tooth surface is not too far from the original one, since the tooth surface modifications are relatively small. Thus, a local minimum is sufficient for this optimization problem.
Computer programs were developed to implement the
formulation provided above. The programs search for a
local minimum, beginning from the starting guess. A natural choice for the initial point is mp0  0 . This is
equivalent to starting with a pinion tooth surface that is
conjugate to the gear tooth surface.
The program works by taking steps from one estimate of a
minimum, to another (hopefully better) estimate. Taking
big steps achieves the minimum more quickly, at the risk
of stepping right over an excellent point. The step size is
controlled by the parameter mp . At each iteration, the
step size is multiplied by mp ( 0  mp  1 ), so the
step size is successfully reduced. Small values of mp
correspond to big step size changes that make the program run more quickly. However, there is a chance (especially with highly nonlinear functions) that these big
changes will accidentally overlook a promising search
vector, leading to non-convergence. Large values of mp
correspond to small step size changes that force the program to carefully examine nearby points instead of optimistically forging ahead, This improves the probability of
convergence. In this program, parameter mp is set to
0.5. The calculations have shown that for this case it is a
correct value.

3. RESULTS
In order to ascertain its validity, the proposed methodology was applied to optimize the drive side of a face-hobbed
hypoid gear set. The main design data of the example
face-hobbed hypoid gear pair used in this study are given
in Table 1. The transmitted torque was 80 Nm.

Table 1. Hypoid pinion and gear design data
Pinion
10

Number of teeth
Module, mm
Pinion offset, mm
Pressure angle, deg
Mean spiral angle, deg
Face width, mm
Pitch diameter, mm
Outside diameter, mm
Pitch angle, deg

Gear
41
3.4
35
20

52
37.8
70.944
77.131
24.5381

27.3
31
184.622
185.843
63.3212

The load distribution calculations were performed for 21
instantaneous positions of the mating members rolling
through a mesh cycle. The tooth contact pressure distributions along the potential contact lines for 21 instantaneous
positions and for all the adjacent tooth pairs engaged for a
particular position of the mating members, for the case
when no modifications are introduced into the pinion
teeth, namely straight-lined head-cutter profile and the
original machine tool settings are applied, are shown in
Fig. 3. In this case the pinion and gear tooth surfaces are
fully conjugate. It can be observed that there is a relatively balanced pressure distribution. The maximum tooth
contact pressure is pmax 0  369.5 MPa and the maximum
angular

2 max 0

displacement
 8.87 arc sec .

error

of

the

driven

Table 2. Data of the optimal head-cutter and machine
tool settings
Head-cutter and machine tool
settings
Radii of the head-cutter blade
profile

Values

Difference in head-cutter radii for
the manufacture of the contacting
tooth flanks of the pinion and the
gear
Tilt angle
Swivel angle
Tilt distance

rt 0  0

Variation in the radial machine tool
setting
Variation in the ratio of roll in the
generation of pinion tooth surface

rprof 1   ;
rprof 2  945 mm

 0
 0
hd  0.0717 mm
e  0.0152 mm

ig 1  0

gear

Fig.4. Tooth contact pressure distributions along the potential contact lines when the pinion tooth is manufactured by optimized head-cutter and machine tool settings
Table 3. Spiral bevel pinion and gear design data

Fig.3. Tooth contact pressure distributions along the potential contact lines when the pinion and gear tooth surfaces are fully conjugate
The optimization of the head-cutter geometry and machine tool settings was performed by the proposed methodology. The obtained results are presented in Table 2.
The tooth contact pressure distributions along the potential contact lines for the case when the pinion tooth is
manufactured by optimized head-cutter and machine tool
settings are shown in Fig. 4. It can be observed that the
maximum tooth contact pressure is reduced by 7% to
pmax  343 MPa and the maximum transmission error by
83% to 2 max  1.50 arc sec .

Number of teeth
Module, mm
Pressure angle, deg
Mean spiral angle, deg
Face width, mm
Pitch diameter, mm
Outside diameter, mm
Pitch angle, deg

Pinion
12

Gear
36

4.941
20
35
25.4
59.292
177.876
65.931
178.761
18.4349
71.5651

The proposed methodology was applied to optimize the
drive side of a face-hobbed spiral bevel gear set regard to
the EHD lubrication characteristics. The main design data
of the example face-hobbed spiral bevel gear pair used in
this study are given in Table 3. The lubricant characteristics and operating parameters are presented in Table 4. To
insure an intact oil film between the contacting tooth surfaces, it is assumed that the minimum oil film thickness of
1 m is bigger than the composite surface roughness.
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Table 4. Lubricant characteristics and operating parameters
Ambient lubricant viscosity, Pas
Minimum oil film thickness, m
Pinion’s revolution per minute,
rpm
Pressure viscosity exponent, Pa-1

0.19361
1.0
2000

Supplied oil temperature, C
Temperature viscosity exponent,
K-1

60
0.027

0 .14504  10 7

The optimization of the head-cutter geometry and machine tool settings was performed by the proposed methodology. The obtained results are presented in Table 5.
For the basic (none-optimized) design, all the values of
parameters given in Table 5 are zero. By applying the
optimal combination of head-cutter geometry and machine tool settings the EHD load carrying capacity of the
oil film is increased by 252% and the power losses in the
oil film are reduced by 61%. The pressure distributions in
the oil film for the cases when the pinion tooth surfaces
are manufactured by applying the basic head-cutter geometry and machine tool settings, and when their optimal
combination is applied, are shown in Figs. 5 and 6, respectively.

Table 5. Data of the optimal head-cutter and machine
tool settings
Head-cutter and machine tool
settings
Radii of the head-cutter blade
profile

Values

Difference in head-cutter radii for
the manufacture of the contacting
tooth flanks of the pinion and the
gear
Tilt angle
Swivel angle
Tilt distance

rt 0  0.2108 mm

Variation in the radial machine
tool setting
Variation in the ratio of roll in
the generation of pinion tooth
surface

rprof 1  0 ;
rprof 2  842 mm

 0
 0
hd  0
e  0

ig 1  0.060167

Fig.6. Pressure distribution in the oil film for the optimal
values of machine tool setting parameters

4. CONCLUSIONS
In this study, an optimization methodology is presented to
systematically define head-cutter geometry and machine
tool settings to introduce optimal tooth modifications in
face-hobbed hypoid gears. The goal of the optimization is
to simultaneously minimize tooth contact pressures, angular displacement error of the driven gear, and power losses in oil film, and to maximize the EHD load carrying
capacity of the oil film while concurrently confining the
loaded contact pattern and the EHD pressure within the
tooth boundaries and avoiding any edge- or cornercontact conditions. The core algorithm of the proposed
nonlinear programming procedure is based on a direct
search method, as derivative estimates can be unreliable
in simulation based optimization. Effectiveness of this
optimization was demonstrated by using face-hobbed
hypoid and spiral bevel gear examples. On the basis of the
obtained results the following conclusions can be made:
1. By applying the optimized machine tool setting and
head-cutter geometry, moderate reduction in the maximum tooth contact pressure (7%) and drastic reduction in
the maximum angular displacement error of the driven
hypoid gear (83%) were achieved.
2. In the case of the face-hobbed spiral bevel gear pair, by
applying the optimal combination of head-cutter geometry
and machine tool settings, significant increase in the EHD
load carrying capacity of the oil film (252%) and reduction of the power losses in the oil film (61%) were obtained.
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 number of the teeth and the type of motion of the
second movable link remain unchanged;
 rotating link with finite number of teeth will call
pinion, and the link with endless number of teeth,
realizing rectilinear translation, will call it gear rack.
This study presents a mathematical model for synthesis
upon mesh region [1, 2] of a spatial rack gear set, in
which the active tooth surfaces of the pinion are parts of
conic linear helicoids, tooth surfaces of gear rack are
theoretically conjugated with the those of the pinion. The
rotation axis of the pinion is non-orthogonal crossed with
the direction of the rectilinear translation of the gear rack.

ON THE SYNTHESIS OF SPATIAL RACK
MECHANISMS: MATHEMATICAL
MODELLING AND SOFTWARE TEETH
GERENRATING OF THE MOVING
LINKS TEETH
Emilia ABADJIEVA
Valentin ABADJIEV
Haruhisa KAWASAKI
Abstract: Spatial three-link rack mechanisms are applied
to realize rotation transformation of one of the movable
links (pinion) into rectilinear transformation of the other
link (gear rack). The principle for the synthesis upon
mesh region is applied in this study by developing an
adequate mathematical model.
Here are shown
algorithms, analytically describing active tooth surfaces
of rotating link, mesh region and the link which realize
translation motion. The results, which treat synthesis of
spatial convolute, Archimedean and involute rack drives,
are illustrated graphically.
Key words: mathematical modeling, synthesis, rack
mechanisms, conic linear helicoid

1. INTRODUCTION
The transformation of the rotation motion into rectilinear
translations is a fundamental type motion transformation
in the techniques. This fact determines the researches
interest in different type mechanical systems, which
designation is to ensure the upper mentioned motion
transformation, as in quantitative and qualitative terms.
Spatial rack mechanisms occupy a special place among
these mechanisms [1].
These drive system types can be considered as a special
case of spatial three-link mechanisms, transforming
rotations between fixed crossed axes, when:
 The number of the teeth of one of the movable link is
increased „ad infinitium”, without increasing the
number of the meshed tooth surfaces between the
mated links;
 the axis of rotation of the upper mentioned link is
displaces in infinity and its motion is transformed into
rectilinear translation;

2. SYNTHESIS OF SPATIAL RACK DRIVES,
WHICH ROTATING LINK HAS CONIC
LINEAR HELICOIDS
When synthesizing spatial rack mechanisms with linear
contact it is evident the necessity to control their quality
in the whole mesh region. Such approaches to synthesis
problems require an adequate mathematical model. The
kinematic scheme of such mechanism is shown in
Fig.1[1].
The reason is that the specific geometrical and kinematic
characteristics of the mesh region depend on its position
in space and the geometrical characteristics of the tool
surface  J generating the flanks i ( i =1, 2).
This mathematical model is based on the second Olivier’s
principle and the link, performing rotation and having
surfaces 1 is chosen as a generating link. Generated
surfaces  2 belong to link 2, which realizes rectilinear
translation.
The synthesis of spatial rack drives based on the second
Olivier’s principle, involves solving of two main tasks:
 Synthesis of the tooth surfaces 1 of the rotating
movable link, which are identical to the instrumental
surfaces  J . Solving this mathematical problem
provides the technology of manufacturing the rotating
link of the rack drive.
 Synthesis of the mesh region and definition of the
dimensions and location of the mesh region on the
surface of action. This task realizes the generation of
active tooth surfaces  2 of the movable link of rack
mechanisms, which perform motion translation.
The synthesis of these types of mechanical transmissions,
in accordance with the second Olivier’s principle, leads to
solving two main tasks: synthesis of the active tooth
surfaces of the base (instrumental) moving link - conic
worm and synthesis of surface of action/mesh region of
the studied mechanism. The active tooth surfaces of the
basic link are conic linear helicoids.

2.1. Generating of active tooth surfaces of the
basic movable link
The helicoids and especially the linear helicoids are
widely used as active tooth surfaces of spatial gears with
crossed axes, in both working meshing conditions and
instrumental meshing conditions.
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helical motion along the longitudinal axis

O p( j ) z (p j ) with

parameter

ps( j )  constant ; crossed helical motion in

the plane

T ( j ) , perpendicular to the axis O p( j ) z (pj ) with

parameter

pt( j )  constant . Here we should note that

1(1) is the conic convolute helical surface that is turned
to the positive direction of the axis

O p(1) z (p1) , and 1(2 ) is

the helicoid, turned along the negative direction of the

O p( 2 ) z (p2 ) .
The vector equation of the conic convolute helical surface

1(1) , in accordance with Fig. 2, has the form [1, 2, 4]:

1( j )  r0( j )  s ( j )  t ( j )  u ( j ) ,

(1)

where
Fig.1. Kinematic scheme of spatial rack drive with linear
contact between toothed surfaces  1 and  2 synthesized
using a mesh region (MR): i  1 -pinion (gear) is the
rotating link; i  2 -rack gear is the link of
translation(rectilinear);  i - surface of flank of links

of motion transformation; V12 - sliding velocity; AS action surface; D12 - contact line; L1 - longitudinal line
of  1
Such choice of the active tooth surfaces for these gears is
determined by the technological manufacturing,
especially when their synthesis is performed in
accordance with the second Oliver’s principle [2, 3]. In
most cases, these surfaces are the only alternative, as it is
the manufacture of cylindrical worm gear and Spiroid and
Helicon gears.
Fig. 2 shows the generation of right-handed conic
convolute helicoids 
( j = 1, 2) determined by
different geometrical characteristics of the helical teeth
(threads) of the particular gear mechanism. The process of
helical surfaces generation is considered in fixed
( j)
1

S p( j ) (O p( j ) , x (pj ) , y (pj ) , z (pj ) ) and it is

as follows. The generatrix

L j  does not cross the axis

O p( j ) z (pj ) which coincides with the geometric axis of the
gear.

 j

L

and

( j) ( j)
p
p

O z

conclude

an

angle

0,5   ( j )   . The line L( j ) belongs to plane T ( j ) ,
which is tangential to the directed circle cylinder
The generation of the conic convolute helicoid
the line
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C
( j)
1

 j

conic convolute helicoid



that belongs to the

( j)
1 ;

r0( j ) - radius-vector of the directed cylinder C  j  ;

( i  1, 2 ); 1 - rotation velocity of link i  1 ; V2 velocity of rectilinear translation of link
i  2 ; j12  1 j21  1 V2  constant -velocity ratio

coordinate system

1( j ) is a radius-vector of point Ν  j 

.

by

L( j ) is realized by two generatrix motions: axial

 ( j) , u( j)

- coordinates of the helical surface

1( j ) ;

s ( j )  ps( j ) ( j ) - axial motion of the generatrix L( j ) ;
t ( j )  pt( j ) ( j ) - crossed displacement (tangential to the
C  j  ) of the generatrix line L( j ) .
( j)
If we write (1) in coordinate system S p we obtain:
directed cylinder

x (p j )  r0( j ) cos ( j )  U ( j ) sin ( j ) ,
y (p j )  r0( j ) sin ( j )  U ( j ) cos ( j ) ,
z (p j )  ps( j ) ( j )  u ( j ) cos ( j ) ,

(2)

U ( j )  (u ( j ) sin ( j )  pt( j ) ( j ) ).
For the equation systems (2) the upper signs and j  1
refer to the

1(1) , and the lower and j  2 refer to the

1(2 ) .
Substituting in (2)

R0( j )  u ( j ) 

pt( j ) ( j )
sin ( j )

and

(3)

p ( j )  ps( j )  pt( j ) cot ( j ) ,
it is obtained

x (p j )  r0( j ) cos ( j )  R0( j ) sin ( j ) sin ( j ) ,
y (p j )  r0( j ) sin ( j )  R0( j ) sin ( j ) cos ( j ) ,
z (pj )  p ( j ) ( j )  R0( j ) cos ( j ) ;

(4)

To determine the parameter of distribution h
conic convolute helical surface 
(1) is presented in the form [2]:

( j)
1 ,

 j

of the

the vector equation

1( j )  0( j ) ( ( j ) )  R0( j )l ( j ) ,

0( j )  0( j ) ( ( j ) ) 1( j ) ,  2( j ) ,  3( j ) 

where

(6)
is

an

equation of directed helical line on the directed cylinder

C j ;
1( j ) ,  2( j ) ,  3( j ) - projections of vector 0( j ) in
( j)

coordinate system S p ;

l

( j)

l

( j)
1

 j

line L



, l2( j ) , l3( j ) -directed unit vector of the generatrix
;

l , l , l3( j ) - projections of l ( j ) in coordinate system
( j)
1

( j)
2

S p( j ) .
For the case shown in Fig. 2, we have:

 1( j )  r0( j ) cos ( j ) ,  2( j )  r0( j ) sin ( j ) ,

Fig.2. Conic convolute helicoids generation
Equation (4) represents the conic convolute helical
surface



( j)
1

as a cylindrical one with helical parameter

p ( j )  constant and coordinates  ( j ) and R0( j ) . The
point K
( K

( j)

( j)

is the accounting origin of co-ordinate

is a point of intersection of

 3( j )  p ( j ) . ( j ) ,
l1( j )   sin ( j ) sin ( j ) , l2( j )   sin ( j ) cos ( j ) ,

(7)

l3( j )  cos ( j ) ,

R0( j )

L j  and the

C  j  ; C  j  and plane

generatrix of the directed cylinder

T ( j ) are contacting in this generatrix L( j ) ). The point
K ( j ) is considered as a point from the directed helical
line

0( j )  0( j ) ( ( j ) )

on the

C j .

It is known [5] that the basic characteristic of the surfaces
with strait line generatices is their parameter of
distribution. When the surfaces of this type are generated,
the straight line generatrix moves from its initial position
to infinite close position, as it is turn at some angle and is
displaced to some distance. These two values are
infinitely small, but their correlation has a limit, which is
called parameter of distribution. According to Fig.3, when
rectilinear generatrix L characterized with parameter 

Fig.3. Transition of rectilinear generatrix
infinitely small close position L

Then using (5), as it is shown in [9], for the studied conic
convolute helical surface it can be written:

'

makes a transition in position L (characterized with
infinitely small value    ) then the generatrix
rotates at some angle  and deviates from its previous
position in a position   MM . These two values, as
we already have mentioned, are infinitely small but their
correlation aims to a certain limit, which is called
parameter of distribution [9]
'


0 

h  lim

(5)

L into

h( j ) 

[d0( j )l ( j ) dl ( j ) ]
.
( dl ( j ) ) 2

From (8) for

h j 

(8)

it is obtained:

h ( j )  p ( j )  r0( j ) cot ( j ) .

(9)

Conic involute helical surfaces generation. It is known [5]
that each developable surface is cylindrical one, conic one
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or locus of the tangential lines to an arbitrary curve and
vise versa - each cylindrical, conic or surface representing
the locus of tangential lines to a curve is a developable
surface.
The specific characteristic for each developable surface is,
that the parameter of distribution is equal to zero, i.e. in
the specific case the condition is fulfilled:

2.2. Singular points on the conic linear helicoids

h ( j )  p ( j )  r0( j ) cot ( j )  0,

has been already shown, the conic linear helicoids  1
(in particular conic convolute helical surface) have the
form:
( j)

or

(10)

cot ( j )  

( j)

p
.
r0( j )

1( j )  1( j ) (u ( j ) , ( j ) ).

After observing the condition (10), the equation (4)
describes the conic involute helicoid, which is given in
the form:

(11)

z (p j )  p ( j ) ( j )  R0( j ) sin0( j ) ,

0( j )   ( j )   2

is spiral angle [10] for the

directed helical line on the cylinder

C

 j

. For this case

 j

the cylinder C
is named basic cylinder.
Conic Archimedean helical surfaces generation. The
conic Archimedean helicoid is obtained when the

L j  (see Fig. 2) crosses the axis O p( j ) z (pj ) ,

generatrix
i.e. when

r0( j )  0 .

Then from (2) it is obtained:

x (p j )  U ( j ) sin ( j ) ,
(12)

z (pj )  ps( j ) ( j )  u ( j ) cos ( j ) .
The curvilinear coordinate

a( j )   ( j ) 

( L( j ) , O p( j ) z (pj ) )
(O

( j)
p

( j) ( j)
p
p

x z



( j)

in (12) represents the
( j)
0

r

to the axial

L j  and O p( j ) z (pj ) ). If it is


2

, the angle, that the plane

concludes

with

the

plane

), then the equation systems (12) turn into:

1( j ) 1( j )
 ( j)  ( j) ,
u


(14)

 1( j )
 1( j )
( j)
where
and
are vectors at point N 1
( j)
( j)
u

( j)
from the conic helical surface  1 , that are tangential to
the

coordinate



 constant .

( j)

lines

u ( j )  constant

and

It is known [2, 5], that the point N
from  1 is an
undercutting point, if for this point could not be defined
( j)

the normal vector
fulfilled:

( j)

n1( j ) , i.e. if the following condition is

n1( j )  0 .

(15)

Then from (2) the projections of the normal vector

n1( j )

S p( j ) are written of the form:

n1(,jx)p  H ( j ) cos ( j )  U ( j ) cos ( j ) sin ( j ) ,

y (p j )  U ( j ) sina( j ) ,
z (p j )  ps( j ) (a( j )   2)  u ( j ) cos ( j ) ,
U ( j )  [u ( j ) sin ( j )  pt( j ) (a( j )   2)].

(16)

n1(,jz)p  U ( j ) sin ( j ) , H ( j )   h ( j ) sin  ( j )
From (16) it is evident, that the condition (15) is never
satisfied for the conic convolute helicoid, since h  0 .
This means that the conic convolute helicoid consists of
only points that are only regular.
Conic involute helicoid. From (16) regarding the
( j)

 0 , for the projections of
( j)
in S p at an arbitrary point

condition of distribution h
the normal vector

( j)
1

n

( j)

N ( j ) from the conic involute surface  1( j ) is obtained:

x (p j )  U ( j ) cosa( j ) ,
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is determined by equality

n1(,jy)p  H ( j ) sin ( j )  U ( j ) cos ( j ) cos ( j ) ,

angle on which rotates the normal vector

noted with

( j)

in the coordinate system

y (p j )  U ( j ) cos ( j ) ,

plane (determined by the

point N

n

y (p j )  r0( j ) sin ( j )  R0( j ) cos0( j ) cos ( j ) ,

n1( j ) to the  1( j ) in arbitrary

Then, the normal vector

( j)
1

x (p j )  r0( j ) cos ( j )  R0( j ) cos0( j ) sin ( j ) ,

where

Conic convolute helicoids. In order to eliminate the
“undercutting” from the active tooth surfaces of the gears
and the devices, representing parts of the conic linear
helicoids, it is necessary to define conditions for
appearing of the singular points of II order (undercutting
points) on them in the process of their generation. As it

(13)

n1(,jx)p  U ( j ) cos ( j ) sin ( j ) ,
n1(,jy)p  U ( j ) cos ( j ) cos ( j ) ,
n1(,jz)p  U ( j ) sin ( j ) .

(17)

It is evident from (17), that the condition (15) is fulfilled
for all points

N 1( j ) , belonging to the directed helical line

where  r is the acute angle between the vector’s
direction of the gear rack and the pinion.

ρ0( j )  ρ0( j ) ( ( j ) ) , placed on the basic cylinder C  j 
with

r0( j ) . The following condition is

radius

accomplished for these points [2, 6]

u ( j ) sin ( j )  pt( j ) ( j ) .

(18)

Practical realization of this condition, where the
undercutting points appear on the helicoid, is prevented, if
the dedendum circle surfaces of the conic involute helical
teeth (when the gears are designed) are placed above the
basic cylinders

C j .

Conic Archimedean helicoid. Because of the fact that
the condition of distribution for the conic Archimedean
helicoid is from the type:

h j   p j   0,
then the normal vector

Fig.4. Geometric-kinematic scheme of spatial rack drive
having rotating linear conic helicoids

n1( j ) has projections

n1(,jx)p  P ( j ) cos ( j )  U ( j ) cos ( j ) sin ( j ) ,
n1(,jz)p  U ( j ) sin ( j ) , P ( j )   p ( j ) sin  ( j )

Then the action surface of the conic convolute helicoid is
described by using the equations (2) and (16) (written in
the fixed coordinate system S (O , x , y , z ) ) and the
analytical type (20) of equation of meshing (see Fig. 5).
The after remodeling we obtain:

which indicates that this vector is defined for each point

x ( j )  r0( j ) cos ( j )  U ( j ) sin ( j ) ,

n1(,jy)p  P ( j ) sin ( j )  U ( j ) cos ( j ) cos ( j ) ,

(19)

N ( j ) from  1( j ) , i.e. the condition (15) is not
accomplished for each point N

( j)

.

z ( j )  p ( j ) ( j )  U ( j ) cot ( j ) ,

2.3. Synthesis of the surface of action/mesh
region of the spatial rack drives
The action surface, considered as a locus of the lines of
the tooth contact in the fixed space, defines conjugate
tooth surfaces of the second movable link – tooth rack.
Based on the realized study and on the developed
algorithms for synthesis of three types spatial rack drives
– cylindrical with cylindrical linear rotating helicoids,
face (with face linear rotating helicoids) and conic (with
conic linear rotating helicoids) [1] are written three
computer programs with analogical (typified) structure
and organization of the calculated process. In the study
the developed programs illustrate the cases of the spatial
conic rack drives synthesis.
The offered here study is consistent with shown in Fig. 4
symbols.
Conic convolute rack mechanism. It is known, that
conic helicoids 
( j  1, 2 ) can be represented as
cylindrical helical surfaces with constant helical
( j)

parameter

p ( j )  ps( j )  pt( j ) cot ( j )  constant .

Hence, for these surfaces is valid the equation of meshing
[1, 7]:

tan  

n1, y
n1, z



p ( j )  j21cos r
 constant,
j21 sin r

y ( j )  r0( j ) sin ( j )  U ( j ) cos ( j ) ,

(20)

(21)

H ( j )sin ( j )  U ( j ) cos ( j ) cos ( j )

U ( j ) sin ( j )


p ( j )  j21cos r
,
j21 sin r

where

1  parameter

of meshing;

 ( j )   ( j )  1

,

U ( j)  0 .
1( j ) ( j  1, 2 ) tooth surfaces
( j  1, 2 ) of the tooth rack i  2 are obtained

The conjugated with

 (2 j )

from the system (21), after writing it in the fixed
coordinate system S 2 (O2 , x2 , y2 , z 2 ) , firmly connected

with link i  2 :

x2( j )  r0( j ) cos ( j )  U ( j ) sin ( j ) ,
y2( j )  r0( j ) sin ( j )  U ( j ) cos ( j )  j211 sin r ,
z 2( j )  p ( j ) ( j )  U ( j ) cot ( j )  j211cos r ,
 h sin

 U cot cos
U ( j)
p ( j )  j21cos r

.
j21 sin r
( j)

( j)

( j)

( j)

( j)

(22)
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Fig.5. Spatial conic convolute mechanism with velocity
ratio j21  2 ,29 [mm/rad]; number of the teeth z1  1 :
a) flank of conic convolute right-hand pinion:

Fig.6. Spatial conic Archimedean drive with velocity ratio
j21  2 ,29 [mm/rad]; number of the teeth z1  1 : a)
flank of conic Archimedean right-handed pinion:

1(1)   (1)  98  , r0(1)  0,08 mm;

1(1)   (1)  98  , u (1)  [5,10] ,

u (1)  [0,10] ,  (1)  [0,5 ] ;b) flank of conic

 (1)  [ 2 ,10 ] ; b ) flank of conic Archimedean
(2)
(2)
 120  ,
right-handed pinion  1  
u ( 2 )  [5,10] ,  ( 2 )  [ 2 ,10 ] ; c) mesh region

convolute right-hand pinion:

 1( 2 )   ( 2 )  120  ,

r0( 2 )  0,94 mm; u ( 2 )  [0,10] ,  ( 2 ) [0,5 ] ; c)
region of mesh MR

(1)

; d) region of mesh MR

Conic Archimedean rack mechanism. The analytical
representation of the action surface of the conic
Archimedean rack (see Fig. 6) drive is obtained from the
equation systems (21) after a substitution
whence

r0( j )  0 ,

x ( j )  U ( j ) sin ( j ) , y ( j )  U ( j ) cos ( j ) ,

 p ( j ) sin ( j )  U ( j ) cot ( j ) cos ( j )

U ( j)
p ( j )  j21cos r
.

j21 sin r

( j)
2

 U cos

( j)
2

p 

y
z

sin

( j)

( j)

 p sin

( j)

,

( j)
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( j)

 j211 sin r ,

 U cot ( j )  j211cos r ,
( j)

( j)

( j)

p ( j )  j21cos r
.

j21 sin r

surfaces  2 ( j  1, 2 ) of the spatial involute conic
rack drive are obtained:

x2( j )  r0( j ) cos ( j )  U ( j ) sin ( j ) ,
y 2( j )  r0( j ) sin ( j )  U ( j ) cos ( j )  j211 sin r ,
z 2( j )  p ( j ) ( j )  U ( j ) cot ( j )  j211cos r ,
cot ( j ) cos ( j ) 

( j)

 U cot cos
U ( j)
p ( j )  j21cos r

.
j21 sin r
( j)

( j)

( j)

( j)

 U

cot cos
( j)



(25)

Bellow (25) is written in the fixed coordinate system,
connected with the link i  2 . Thus the active tooth

Active tooth surfaces  2 ( j  1, 2 ) of the tooth rack
of the Archimedean rack mechanism is obtained from the
system (22) with applying already mentioned
substitutions:

x

( j)

z ( j )  p ( j ) ( j )  U ( j ) cot ( j ) ,
(23)

( j)

(49) after substituting h
 0 , we obtain the analytical
form of action surfaces (see Fig. 7) of the studied involute
rack mechanism.

y ( j )  r0( j ) sin ( j )  U ( j ) cos ( j ) ,

z ( j )  p ( j ) ( j )  U ( j ) cot ( j ) ,

( j)

Conic involute rack mechanism. From equations systems

x ( j )  r0( j ) cos ( j )  U ( j ) sin ( j ) ,

h ( j )  p ( j ) , i.e.

( j)
2

MR (1) ; d) mesh region MR (2 )

(2 )

(24)

(26)

p ( j )  j21cos r
.
j21 sin r

2.3.1. Analysis of the geometry of the conic linear
rack mechanism
Here, the upper indexes " j" will be omitted when this
analysis is performed. The analytical type of the action
surfaces of the spatial conic convolute rack mechanism is
described by the equation systems (21). Using the third

equation of the same system, for the curvilinear
coordinate  of the conic convolute helicoid  1 we can
write:

z  ucos
 f1 ( z ,u ) .
p  pt cot



(27)

The solution of (30) is of the type:

(cos )1,2 

r0 x  y x 2  y 2  r02
x2  y 2

(31)

From (31) it follows:

(cos )1, 2  f 2 ( x, y ),
( sin )1, 2  1   f 2 ( x, y )  f 3 ( x, y ).
2

(32)

Substituting (32) in the second equality of (29) we obtain
the following equation:

F ( x , y)  0 ,

Fig.7. Spatial conic involute mechanism with velocity
ratio j21  2 ,29 [mm/rad]; number of the teeth z1  1 :
a) flank of conic involute right-handed worm



( 1)
1



( 1)

 98 , r


( 1)
0

 12,93 mm, u  [0,10] ,
( 1)

 (1)  [0,10 ] ; b) flank of conic involute right-handed
(2)
( 2)
 120  , r0( 2 )  3,44 mm,
worm  1  
u ( 2 )  [0,10] ,  ( 2 ) [0,10 ] ; c) mesh region
MR (1) ; d) mesh region MR (2 )
Here we will remind that in (21) are performed the
substitutions

    1 , U  usin  pt  0

. Let

which is the analytical description of the action surface in
the most common case of spatial conic linear rack
mechanism – the convolute one. The equality (33) shows
that the action surface of these type rack mechanisms is a
cylindrical surface with generatrices, parallel to the zcoordinate axis Oz of the fixed coordinate system
S (O, x, y, z ) .
The conic Archimedean and involute rack drives are
particular cases of the conic convolute rack mechanism.
Their action surfaces are described analytically by the
system

(21),

u  r0 cos
,
sin

(28)

y  r0 sin  ( x  r0 cos )cot ,
 hsin   ( x  r0 cos )coscot
 C,
x  r0 cos
where

C

(29)

p  j21cos r
 constant .
j21 sin r

Let multiply both sides of the first equation of (29) with
sin and the obtained result is reduced to the quadratic
equation regarding to cos , i.e.:

( x 2  y 2 )cos 2  2r0 xcos  r02  y 2  0 .

substituting

r0  0 (for the

(cos )1,2  

y x2  y2
 f2 ( x , y),
x2  y2
.

(34)

( sin )1,2  1   f 2 ( x , y )  f 3 ( x , y ).
2

and the obtained equation (28) substitutes in other two
equations. Then:

2

after

Archimedean rack drive) and h  0 (for involute rack
mechanism). Hence, in the most common case their action
surfaces/mesh regions have characteristics, similar to
those characteristics of the conic rack drive. In other
words, the conic, Archimedean and involute rack
mechanisms have action surfaces that are related (in
geometric view point) to the cylindrical (by form) action
surfaces of the conic convolute rack drive.
For the case of rack mechanism, which rotating link has
conic Archimedean helicoids, the equalities (31) and (32)
are:

from the first equation of (21) we define:

U 

(33)

(30)

Then the mesh region is:

F ( x, y ) 

pf 3 ( x, y )  xf 2 ( x, y )cot
 C  0 . (35)
x

The spatial conic rack drive has an action surface, for
which the parameter of meshing is h  0 , when the
rotating link of the conic rack mechanism is equipped
with conic involute helicoids. For this case the action
surface is described by the equation systems (25). There
the equation of meshing is of the form:

cos  cos(  1 ) 

p  j21cos r
tan 
j21 sin r

(36)

 Ctan  constant.
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From (36) follows that when the parameter of meshing
1  constant has fixed value, the curvilinear

coordinate  keeps the constant value for all points from
a single contact line, i.e. the contact line of this type conic
linear rack mechanisms is a straight line. Thus, if the
contact lines of the cylindrical action surface, representing
its directrices, are transformed into a straight line, then the
action surfaces from cylindrical ones are transformed into
a plane.

(2009). Super Under-Actuated Multi-Fingered
Mechanical Hand with Modular Self-Adaptive GearRack Mechanism, Industrial Robot: An International
Journal, Vol. 36 Iss: 3, pp. 255 - 262
[9] Abadjieva, E., Abadjiev, V., Kawasaki, H. & Mouri,
T. (2013). On the Synthesis of Hyperboloid Gears
and Technical Applications, Proceedings of ASME
2013 International Power Transmissions and
Gearing Conference, IDETC/CIE 2013, Portland,
Oregon, USA (published on CD)

3. CONCLUSION
The present study gives a brief survey of the approach to
used design mash region mathematical model of spatial
rack transmission synthesis. This approach has been
applied to model different types of spatial rack
mechanisms. The application of the model in convolute,
Archimedean and involute rack mechanisms synthesis is
also illustrated. Algorithms and computer graphics for
synthesis and design of the spatial rack mechanisms are
elaborated.
The discussed above mechanisms are suitable for
implementation as actuators in various fields of
techniques. Of particular interest is their incorporation
into the constructions of bio-robots [8], as an alternative
of spatial hyperboloid gears [9].
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quality of teeth flanks and on the properties of the
lubricating oil. Damaging of the teeth flanks by scuffing
can lead, when crossing the limit criteria, up to the
shutdown such gear, what is possible even after a short
time of operation.

CONTRIBUTION TO THE STUDY OF
HCR GEARING PROPERTIES FROM
WARM SCUFFING DAMAGE POINT OF
VIEW
Adam KRAJCOVIC
Miroslav VERES
Milan RACKOV
Sinisa KUZMANOVIC
Abstract: The issue of design and dimensioning of HCR
gearing, particularly of the gearings with an internal
engagement, it nowadays, especially in the design of
hybrid cars drives, highly topical. This kind of gearing
has many advantages in operation, but at the same time it
is more complicated in stage of its design and load
capacity calculation. Authors in this contribution present
some results of temperature scuffing research of internal
and external HCR gearing. There are given the equations
for calculation of warm scuffing resistance of both
external and internal HCR gearing derived according to
the integral temperature criterion..

Fig.1. Internal gearing and pinion with HCR profile of
teeth flanks
In the case of the gearings with internal engagement,
although are applied advantageous properties of the
convex-concave meshing, but in the extreme cases of the
gearing with HCR profiles it is possible also here to
expect this type of teeth flanks damage, and therefore is
the study of scuffing reasonable even for this type of
gearing. The HCR gearing has even another advantage –
the advantage of low noise in the case of properly chosen
value length of path of contact (2). This
predetermines usage of HCR gearing in passenger
automotive gearboxes. The design of this profile is more
complicated compared to the design of standard profile
(Fig.2), because of the bigger danger of emergence of
interferences in the mesh, low topland width and undercut
of teeth.

Key words: HCR gearing, warm scuffing, flash
temperature, integral temperature criterion

1. INTRODUCTION
Nowadays, the highly loaded gears transmissions are still
increasingly designed with the High Contact Ratio (HCR)
gearing (Fig.1). We can observe this new trend during our
analysis of the constructional solutions of components,
which transmit the power output in the transport vehicles,
mainly in passenger car gearboxes. It results from the
demand to reduce the unladen weight of vehicle, however
the transmitted power output should be retained the same
or bigger. This leads to the search of new options to
minimize the size of gearing and thus the size of
gearwheels too.
Reducing the dimensions of the gear leads to its bigger
heat load caused by reduction of the material’s volume for
the transfer of heat energy which is formed in the teeth
meshing. Increased thermal stress gear may give rise to
warm scuffing of teeth flanks. The tendency to scuffing
damage is besides the heat stress depended on the gear
load, the peripheral speed, the gearing geometry, the

Fig.2. Internal gearing and pinion with standard profile
of teeth flanks
Problems with the teeth geometry proposal can be solved
directly during its designing. The teeth designing is more
complicated from the strength characteristics point of
view, mainly because of the missing extensive
experimental testing results and even non-existing, or
more-precisely not-sufficient support of the standardized
calculation procedures.
On the basis of extensive experiences in experimental
testing of the HCR gear endurance with external
engagement from the point of the contact strength view,
was the second HCR gear testing broaden to the gearing
with internal engagement, mostly from the point of
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resistance to the thermal gear scuffing 2. It is related
mainly to the solution of the hybrid car drives problems
during division of the power flow, in which are almost
solely used planetary gear (2k+r) with annulus ring, and
therefore is the study of internal engagement in this
context very important.

2. WARM SCUFFING OF GEARING WITH
EXTERNAL AND INTERNAL
ENGAGEMENT
In general, the danger of the damage of the teeth flanks
caused by warm scuffing is bigger in the case of gearing
with external engagement than in the internal one. It is
related to the positive influence of the convex-concave
meshing of the internal gearing in comparison to the
convex-convex meshing of the external gearing. On the
other hand, in the case of the HCR internal gearing, the
negative effect is caused by the longer path of contact,
what also means the higher values of the tangential
velocities at the beginning and at the end of meshing. The
higher values of local flash temperature comes up from
this conditions and with them comes also a higher
probability of the warm scuffing occurance. According to
Blok (flash temperature criterion) it is possible to express
the flash temperature at any point of meshing along the
contact path by the formula
F 
Bl  0,62  X  n 
b

0, 75

 E

 
 X






0, 25

vt1 X  vt 2 X

1  m1  c1  vt1X  2  m2  c2  vt 2 X

(1)

Where is:

x friction coefficient in tooth engagement at point X
Fn

working transverse pressure angle

Er

reduced wheels materials modulus of elasticity

r

reduced radius of curvature at that point of mesh

vt1,2X tangential velocity at the X profile point

m1,2

coefficients of thermal conductivity of wheels
materials
specific densities of wheels materials

There are not has been published any relevant results of
the valuation of the internal HCR gearing resistance
against the warm scuffing damage. Nowadays we use the
normalized calculation of load capacity of the involute
gearing to the thermal scuffing derived according to the
integral temperature criterion. However, this is valid only
for standard profiles. For HCR gearing is necessary to
extrapolate particular factors, which have substantial
influence on the designation of the integral temperature
value and in this way it is possible to extend the validity
of this criterion, even on the gearing with ≥2.
HCR gearing is different from the standard profiles in
different load distribution along the contact line and, of
course, there are here also bigger tangential velocities at
the beginning and at the end of the meshing. If we analyze
relation (1) more deeply, it is evident, that from the
geometric parameters point of view, the main influence
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Fig.4. Values of r along the path of contact of internal
gearing
vtx
[m/s]
2,3

normal force

wt

1,2

Fig.3. Values of r along the path of contact of external
gearing

vt1
1,8

1,3

vt2x

0,8

0,3
-10

-5

0

5

10

x [mm]

15

Fig.5 Tangential velocities of gearing with external
engagement

Fig.6. Tangential velocities of gearing with internal
engagement and =2
on the resistance to scuffing of the teeth have the values
of the tangential velocities and the value of reduced radius

of curvature. The values of these parameters are shown in
the Fig.3 to Fig.6 both so for the standard gearing as and
for the HCR gearing (both external and internal according
to parameters in Tab.1 to Tab. 3).
Table 1. Parameters of standard external profile
Standard profile

pinion

wheel

number of teeth

z1=21

z2=51

module

mn=4mm

addendum factor
addendum
modification factor
helix angle

ha1*=1,00

ha2*=1,00

x1=+0,40

x2=-0,40

Table 3. Parameters of HCR internal profile
Internal HCR
number of teeth
module
addendum factor
addendum
modification factor
helix angle
pressure angle

pinion
z1=21
ha1*=1,2385
x1=0,4218

wheel
z2=-73
mn=4mm
ha2*=1,1837
x2=0,407
β=0°
αt=20°

β=0°

pressure angle

αt=20°

120

 Bl

[°C] 100
80
60

Fig.9. Flash temperatures along the contact path of
internal involute gearing with the HCR profile 2

40
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0
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10

15
E
x [mm]

Fig.7. Flash temperatures along the contact path of
external involute gearing with standard profile acc. Tab.1
Table 2. Parameters of HCR external profile
External HCR

pinion

wheel

number of teeth

z1=21

z2=51

module

β=0°

for the internal HCR gearing with 2 (Tab.3). It is
obvious, that values of local flash temperatures are much
smaller for the internal gearing than for the external one,
but here we have to take into account the fact, that the
internal gearing can be loaded by bigger torque and then
even internal gearing damage, caused by warm scuffing,
can be decisive for its draft.

αt=20°

3. INTEGRAL TEMPERATURE CRITERION

mn=4mm

addendum factor
addendum
modification factor
helix angle

ha1*=1,30

ha2*=1,29

x1=+0,40

x2=-0,40

pressure angle

The main goal of the authors of the study is to extend the
validity of integral temperature criterion (according to
Winter and Michaelis) even on the HCR gearing and
check it out by experimental testing of such a gearing
according to FZG methodology, in case of internal
gearing testing, they will be made on adapted
experimental rig with closed power flow.
The value of the integral temperature of mating gears
flanks, we can express by relation

120

Bl
[°C]

If we take into account Blok’s intensity of local flash
temperature of standard and HCR gearing with
comparable geometric characteristics, it is apparent, that
these temperatures are bigger for HCR gearing and it is
valid same for internal or external engagement. At the
Fig.7 are plotted Blok’s local flash temperatures along the
contact path for gearing loaded by Mk1=1000Nm, and of
the peripheral speed vo=12 m.s-1, for the standard gearing
with 1,6 (Tab.1), HCR gearing with 2 (Tab.2) and

90

60

30

 i   ol  2,2  BlE X 
0

-10 A

-5

0

5

10

E 15
x [mm]

Fig.8. Flash temperatures along the contact path of
external involute gearing with the HCR profile 2

(2)

The value of local flash temperature BlE at the meshing
point E will be determined from the equation (1) for
specific parameters of the end point E, which is in the
meshing of the pinion head. For the calculation and
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projection of the graphs, we had to take into account the
course of the loading and tangential velocity along the
meshing line according to Fig.10 and Fig.11.

gearing is determination of factor of load distribution X..
Relations for X. are determined as a part of the area
under the course curves of the local flash temperatures
along the meshing (Fig.7) and local flash temperatures at
the point E=1 multiplied by the length of the meshing
line (equivalent areas). For the standard involute gearing
with parameters according to the tab.1 applies

X  2

1


1



0,18

2
1



 0,7  2  0,82  1  0,52  2  0,3 1 2
2



(3)

Where  1 and  2 are the pinion, resp. wheel contact ratio
coefficients.
For the HCR gearing was on the same way derived
equation for X. in the form

X   2

1
1



0,204

2
2

 0,123 12  4,106  1  2,1222  2  0,543  1  2  0,54



(4)

4. CONCLUSION

Fig.10. Simplified courses of the load and flash
temperature values along the path of contact for standard
gearing

According to the above mentioned theoretical
considerations were evaluated properties of tooth gears
according to Tab. 1 to Tab.3 (Tab.4) against scuffing
damage, and the results obtained for the externally
toothed wheels were also experimentally verified. From
Tab.4 it can be seen that the value of the integral
temperature at HCR external gearing is significantly
higher than for external standard profiles. In this case, the
calculated temperatures are valid for the pinion's
revolution n1=720 1/min. The limit integral temperature
of scuffing for oil PP 80, which was measured at our
department, is about 308 °C. This means that the HCR
external gearing does not have sufficient temperature
safety against thermal scuffing, which has to be greater
than 1,4. It is clear, that the internal gearing is more
resistant against warm scuffing damage, but also for this
gearing with HCR profile is needed always check its load
capacity from this point of view. When comparing the
properties of gears according to Table 1 to Table 3, it is
necessary to take into account that the wheels with
external teeth were designed for lifetime tests on contact
fatigue (without to take in account the scuffing), and gears
with internal engagement were designed specifically so to
achieve so low resistance against warm scuffing damage
as it is possible from point of view of geometric
parameters of gearing.
Table 4. Calculated integral temperature parameters

Fig.11. Simplified courses of the load and flash
temperature values along the path of contact for HCR
gearing
Basically the main difference between the calculation of
the integral temperature intensity for standard and HCR
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standard
profile (tab.1)

External HCR
profile (tab.2)

Internal HCR
(tab.3)

X

0,19

0,52

0,26

BlE[°C]

139,1

163,0

48,2

i[°C]
(ol=70°C)

128,1

256,5

97,6

The results from the brief analysis of the warm scuffing
problematic of the HCR gearing state, that this kind of
The results from the brief analysis of the warm scuffing

power flow (aw=144mm) which has similar construction
as standard FZG rig (Fig.13). Test wheel had parameters
according to table 2 (Fig.14). On the Fig.15 is shown part
of test wheel with progressive scuffing damaged teeth
flanks, which occurred after few minutes during
realization of experimental tests of HCR gearing on
contact fatigue (pitting). In this specific case we solved
this problem by replacing the original lubricating oil PP
80 with hypoid gear oil PP 90H, thereby scuffing
problems were eliminated. Based on these conclusions is
clear that the design of HCR gearing, whether they be
external or internal, it is always necessary to envisage the
possibility of the occurrence of warm scuffing. Testing of
internal gears requires structural modifications on the
experimental equipment. These modifications of
experimental rig with closed power flow are evident from
Fig. 16.

S1

NS

H1

H2

S2

Fig.14. Tooth flank of testing wheel damaged with
progressive scuffing

Fig.15. Testing and technological gears used in the
experimental rig acc. to Fig.16.(aw=144mm, gearing
geometry parameters according to Table 2.)
problematic of the HCR gearing state, that this kind of
gearing is significantly prone to the scuffing damage of
the teeth flanks. In our tests of the HCR gearing on
contact fatigue occurred warm scuffing damage already
after a short gearbox running, what had caused
impossibility to continue the experiment. Tests were
carried out on the experimental equipment with closed

Fig.16. Experimental rig with closed power flow
(aw=144mm, testing wheel according to Table 2.)
(external gearing)
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Fig.17. Experimental rig with closed power flow
(aw=144mm, testing wheel according to Table 3.)
(internal gearing)
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analysis of gears with submissive parts are suitable 2
types (Frictionless, Frictional)[5] and all definitions
except for MPC. By using contact definition methodsPure
Penalty and Augmented Lagrange can be contact
symmetrical, asymmetrical, or autoasymmetrical. In
asymmetrical contact is necessary to choose contact and
target surface correctly [6] because there is a risk of target
surface penetration to contact surface (not opposite). In
symmetric contact there is not risk of this kind of
penetration [2][4].
Table 1. Geometrical parameters of gears

POSSIBILITY OF USING DYNAMIC
ANALYSIS IN THE GEARS DESIGN
Michal BROSZ
Jozef BUCHA
Juraj MÍŠANÝ
Miroslav BOŠANSKÝ
Abstract: This paper describe the possibility of using
dynamic analysis of gears design. Paper contains
description of dynamic model built in Ansys Worbench.
The paper also contains selected results of dynamic
simulation with rotational velocity load of pinion and
moment load on wheel.
Key words:Dynamic analysis, FEM, Gear meshing, Ansys

Number of teeth [-]

Pinion

Gear

14

18

Module [mm]

4

Centre distance [mm]

65

Addendum modification
[-]

0,24

0,024

Diameter of addendum
circle [mm]

65,92

80,192

Diameter of root circle
[mm]

47,92

62,192

1. INTRODUCTION
Gear engaged analysis using FEM has been discussed by
many scientists, but it´s only static analysis and gears are
only 2D. Nowadays technologies allow modeling parts of
complex shapes and they can be loaded dynamically.
There is discussed dynamic FEM simulation of gear
engaged in program Ansys Workbench.

In this paper was chosen the teeth profile of pinion as
contact surface (red surfaces on fig. 1) and teeth profile of
wheel as target surface (blue surfaces on fig. 1)[3] For
speeding of simulation are contact couples chosen
manually which cooperate in dynamic simulation (four
couples of teeth) figure 1.

2. MATERIAL AND METHODS
2.1. Making of gear teeth
CAD model of gear teeth have been made in program
Catia V5R20 according to parameters in table 1. Model
was imported to program Ansys Workbench as
a configuration made from two parts.

2.2. Teeth contact settings
There are known 6 types of teeth contact [6] (Bonded, No
Separation, Rough, Frictionless, Frictional, Forced
Frictional Sliding) and 4 definitions of teeth contact
(MPC, Pure Penalty, Augmented Lagrange, Normal
Lagrange) in Ansys Workbench 14.5. For dynamic

Fig.1 Contact definition
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2.3. Model joint
Wheel and pinion were joined by using revolute joint
between object and ground. (fig. 2, fig. 3).

wheel thickness splitting in 3 elements. Using finer
splitting doesn´t make changes, because amount of
splitting elements doesn´t influent the results of
calculation. There was used finer splitting by using Edge
Sizing on wheel and pinion teeth which come to contact
(constant size of element 0,1mm, fig. 6) The final model
contains 90 314 nodes and 26 568 elements.

2.5. Material characteristics

Fig.2. Wheel joint definition

Fig.5 Von-Mises stress – sweep mesh

Fig.3. Pinion joint definition

2.4. Making of FEM mesh
Wheel and pinion were split by mesh using method

Fig.6. Mesh refinement in contact area
In simulation was used linear elastic model. Material
specifications of wheel and pinion: E = 2,1 . 105 MPa, µ =
0,3.

2.6. Model excitation

Fig.4. Mesh used for calculation
Sweep (fig. 4). The source and target surface were split by
triangle elements. Because of parallel axis of wheel and
pinion and their direct gear, the side teeth tension is
constant in several peaks (fig. 5). That is the reason of
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Model is driven by angular velocity in rotary bond of
pinion, and also driven by torque in rotary bond of wheel.
For simpler reaching of results was load split it to 2 steps.
In the first step was torque and angular velocity raised up
linear from 0 to final value of simulation. In the second
step was this value kept constantly to the end of
simulation [1] (fig. 7).

Fig.7. Excitation of dynamic model

3. RESULTS AND DISCUSSION
Paper contains teeth contact with friction, it´s value is 0,1.
Contact definition was Normal Lagrange. Simulation
duration was 0,015s. Maximum time step was 0,0001s.
Angular speed of pinion was 100 rad/s and torque of
wheel was 100 000 N.mm (fig. 7). Fig. 8 and fig. 9 shows
contact pressure distribution in pairs of gear teeth. Fig. 10
and fig. 11 shows stress distribution in pairs of gear teeth.
Fig.9. Contact pressure during one pair mesh

Fig.8. Contact pressure during two pairs mesh

Fig.10. Stress distribution during two pairs mesh
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are three ways how to get this charakteristic, thermic,
thermo-chemical, or using the hard coatings aplying [3].

2.2. Heat treating
Heat treating is a process, where is object heat one or
more times in a cycle which generates structural changes
in order to get required material characteristic. Material
structural changes are reached by controlled heating and
cooling. In order to results we can divide steel heat
treating to: annealing, hardening and tempering [4].

2.3. Thermo-chemical treating

POSSYBILITY OF APPLICATION HARD
COATINGS ON NON-INVOLUTE
GEARING
Juraj MÍŠANÝ
Michal BROSZ
Tomáš JANČEK
Abstract: The paper describes the main conditions of
hard coatings or multi-coatings applied in gears using
non-standard convex-concave teeth profile. The article
describes how to get a required surface characteristics of
gear profile using hard thin coating.

Thermo-chemical treating is a process, how we can
change chemical structure of surface of steal or alloy. The
main purpose of thermo-chemical treating is increasing of
surface hardness according to surface wear. The part core
keeps its microstructure different of the surface
microstructure (lower hardness, higher ductility) [3].
Thermo-chemical treating includes diffuse saturation of
the part surface to get mechanical, chemical and physical
changes of surface characteristic. Most often it has
affecting of the mechanical properties of surface layer.
The ways of thermo-chemical treating are different when
the structural changes are gotten during diffuse saturation
(nitridation) or after heat treating of saturated surface
(carburizing or nitro-carburizing). [5].

2.4. Application of hard thin coats

Gears are used in many transmissions and technical
applications and they also have to meet high standards in
terms of reliability and operating life. With rising load
also rise pressure in contact of gear, friction and
temperature enhanced. Value of contact tension has the
main influent in gear surface damaging. The reasons how
to avoid this states are increasing surface resisting of gear,
or decreasing of temperature stress. That all is provide by
applying hard thin coats or multi-coats.

One possibility how to increase surface resistance is hard
thin coatings or multi-coatings application, to the profile
of gear [6]. This can be done in high range of layers (from
nm to m) in one or more layers. Application of hard thin
coatings can help increase wear resistance, rust resistance,
fatigue life etc. If this application is used to the front side
of gear, the hard coating have to stand high pressure in
gear engaged, there have to be also good adhesion
conditions and high temperature resistance [3]. Results
from that are the profile of gear has to be hard enough,
accurate enough to be able to get the hard coating, and its
roughness have to stay between Ra 0,6 and 0,8 m,
depends on layer thickness. To get this result, gear profile
has to be polished. That´s not problem in case of standard
gears, but in case of nonstandard gears the production is
challenging. To get required value of roughness in case of
nonstandard convex-concave gear profile is to run the
gears in besides of milling.

1.1. Increasing possibilities of contact resisting

2.5. Necessity of surface hardness in coating
process

Key words: contact fatigue, coating, break in, gear

1. INTRODUCTION

Contact reaction is damage, which is provide by surface
and undersurface tensions formation, which repeat
continuously gear engaged. This damage is situated
between hard surface coat and soft core [1].

2. METHODS AND MATHERIALS
2.1. Convex-concave gears resistance increasing
In order to increase the gears resistance, the gear has to be
hard on surface but tough enough in the core [2]. There

Main point of layering process is gear profile hardness
increasing. In case of high contact gear pressure is
possibility of plastic deformation which can bring a break
of the hard coat. If the hard layer has to carry high contact
pressure its thickness has to have some minimal value.
Minimal thickness of hard coat for involute gear is written
in norm STN 01 4686-5. For convex-concave gear profile
this value depends on maximal tension value under the
surface of the gear [7].
This thickness value can be achieved by a number of
ways, especially by hardening.

tmin =0,2913.αc0,0282

(1)
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2.5.1 Volume hardening
Realizing of this process is technically simpler but its
disadvantage is large shape deformation (almost 2 levels
of accuracy) which means a need of gear profile polishing
after hardening process.
2.5.2 Surface hardening
In case of nonstandard convex-concave gear profile is
application of surface hardening better, because there is
no need of gear surface polishing because of its small
deformation after hardening. That can be providing by:

Laser hardening,
is radical heating of local material by laser, and its radical
cooling after a few seconds. That brings possibility of
hardening of specific location and deep control hardening
to 2 mm under the surface..
Next advantages are minimal shape deformation and high
quality of surface after hardening. Principe of laser
hardening and hardening small and big gear are described
on the fig.2, fig.3 and fig.4.

Induction gap hardening,
where is gear gap heated up and then radically cooled.
Disadvantages are very bad deep control of hardening and
a need of correct fastening of the part in hardening
machine.

Fig.3. Gradual hardening of gearing with the laser
beam width 40mm

Fig.4. Surface-hardened tooth flank of big wheel
by laser beam [5]
Fig.2. Principe of induction gap hardening

Fig.1. Principe of laser hardening
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3. RESULTS AND DISCUSION
Based on required roughness analysis of gear profile and
longtime necessity of gear running-in we set its base
conditions (load, oil and amount of cycles).
Results are situated in fig. 3 and fig. 4, where were
defined the gear profile roughness with specific coating.
Fig. 3 describes side of the convex-concave teeth after the
milling. On the fig. 4 is side of the same teeth after
running in.
We were hardening the testing gear profile by laser in
cooperation with Matex PM company. The results are
being evaluated, and expected goal is to reach the same
characteristics of hard coat layer of gear profile. These
characteristics have to meet the criteria for minimal hard
coat thickness for convex-concave gear.

tmin =0,2913.αc0,0282
tmin8 =0,2913.80,0282=0,3089 mm

(2)

tmin22 =0,2913.220,0282=0,3178 mm
Minimum thickness of the hardening layer can be
determined from equation (1), based on the inclination
angle of generating line in pitch point.

4. SUMMARY
In paper we discuss preparing of testing convex-concave
gear for hard coating. Expected results were roughness
decreasing by soft gear running-in and gear profile hard
surface increasing by laser hardening. We also check
making accuracy of gear profile.
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estimated by the color of the surface based on the
experience of the worker. The result is uneven hardness
and depth the hardened part and significant thermal effect
on the entire piece associated with the change of
mechanical properties and a large variance of the
dimensions due to the shape changes. And in case of
induction hardening additionally must be used an inductor
in the appropriate form depending the size of the wheel
hardened, therefore the size of gear wheels are thus
delimited by minimum and maximum dimension.
In induction hardening of the gearing is additionally
necessary to produce an inductor for each wheel size,
which size is also dependent on the width of the gearing
and the module.

POSSIBILITY OF INCREASING THE
SURFACE CONTACT FATIGUE OF THE
GEARING BY LASER HARDENING
Ján ZÁPOTOČNÝ
Miroslav BOŠANSKÝ
Beáta KOPILÁKOVÁ
Abstract: The paper describes the possibilities of
increasing the surface hardness of the tooth flanks of
gears with modern laser technologies as conditions of the
application of thin hard coatings. Its applications are
based on the requirement of achieving a specified
thickness of hardened layer. The required thickness of the
hardened layer is important in both terms of increasing
the surface contact fatigue of the gearing, as well as
requirements hardened layer at the application of hard
thin coatings of gear transmissions, lest creates bulging
to them. The paper briefly describes the possibilities of
achieving such layers by classical methods, whereby the
article is dedicated especially the potential of laser
hardening.

2. MATERIALS AND METHODS
Today it is used increasingly in technical practice to
increase the bearing capacity and durability of machine
parts their coating. It goes without saying that their
application starts significantly apply also in gear
transmission. The application of the hard thin coatings
with respect to their thickness, which is usually in the
values of 2-4 µm, it necessitates sufficient hardness of the
tooth flank to the required thickness. Thus, in terms of
their application in gear transmission are required that the
thickness of the hardened layer of the tooth flank gets
min. 0.8 mm for normal values of modules and gear ratios
of the gear transmissions, and however it is also very
important, the roughness of hardened layer. As in the case
of the laser hardening the depth of the through hardening
ranges are in values of about 1.5 mm, where it is the
thickness that meets the requirements for applying a hard
thin layer. The example of the surface hardening of the
tooth flank, indicated in Fig.1.

Key words: laser hardening, contact fatigue of tooth flank

1. INTRODUCTION
Basic material in the construction of gear wheels does not
possess such properties that would meet operational
requirements for hardness and surface contact fatigue of
the gear transmission. However, there are several methods
by which it is possible to substantially improve the quality
parameters of the surface contact fatigue of the tooth
flank and thereby increase its contact fatigue and
therefore the durability and reliability.
Improvement in the surface layers of the tooth flank can
be achieved by several methods:
by mechanical modifications of the surface,
by thermal treatment of the surface
by chemical-thermal treatment of the surface
by laser hardening of the surface
In the case of only increases the surface contact fatigue of
the tooth flank in the practice is using the method of
volume, especially in the surface hardening. Particularly
in the case of flame warming the temperature is usually

Fig.1. Through hardening of gears
In the case of using the classical method of hardening
gear wheels it gives out usually small or large
deformations of the theoretical shape, which is normally
removed by grinding. For involute gears it is no
complication, but in case non-evolute gears, as well as a
concave-convex gear that induce increased production
costs. It therefore appears great advantage the possibility
of using the laser hardening, when can be achieved the
desired thickness of through hardening required for
application of thin hard coatings for the necessary
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roughness. Size of deformation is very small and therefore
it is not necessary to apply grinding.

2.1. Characteristics and the principle of laser
hardening
Currently, the most progressive way as surface hardening
of the gear wheels appears surface hardening with laser.
At the laser beam can be accurately determined the track
width by exchanging optics, thereby ensuring the incident
energy density per mm2. Using a pyrometer, the whole
process is monitored and the laser power is controlled to
maintain a constant temperature of hardened surface and
thus the hardness. Necessary data are recorded on the PC,
and it is guaranteed repeatability of components in a
possible series. Movement of the beam in 3D on the
selected trajectory ensures the manipulator which
guarantees the uniformity of movement.
The software can be programmed prior to imported
materials, which speeds up the delivery of times in
production. Also preferably, the rate of heating, which
can be up to 1000 ° C / s, unaffected by the surrounding
material, the minimum deformation of the parts, there is
no need the external cooling, and gives out also the
shortening of the technological cycle compared to harden
with flame or induction.
For conventional hardened surfaces after heating surfaces
of the gears are cooled with water spray. Since the surface
has the highest temperature, high temperature gradient
leads to large differences in stress and possible formation
of cracks. Laser does not require an external cooling; heat
is rejected to the material. The temperature in the
hardened layer falls inwards with favorable temperature
gradient and residual stresses.
Because the heat dissipation with conduction is more
intense, is achieved slightly higher hardness, lower
surface oxidation and eliminates water management.
In the tests we have found that when gear wheels, which
are made from structural steel with a carbon content of
about 0.5%, after hardening the hardness increases to
about 300 HV. The results of the tests also show that the
laser surface hardening of gear wheels we achieved even
structure without geometrical changes and thus teeth
surface with the non-standard gear is not required after
the surface hardening grind. The advantage is that this
method can be used as in the small gear wheels with a
dimension of 30 mm-Fig. 2 as well as for the large gear

Fig.2. The gear wheel with diameter d = 50 mm surfacehardened by laser beam [5]
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wheels to the size of several meters-Fig. 3.
The width of the laser beam moves with lasers with a
power of 3.6 kW from a few mm to about 50 mm (Fig. 4).
Width of beam depends on the power density and velocity
of hardening. To ensure uniform hardness after hardening

Fig.3. Surface-hardened tooth flank of big wheel by laser
beam [5]
at the entire width of hardened, it is recommended,
therefore, override the individual hardening beams of
about 3-5 mm.
The head of the laser source is mounted in a manipulator
KUKA - KR16 which provides precise movement of the
beam so that the impact on the vertical sides of the

Fig.4. Gradual hardening of gearing with the laser beam
width 40mm
gearing, which is important to ensure the quality of
hardness of the tooth flank. After hardening of the first
layer followed by hardening layer to the next hardened
layer, which is not hardened at the entire height of stacked
gear wheels -Fig. 5.
In the hardened surface of the gearing the high speed

Fig.5. Setting of the laser manipulator
of hardening of the next layer

heating and cooling can lead the formation of very fine
structures with small grains. The difference of the
structure of the basic material and the hardened material
can be seen in Fig. 6 and Fig. 7.

hardened tooth flank. It depends on the settings of the
manipulator. To prevent such errors at the hardening of
gear wheels, it is necessary to progress of hardening by
software ensure that they fulfill the requirement of
constant thickness of through hardened layer.
The gears without reverse run is possible hardening of
only one of the side of the tooth, thus avoiding shape
changes arising from heat treatment - Fig. 9.

Fig.9. Unilateral hardened gear photo: fy. MATEX
Fig.6. Steel C50, basic structure, 3% Nital
From the requirement to be hardened gear around the
perimeter in the constant thickness, it is necessary to
programmatically ensure manipulator movement so that
the laser beam gets a perpendicular position to a hardened
surface. Figure 8 is a sample of the gearing when not met
the requirements of constant thickness of the through

3. CONCLUSION
Solutions results of the dissertation thesis: Determination
of qualitative and quantitative characteristics of the
deposited coatings in the "coating-tooth flank" system
from the tribological point of view shows that the method
increases the surface hardness of tooth flank by the laser
method of application possibilities in terms of hard thin
coatings is very suitable.
This technology of hardening, especially for small gears
appears to be very promising, because it is possible for
them to achieve very precise conditions, which are
necessary for the application of thin hard coatings.
In practical tests it has been shown that all the monitoring
of the technological parameters of the laser hardening
(hardness, abrasion resistance, homogeneity surface,
thermal effect on the surrounding area) exhibit a
qualitatively better parameters than with conventional
methods of heat treatment.
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ANALYSIS OF CONTACT STRESSES AT
THOHOIDAL GEARING BY NUMERIC
APPROACH
Lozica IVANOVIC
Boris RAKIC
Danica JOSIFOVIC
Andreja ILIC
Abstract: In this paper the analysis of contact stresses at
trochoidal gearing of the rotational elements with fixed
shaft axes and driving rotor that is connected with
internal element is presented. At first, the basic
characteristics and acting mechanisms of those pumps
are presented in the paper.
Also, the review of
development and state of the art in the area of numerical
analysis of gerotor pumps are presented. In the aim to
determine the maximal stresses, in the second part of the
paper, numerical analysis of contact stresses that are
consequence of torque transmission from driving internal
element to driven external gear is described.
Graphical presentation of contact stresses values
determined by numerical and analytical approach that is
done, is presented in this part of the paper, in order to
evaluate the differences and deviations of those values.
Key words: gerotor pumps, rotational elements, contact
stresses, numerical analysis,

1. INTRODUCTION
Determination of stress-strain state at elements of
mechanical constructions is important step in the process
of constructional optimization, so as improvement of its
safety and reliability. The gears are basic components of
machine systems that safety and reliability highly
dependent of their properties. Utilization of gears with
involute gearing besides significant technical and
economic benefits comes with certain problems
(relatively low load capacity of tooth sides and high
contact stresses) that cause reduction of efficiency.
Simultaneously with development of rotational motors,
development of pumps with trochoidal gearing is done,
based on kinematic principle of planetary mechanisms
known as gerotor.
Application of trochoidal gearing at present constructions
can provide adequate efficiency and exploitation life

altogether with minimal dimensions and weight.
Trochoidal profile of gearing is applied at cyclo reducer
special group of planetary gear transmitters and at large
number of rotational machines with various applications,
such as: rotational pumps, rotational motors, compressors
and blowers.
The numerical analysis of contact stresses at rotational
elements with trochoidal profile of internal gearing by
finite elements method is done in this paper. The
comparison of values determined by numerical method
and analytically assumed is done and evaluated. Also,
dependence of contact stresses at certain gear teeth on
value of rotational angle of external gear.
At the area of research of gerotor pumps, Gamez
presented analysis of geometric and functional properties
of gerotor pumps. By application of modified Colbourne
method he calculates contact stresses upon which he
suggest optimal constructional solution of considered
pump. The verification of results obtained by analytical
approach were done by experimental testing b y
photoelastic method [1, 2]. Ivanović give methodology
for identification of optimal form of trochoidal profile of
tooth gearing at rotational (gerotor) pump, so as develop
analytical method for calculation of maximal contact
stresses at rotational elements of those pumps. The
presented methodology is illustrated at actual pump and
obtained solution is proposed as optimal for considered
exploitation factors [3]. Fabiani with associates presented
modeling and simulation of gerotor pump for lubrication
of internal combustion engine [4].

2. FACTORS FOR NUMERICAL ANALYSIS
THAT ARE ANALYTICALLY
CALCULATED AND ASSUMED
2.1. Calculation of contact point cordinates
As contacts of trochoidal profiles are present at all teeth
simultaneously, it is necessary to determine general
relation for coordinates of points on all gear teeth profiles.
Basic geometrical dimensions and relations that are
involved in calculations are presented at Fig.1.
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Fig.1. Schematic presentation of gear coupling at
trochoidal pump with geometric dimensions [3]
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Where is:
 xfOfyf – fixed coordinate system at the center of
internal gear
 xtOtyt – coordinate system attached to the internal gear,
 xаOаyа – coordinate system attached to the external
gear,
 e – center distance of internal and external gear (pump
eccentricity),
 rc – radius of the equidistant,
 rt – radius of the internal gear pitch circle,
 rа – radius of the external gear pitch circle,
 С – pitch point,
 i – order of contact point,
 δi – involve angle,
 φt – rotation angle of the internal gear about its own
axis,
 φа – rotation angle of the external gear about its own
axis,
 ψ – referent rotation angle and
 d – distance between the generating point D and the
center of the external gear.
On the basis of the geometrical properties presented at
Fig. 1, the general equitation that determine coordinates
of contact point at coupled profiles in coordinate system
of the trochoide [3]:
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Where are:

 rPi – radius vector of contact point with i order,
(t)
– x coordinate of contact point with i order,
 xPi
(t)
– y coordinate of contact point with i order,
 yPi

 z – number of teeth on external gear,
 λ – trochoid coefficient,
 i – order of contact point and
r
 с – equidistant coefficient, ( c= c ).
e

φa, [°]
0
15
25
45
60
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On the basis of the calculated resultant torque by
analytical method - T (torque that is determined as
difference between driving torque and torque of pressure
forces of fluid at external surface of internal gear), the
values presented at Tab. 1 are obtained [3].

3. CALCULATION OF STRESSES BY FINITE
ELEMENT METHOD (FEM)
Finite element method is method of solving engineering
problems and problems of mathematical physics. The
finite element method is used for structural analysis,
contact phenomena, solving of temperature fields, fluid
stream problems and mass transport problems.
Modeling process consists of continuum discretization
(body or structure). Discretized model is formed of finite
elements, related at nodes (linear elements), at common
lines (plain elements) or at common surfaces (3D
elements).
The basic idea of finite elements method application is
verification of analytical method that is designed for
analysis of distribution of contact stresses at gear teeth in
mash. Numerical model, used for research and evaluating
of considered values, is developed according to
assumptions and generalizations that are done on the basis
of theoretical approach.
At the definition of problems that are solved by finite
element method, the following assumptions have to be
done:
 axis of gears are fixed,
 rotations are transmitted from internal to external gear,
 load at present contact line of gear teeth is constant,
 problem is considered as static one,
 physical properties of material are constant,
 thermal effects are not considered and
 friction effect are neglected.
Simulations of load (contact stresses) are done by finite
elements method at gear of gerotor pump type GP-575
(gerotor with trochoide coefficient λ=1.575) and GP-375
(gerotor with trochoide coefficient λ=1.375), presented at
Fig.2.
Software package FEMAP v10.3.0 that is primarily
designed for structural analysis [5].

4. NUMERICAL CALCULATIONS OF
CONTACT STRESSES, ITS
VISUALISATIONS AND EVALUATIONS

Table 1. Adopted values of torque
λ=1.575
Т, [Nm]
0.632
0.290
0.041
0.290
0.632

2.2. Adopted values and calculation of torque

λ=1.375
Т, [Nm]
0.621
0.352
0.059
0.352
0.621

In order to numerical calculation be done, it was
necessary to repeat procedure of structural analysis
several times for different values of lead angle φа.
Analysis is done for different angular positions of external
gear, starting from 0° to 60° (0°, 15°, 25°, 45° and 60°),
due to symmetrical distribution of results regarding to
positions that relate to one rotation of pump mean one

Model GP-575

Model GP-375

Fig.2. Considered pump models
working cycle [5]. The visualization of analyzed model
with equivalent (Von Mises) stresses at position that is
related to angle of rotation of external gear φа=0° for

considered gerotor pumps GP-575 and GP-375 are
presented at Fig.3 and Fig.4, respectively.
On the basis of the numerical calculations and determined

b)

c)

а)

а) contact zone 1,
σmax=43.371 MPa

b) contact zone 2,
σmax=161.464 MPa

c) contact zone 3,
σmax=63.947 MPa

Fig.3. Visualization of contact stresses distribution at different zones at model GP-575 for φа=0° with maximal
values
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b)

c)

а)

а) contact zone 1,
σmax=45.87 MPa

b) contact zone 2,
σmax=136.434 MPa

c) contact zone 3,
σmax=47.118 MPa

Fig.4. Visualization of contact stresses distribution at different zones at model GP-375 for φа=0 with maximal
values
maximal stresses at contact zones of gears in mash of
considered types of gerotor, analysis can be done in order
to light stress states.
Values of maximal stresses at contact zones 1, 2 and 3 are
peak at considered construction, so its calculations and
analysis are of the highest importance to verify

analytically obtained values at those positions.
In order to simplified consideration, the comparative
presentation of distribution and values of maximal
stresses at contact zones of gears, calculated by analytical
and numerical method for considered types of gerotor are
done at Fig.5.

Fig.5. Results of analytical and numerical calculation of maximal stresses in relation to angle of rotation of external
gear
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Presented values of stresses at both considered types of
gerotor, obtained by numerical and analytical method,
have similar trend, so it can be concluded that numerical
model and calculation procedure are adequate. In order
to consider deviation of stress values, obtained
analytically and numerically, comparative analysis based
on values of relative deviation in % calculated by
following relation:

 

  


100 [%],

(2)

Where is:
 ∆σ – relative deviation of considered value,
 σ – higher value of stress (obtained by analytical or
numerical method) and
 σ* - lower value of stresses.
Comparative presentation of relative deviation obtained
by numerical and analytical method, for considered types
of gerotor, GP-575 and GP-375, are given at Fig.6 and
Fig.7, respectively.

Fig.6. Relative percentage deviation of maximal stresses
for different values of rotational angle of external gear in
GP-575 (λ=1.575)

Fig.7. Relative percentage deviation of maximal stresses
for different values of rotational angle of external gear in
GP-375 (λ=1.375)
Relative deviation of maximal stresses, obtained by
analytical and numerical method, at models of considered
types of gerotor with same dimensions of finite elements
for different angles of rotation of external gear, point out
that numerical calculations are reliable for some angles of

rotation (0°, 15°, 45° and 60°). As consequence of
different shape of surface at zone around contact point for
angle of rotation φа=25°, significant deviation is caused.
As value of maximal stresses obtained by numerical
method
have
significant
deviation
only
for
abovementioned angle, it can be concluded that
calculation of stresses by numerical method have slightly
deviation from analytically obtained one, means that
stresses are inside limits.
As relative deviations are
insignificant, results obtained by this method are relevant.
The obtained results by this method verified lower values
of contact stresses by analytical method for gerotor type
GP-375 and can be reliably used for calculation of
stresses at elements with complex geometry.

5. CONCLUSION
On the basis of the analysis and evaluation of the obtained
results the following general conclusions can be done:
 Diagrams of stresses, obtained by analytical and
numerical calculations, have similar trends. This
means that used models for numerical calculations are
relevant, so those models can be used for future
research and analysis in this area for identification of
constructional solution with minimal stresses.
 Values of maximal stresses obtained by numerical
calculations are higher than related values obtained by
analytical calculations.
 Maximal value of stresses act at positions that are
related to angles φа=0° and φа=60°.
On the basis of those conclusions it can be stated that both
analytical and numerical method provides relevant results
for the analysis of stress values sensitivity on variation of
input parameters. The special focus must be put on
problems of motion and position of internal and external
gear in exploitation. Those positions and motions can
cause: wear and failures of elements, reduce its working
life, reliability and so on.
Influences of input parameter variations to maximal
stresses at contact zones are significant. The presented
analysis provides optimizations of constructions and
design of elements shapes. Those optimal constructional
solutions prevent possible failures and wear at elements
during exploitation under maximal working pressure and
critical rotation angles, φа=0° and φа=60°.
Further evaluation of the results and development of
analysis, that are presented in this paper, can be pointed to
variations of parameters, discretization by different type
of finite elements. The analysis of the influence of finite
elements dimensions to calculation results also can be of
future interest. The primary aim is identification of
gerotor design with best exploitation properties. This
identification must be done on the basis of dynamical
analysis, considering friction, wear and fatigue of
material.

ACKNOWLEDGMENT
Research presented in this paper was supported by
Ministry of Education, Science and Technological
Development of Republic of Serbia, Grant TR 35033.
193

REFERENCES
[1] Gamez-Montero, P. J. (2004). Caracterizacion
Fluidodinamica de una Bomba Oleohidraulica de
Engranajes internos generados por Perfiles
Trocoidales, Tesis Doctoral, Universitat Politecnica
de Catalunya, Terrassa
[2] Gamez-Montero, P. J. & Codina Macià, E. (2000).
Fluid Dynamic Behaviour of an Internal Rotary
Pump Generated by Trochoidal Profiles, Proc. of 1st
FPNI-PhD Symposium, pp. 33-47, Hamburg
[3] Ivanović L. (2006). Identification of optimal
trochoidal profile at elements of rotational pump,
Doctoral thesis, University of Kragujevac, Faculty
of Engineering, UDK: 621.833.6:621.664,
Kragujevac
[4] Fabiani, M.; Mancò S.; Nervegna N.; Rundo M.;
Armenio G.; Pachetti C. & Trichilo R. Modelling
and Simulation of Gerotor Gearing in Lubricating
Oil Pumps, In: SAE paper, 99P-464
[5] Rakic, B. (2013). Analysis of contact stresses at
trochoidal gearing of gerotor, Master thesis,
University of Kragujevac, Faculty of Engineering,
Kragujevac,Serbia
[6] Ivanovic, L.,Devedzic, G., Cukovic, S., Miric, N.,
(2012) Modeling of the Meshing of Trochoidal
Profiles With Clearances, Journal of Mechanical
Design, Vol.134, No.4, pp. 041003-1 / 041003-9,
ISSN 1050-0472, Doi 10.1115/1.4005621
[7] Ivanović, L., Devedžić, G., Mirić, N., Ćukovic, S.,
(2010) Analysis of forces and moments in the
gerotor pumps, Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science, Vol.1, No.1, pp.
1-13,
ISSN
0954-4062,
Doi
10.1243/09544062JMES2041

194

[8] Ivanović, L., Josifović, D., Ilić, A. (2012) Modelling
of trochoidal gearing at the gerotor pump, POWER
TRANSMISSIONS 4th International Conference on
Power Transmissions, Sinaia, ROMANIA, pp. 553562, ISBN 978-94-007-6557-3

CORRESPONDENCE
Lozica IVANOVIĆ, Assoc. prof. Ph.D.
University of Kragujevac
Faculty of Engineering
Sestre Janjić 6,
34000 Kragujevac, Serbia
lozica@kg.ac.rs
Boris RAKIĆ, Ph.D. student
University of Kragujevac
Faculty of Engineering
Sestre Janjić 6,
34000 Kragujevac, Serbia
borismfkg@gmail.com
Danica JOSIFOVIĆ, Full Prof Ph.D.
University of Kragujevac
Faculty of Engineering
Sestre Janjić 6,
34000 Kragujevac, Serbia
danaj@kg.ac.rs
Andreja ILIĆ, Ph.D. student
University of Kragujevac
Faculty of Engineering
Sestre Janjić 6,
34000 Kragujevac, Serbia
gilic9@sbb.rs

ANALYSIS OF THE DEPENDANCE OF
SHAFT SAFETY FACTOR ON
SURFACE HARDENING FACTOR Kv
FOR THE CRITICAL SECTION WHERE
THE SHAFT CHANGES DIAMETER

Fig.1. Nominal stress in the cross section
of the shaft [5]
This paper will consider the dynamic safety factor only.
The figure 2. shows a flow diagram of calculation of
dynamic shaft safety factor SD.

Aleksija DJURIC
Biljana MARKOVIC
Srđan PELKIC
Abstract:
This paper presents the results of the study on the
dependence of the shaft safety factor for the critical
section where the shaft changes diameter. This critical
section is common for most shafts that are often
encountered in mechanical engineering, and it is known
as a major source of stress concentration. The aim of this
paper is to present the results of the dependence of the
shaft safety factor Kv, as well as to test its affect on the
amplitude of the fatigue strength of the mechanical part
for the said critical section. The results are shown in the
diagram, and the dependence in some cases is significant
and very stochastic.
Key words: shaft safety factor, change of shaft diameter,
surface hardening factor

1. INTRODUCTION
Shafts, as carriers of mechanical parts, are commonly
calculated in accordance with the criteria of hardness and
endurance. The calculation procedure was defined 14
years ago by DIN 743 standard. This standard defines
procedures for calculation of dynamic and static shaft
safety factor . The standard DIN 743 has been prepared
by the German Institute for Standardization and Institute
for Machine Elements and Machine Design of the
Technical University of Dresden. [1]-[3].
The shafts are usually loaded with the alternate change of
bending moment and torsional moment (figure 1). It
means that the amplitude of the bending moment is equal
to the total value of the bending moment, while the mean
value of the bending moment is equal to zero. On the
other hand, the amplitude of the torsional moment is equal
to the mean value of the torsional moment, and these two
values are equal to the half torque on the shaft [4].

Fig.2. The flow diagram of calculation of dynamic shaft
safety factor SD[1]
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Where:
 K1 -is a technological factor of the influence delivered
by the size (according to (12)÷(15) DIN 743-2);
 Kσ,τ - is a factor of the surface roughness for
normal/tangential stresses (according to Figure B.1
DIN 743-1).
Fatigue strength of a mechanical part implies permanent
endurance of a provisionally shaped mechanical part,
including all influential parameters. In order to determine
the fatigue strength of an actual mechanical part, it is
necessary to correct the values of the fatigue strength
resulted from the testing of polished specimen with the
influential factors in accordance with DIN 743.
Of course, the fatigue strength of a mechanical part is
influenced by the complex stresses followed by the
overlap of normal and tangential stresses. [6].
Surface hardening factor Kv of the shaft depends on the
method of surface hardening ( hardening, rolling, shot
peening, pressing..) on which the safety factor is tested,
but primarily, the surface hardening factor depends on
the depth of the surface hardening. The surface hardening
enables the induced compressive stresses in the surface
layers of the parts to increase the fatigue strength of parts.
The influence depends on the depth of hardening,
hardened layer, so, for the parts of diameter over 25 mm
this factor rapidly decreases. The influence is bigger on
the the notched parts ( fatigue notch), than on the unnotched parts. The surface can be hardened by chemicalthermal treatments, mechanical and heat treatments in
order to increase the load capacity of the part, and/or
increase of fatigue strength [6].
The value of Kv factor for the previously mentioned
hardening methods can be read in the standard DIN 7432, Table 4. When reading the Kv factor, besides the
hardening method, it is necessary to know on which
diameter the safety factor S is tested, whether the
effective stress concentration factor βσ,τ has resulted from
an experiment or geometric stress concentration factor α
The values given in the DIN table for the shafts with
fatigue notches are applicable only when βσ,τ>Kv.
Also, it is known that Kv=1, for the shafts without and
with small fatigue notches, for diameter d>40 mm, while
for the shafts with fatigue notches applies:
for 40 mm < d < 250 mm, Kv=1,1;
for d>250 mm, Kv=1.

2. TEST METHODS FOR THE DEPENDENCE
OF SHAFT SAFETY FACTOR S
The Standard DIN 743 defines a unique procedure for the
calculation of the shaft load capacity which is possible to
develop in Microsoft Office Excel. Such developed
calculating procedure enables quick test of the safety
factor on the input data the dependence [7].
The sketch of the critical section where the shaft changes
diameter is given in the figure 3.
For the study of the said dependence, the input data have
been defined as follows:
 Average roughness height Rz=16 µm;
 Shaft diameters in range: 10 mm to 40 mm;
 t= 1; 1,5; 2,5; 5; 7 i 10;
 r=0,3; 0,6; 1; 1,5; 2; i 3;
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 Shaft materials: E295, E350, C10E, 20MnCr5, C45,
34CrMo4;
 Shaft loads are random samples in range: 1 Nm to 100
Nm

Fig.3. The sketch of the critical section where the shaft
changes diameter [8]
Theoretically, the values of Kv factor for stress
concentration in the areas where the shaft changes
diameter can be within the following limits (based on
DIN 743-2, Table 4.), [2]:
 For shaft diameter 10 mm to 25 mm, factor value is
Kv=1,1 ... 2,5;
 For shaft diameter 25 mm to 40 mm, factor value is
Kv=1,1 ... 1,8;
 For shaft diameter larger than 40 mm, Kv=1,1.
The dependence of the shaft safety factor S on the surface
hardening factor Kv can be illustrated in a diagram with
the additional change of only one input data, while the
other input data have to remain constant. The input data
are mostly chosen for the shafts commonly used in
practice, although, there are certain values which are only
theoretical (e.g. Kv=2,5, according to DIN, this value
hasn't been experimentally confirmed).
It should be noticed that the dependence mentioned in this
paper is expressed in percentage using the formula (1).
The dependence is based on the comparison of the safety
factor value for Kv=1,1 ... 2,5, and/or, the surface
hardening value, in relation to the values of the safety
factor for Kv=1, and/or, without surface hardening.
(1)
The mentioned dependence shall be tested only when the
shaft safety factor S is higher than the minimal required
safety Smin, S>Smin. According to the standard DIN 743,
Smin has to be at least 1.2. (Smin=1,25).
In terms of usage of scientific and research methods, the
basic methods for analysis, abstraction and synthesis have
been used in this paper, so as the general modeling
method by which the shaft calculation according to DIN
743 has been developed to a realistic model in Office
Excel.

3. RESULTS AND DISCUSSION
In respect to the fact that a similar study has been carried
out for the shaft critical sections which represent the
source of stress concentration, such as the keyway, and
duct fuse [2], similar result are expected in reference to
the noticing of significant dependence of the shaft safety
factor S on the surface hardening factor Kv.

keyway, and duct fuse, is the fact that the dependence was
perfectly linear and it was not affected by the change of
shaft diameter and shaft material, nor change of load.
With the increasing of the Kv for 0,1, the safety factor
also increased for 10%.
The diagram of the dependence of the shaft safety factor S
on the surface hardening factor Kv, for shaft diameters
ranging from 10 mm to 25 mm, is given in the figure 4.
The dependence was tested for the constant input data , as
follows:
 Shaft material E295;
 t=2,5;
 r=2;
 load Mba=12000 Nmm, Mbm=0 Nmm;
 Ta=Tm=6000 Nmm.

Fig.4. The diagram of the dependence of the shaft safety
factor S on the surface hardening factor Kv, for shaft
diameters ranging from 10 mm to 25 mm

Fig.6. The diagram of the dependence of the shaft safety
factor S on the Kv factor, for shaft diameters ranging
from 25 mm to 50 mm
The previous diagram shows the approximate linear
dependence of the shaft safety factor S on the Kv, as well
as that the dependence is not affected by the diameter
change for the range of the shaft diameter in question.
The Figure 7. illustrates the diagram of the dependence of
the shaft safety factor S on the Kv factor, for change (
increase) of t from 1 to 10, and shaft diameter 20 mm.
Other input data are identical as in the previous cases. It is
known that with the increasing difference between the
larger and smaller shaft diameter, and/or, with the
increasing t, the shaft safety factor S decreases. But, the
following diagram shows that the dependence of the
safety factor on Kv increases with the increasing t for the
higher values of Kv, in this case, above 1,7.

The other type of diagram, with the sama data, is shown
in the figure 5 for the better visibility and easier reading
of the results.

Fig.5. A diagram of the dependence of the shaft safety
factor S on the Kv factor, for shaft diameters ranging
from 10 mm to 25 mm
The two diagrams show a significant dependence of the
shaft safety factor S on the Kv factor (for some theoretical
values, the safety factor S is increased for 115%). The
diagrams also show that in the areas of lower Kv values,
the dependence is almost linear and independent of the
diameter change, which is not the case in the areas of
higher values of Kv factor (approximately above 1,5).
The diagram of the dependence of the shaft safety factor S
on the values of Kv factor, for the shaft diameters ranging
from 25 mm to 40 mm is shown in the figure 6. The other
input data are the same as in the previous case.

Fig.7. The diagram of the dependence of the shaft safety
factor S on the Kv factor, with change of t, for shaft
diameter 20 mm
Roundness radius, and/or, transition radius on the shaft is
very important shaft characteristic and its value mostly
depends on the mounting dimensions of the parts which
are installed on the shaft. The standard values of the
radius are previously stated. The figure 8. demonstrates
the dependence of the Kv factor on the roundness radius
for the shaft diameter 25 mm and t=5. Other input data
are identical as in the previous cases.
Based on all these diagrams, it can be concluded that the
geometry of the critical section where the shaft changes
diameter affects the dependence of the shaft safety factor
S on the Kv factor in the areas of higher values of this
factor only (approximately above 1,5).
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Fig.8. The diagram of the dependence of the shaft safety
factor S on the Kv factor, for change of radius r, shaft
diameter 25 mm
It is well-known that the shafts are manufactured from
engineering steels, heat treatment steels, and that the
steels with better mechanical properties result with having
higher safety factors. However, the study carried out
within the scope of this paper, in relation to the test of the
dependence of the shaft safety factor S on the Kv factor,
including the change of material used for the shaft
manufacture, demonstrates that the material properties do
not affect the dependence in question. The table 1. shows
the average percentage increase of the shaft safety factor
S with the increasing Kv factor for the materials listed in
the paragraph 2. and the figure 9. demonstrates the
dependence of the Kv factor on materials, for the
following input data:
 Shaft diameter d=20;
 t=2,5;
 r=2;
 load identical as in the previous cases
Table 1. Average increase of the shaft safety factor S with
the increasing Kv factor for various materials
Kv
S [%]

1,1
9

1,4
35

1,6
51,5

1,8
67

2
82

2,2
96

2,4
108,7

2,5
115

This study showed that the change of load value mostly
affects the dependence of the shaft safety factor S on the
surface hardening factor Kv. The Figure 10. presents a
diagram of the dependence of the shaft safety factor S on
the Kv factor for the following input data :
 Shaft diameter d=20 mm;
 t=2,5;
 r=2;
 Shaft material E295
 Mba=Ta=Tm=15000 Nmm; Mbm=0 Nmm;
 Mba=Mbm=0; Ta=Tm=6000 Nmm;
 Mba=15000 Nmm; Mbm=0; Ta=Tm=0
From the previous diagram it can be noticed that the shaft
safety factor S can increase to 150 % when the the
torsional moment is equal to zero, and/or, when the shaft
is loaded with the bending moment only.
198

Fig.9. The diagram of the dependence of the shaft safety
factor S on the Kv factor, for materials listed in the
paragraph 2.

Fig.10. The diagram of the dependence of the shaft safety
factor S on the Kv factor, for loads M=T; M=0; T=0
Other studies in this area indicate that the dependence will
not increase with the increasing bending moment.
The other type of diagram, with the sama data, is shown
in the figure 11 for the better visibility and easier reading
of the results.

Fig.11. The diagram of the dependence of the shaft safety
factor S on the Kv factor, for loads M=T; M=0; T=0

The diagram in the figure 12. illustrates how the change
of the shaft loads affects the dependence of the shaft
safety factor S on the Kv factor.
The diagram in the figure 12. explicitly shows that with
the increasing torsional moment T in relation to the
bending moment M, the dependence of the shaft safety
factor S on the Kv factor decreases. Also, with the
increasing bending moment M in relation to the torsional
moment T, the dependence increases.
As well, it can be noticed that with the double increase or
double decrease of both moments, the dependence
remains unchanged.

the shaft safety factor are some of dilemmas the designers
face with and where the study results might be helpful.
The available working conditions have to be taken into
consideration from the economical aspect, and/or, what
kind of materials the designer has at his disposal and
which technological procedures he can use.
The primary reason would be the fact that the price of the
shaft depends on the manufacturing process, and/or, the
procedure for the machining of the shaft, and less on the
choice of the material. Hence, the price of the shaft can be
reduced if there are less surfaces which require surface
finish, or in case of lower quality of tolerance which does
not endanger the operational safety and reliability of the
shaft, and/or, if the functional requirements have been met
with the minimum price [6].
Similar study of the dependence of the shaft safety factor
S on the quality of the machined surface for the critical
sections has already been published [10].
Further studies in this field of work, and/or, studies of the
affect of the other influential factors, shall be directed
towards the study of the affect of the technological and
geometrical size factor.
The method for the determination of the Kv factor values,
as well as, the method for the shaft surface hardening
haven’t been considered in this paper since they were
defined in the standard.
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2. DEFINITIONS FOR BALL BEARING
RADIAL STIFFNESS

CALCULATION OF RADIAL STIFFNESS
FOR SINGLE-ROW BALL BEARING
WITH FINITE ELEMENT ANALYSIS
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Radivoje MITROVIC
Sonja STEFANOVIC
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Žarko MIŠKOVIĆ
Abstract: In this paper the radial stiffness for single-row
ball bearing is research. The radial stiffness participates
in the nonlinear behavior of the ball bearing and the
machine equipment, so the precise determination of this
value is very important.
The theoretical consideration of the ball bearing radial
stiffness is used for the construction of experimental
device for the measurement of deformations necessary for
radial stiffness calculation. The experiment is performed
for one particular type of single-row ball bearing with
radial contact. The obtained analytical and experimental
results are used for verification of the Finite Element
Model developed for numerical calculation of the radial
stiffness for the same ball bearing type and the same load
conditions.
Key words: ball bearing, stiffness, contact, Finite Element
Analysis

Deformation characteristics of rolling bearing depend
upon elastic properties of material, geometry of bearing
parts, character and intensity of external load, total
number of rolling elements and other factors. These
characteristics of bearing can be described by bearing
stiffness, [1, 2].
Stiffness of machine elements is ability of opposing
elastic deformation under the effect of external load and
its assessment is the most important in analysis of static
and dynamic deformations of the whole system.
Bearing’s stiffness in work conditions is not the constant
value, as it is provided by standards. It depends on
volumetric and contact stiffness of the rolling elements
and bearing rings. Volumetric stiffness depends on
geometrical characteristics of contact surfaces of rolling
bearings parts and elastic properties of a material. Contact
stiffness, except given characteristics, depends on the load
[1, 2, 3]. One of the main causes for changing of bearing
stiffness is changing of intensity and direction of contact
forces and contact deformations between rolling elements
and bearing’s rings during their work. The point of
contact between bearing’s rings and rolling elements is
moved with changing of rolling elements position and
rings rotation too. Furthermore, load distribution between
rolling elements and intensity and direction of contact
forces and contact deformations between bearing’s rings
and rolling elements are changed also, and produces
bearing stiffness changing.
During bearings work the elastic deformation that can be
described with Hertz’s theory appear in contact of final
number of rolling elements with bearing rings as result of
the contact load. Hertz created solutions for two spherical
bodies in contact loaded by force F where the elastic
deformation occurs, [4]. In rolling bearing, rolling
elements touch outer and inner race at the same time, so
that the total elastic contact deformation is obtained as
sum of contact deformations which occur between rolling
elements in contact.
Hence, based on the elastic deformations that appear in
bearing elements contact (H.R.El-Sayed), for bearing
without internal clearance, shaft axis will move to

 r  i  o

1. INTRODUCTION
With expanding applications of rolling bearings, its
technical requirements are increased also. Beside high
accuracy of rotation and work at high speeds, bearings
demand longer service life and compact construction and
decreasing of noise and vibration what have been
generated by their work.
Demands of considerations factors that have influence on
correct and reliable work of bearings has appeared as
result of wide use in almost all types of rotating machines.
The correlation between analytical, experimental and
numerical determination of the radial stiffness and load
distribution on rolling elements, that depend on the
internal radial clearance of rolling bearings is presented in
this paper.

(1)

where:
δi - the elastic contact deformation between the most
loaded rolling element and inner raceway,
δo - the elastic contact deformation between the most
loaded rolling element and outer raceway
Contact deformation δr is result of acting of the outer load
Fr, and then the radial stiffness of a bearing is:
Cr 

Fr

r

(2)

Under acting outer radial force, largest displacements in
bearing are in radial direction. Also, radial displacement
bearing axis is proportional to total elastic contact
deformation on the place of the most loaded rolling
element in direction of external radial force.
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On the base of expression for single-row radial ball
bearing developed in [1, 2]:
F 
Fi max  Fo  C  03 2  k  r 
(3)
 z 
the relation between external radial forces and
corresponding radial displacement of bearing axis is
obtained by following expression:

C z
Fr      r 3 2
 k 

(4)

By differencing of last expression it can be obtained
expression for radial stiffness of single-row radial ball
bearing in function of geometry and bearing parts material
and outer load distribution:
Cr 

dFr 3  C z 

d  r 2  k 

23

Fr1 3

(5)

where:
Cδ- constant, dependent from the bearing internal
geometry, module of elasticity and Poissons factor of
material bearing parts,
z- total number of rolling element in the bearing,
k – factor of load distribution,
Fr - outer radial load.
Radial stiffness of rolling bearings is progressive
considering character of changing value of elastic
displacement of bearing axis under the influence of
external load, as shown in Figure 1.

Fig.1. Shape of the radial stiffness function

F 
Fo  4,37  r 
 z 

(7)

Then, the expression for radial stiffness of single-row ball
bearing with radial contact and without radial clearance
has the following form:
23

Cr  1,19 z Dk1 3 Fr1 3

(8)

where:
Cr - stiffness,
DK - ball diameter,
Fr - external radial load.

3. ANALITICAL AND EXPERIMENTAL
RESULTS FOR RADIAL STIFFNESS OF
BALL BEARING 6206
3.1. Analytical results
Based on expression (5) и (8) for single-row ball bearing
with radial contact and without radial clearance,
calculation of radial stiffness for ball bearing type 6206
has been conducted.
With respect on character of elastic contact deformations
changing under external radial load and proportionality
between radial displacement of bearing axis and the
biggest contact deformations, it is clear that value of total
radial displacement of bearing axis depends on character
of radial stiffness changing.
With increasing of external radial force, total radial
displacement of bearing axis will be decreasing, as the
result of radial stiffness of bearing parts increasing.
No uniform distribution of external load on balls in
contact is defined by the factor k and depends on total
number of balls and size of internal radial clearance.
The real factor of no uniform external load distribution k
expresses the influence of radial clearance on radial
stiffness value. The Fig. 2 shows that with increasing of
radial clearance е (factor of no uniform external load
distribution k), radial stiffness is reduced, and radial
displacement of bearing axis is increased under external
load.

Increasing of real contact surface with contact strain
increasing has influence on contact stiffness increasing.
While volumetric stiffness of mechanical parts and
assemblies directly depends on geometric characteristics
and material, contact stiffness which occurred when
contact exists depends on deformations (load), geometry
and elastic properties of material elements in contact.
Therefore, it has the main influence on nonlinear behavior
of ball bearings as a part of machine assemblies.
Based on Stribeck-Palmgren equation [5], total radial
displacement of bearing axis is given with following
expresion:

 r  1, 26

Fr 2 3
23

z Dk1 3

(6)

where the connection between force on the place of the
most loaded ball and external radial load is given with
following expression:
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Fig.2. Bearing radial stiffness in function of the value of
internal radial clearance and loads
The ball bearing radial stiffness depends from internal
bearing geometry and also from bearing type and

measurement series. Therefore, for given shaft diameter
and given external load, with changing bearings
measurement series, characteristic of stiffness is
changing, too.

3.2. Experimental results
Experimental determination of bearing radial stiffness
was performed on device which is adapted to the easy
installation on vertical pulsator SCHENCK PVQ 0082,
with load in range of zero to 10000 N, shown in Fig.3 and
Fig.4, [6]. Test samples are single-row ball bearings 6206,
which are divided in two groups, bearings with clearance
е=15μm and е=20μm.

increase of external load the difference as compared to
theoretical values of the results is increased also. It can be
seen that contact deformation of rolling elements in start
point of contact is higher than the theoretical value for
large external loads.
analytical calculation
experiment - specimen 1
experiment - specimen 2

Fig.5. Changing of the total contact deformation of
bearing parts in start point of contact on the most loaded
ball with external load variation, bearing 6206 with
internal radial clearance е=20μm
With analyzing the Fig. 6 it can be concluded that with
increase of external load, the most loaded ball carries the
bigger part of the load than it was obtained analytically.
Hence, for given bearing, the situation is worse than it
was expected theoretically. It is result of larger contact
deformations that have occurred in start point of rolling
elements contact.

Fig.3. Experimental device with acquisition system

analytical calculation
experiment - specimen 1
experiment - specimen 2

Fig.4. Experimental device with installed a ball bearing
specimen
Results are written in form of diagram of displacement
changing with force changing. Based on known size of
diagrams values of force - displacement of characteristic
points which were determined analytically it was easy to
compare the results. Based on analytical expressions, a
detailed analysis of the experimental data is conducted.
In Fig. 5, Fig.6 and Fig.7 a comparative review of
analytical and experimental solutions are shown. With

Fig.6. Changing of the redial load on the most loaded
ball with external load variation, bearing 6206 with
internal radial clearance е=20μm
In Fig. 7 dependence of radial stiffness from bearing
versus load for bearing 6206 with internal radial clearance
е=20μm is shown. The largest difference between
theoretical and experimental solutions is 13.6%. This
gives that radial stiffness in higher outer load zone is
bigger than theoretical value, which is result of larger
contact deformations that have occurred at start point of
rolling elements bearings contact. In zone of outer load up
to 7000 N, differences in solutions are less than 10%.
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used for comparation with analytical and experimental
results and for the verification of FEA. Fig. 12 shows the
reading of the value of total contact deformation of
bearing parts in start point of contact on the most loaded
ball 0, for bearing 6206 with internal radial clearance
е=20μm and Fr=4000 N.
analytical calculation
experiment - specimen 1
experiment - specimen 2

Fig.7. Changing of the radial stiffness with external load
variation, bearing 6206 with internal radial clearance
е=20μm

4. FINITE ELEMENT ANALYSIS FOR
DETERMINATION OF RADIAL
STIFFNESS OF BALL BEARING 6206
For the Finite Element Analysis of the stress and
deformation of the single-row ball bearing type 6206 the
software Ansys is used. 2D finite element model is
developed and shown in Fig.8 for the case of internal
radial clearance е=20μm. For ball bearing modeling the
solid 2D elements with four nodes are used and for
contact between balls and bearing rings the symmetric
flexible contact behavior is modeled. The external load is
defined in the center of shaft which is in contact with
inner ring of the bearing. The Finite Element Analysis is
performed for the external load of 1000N, 2000 N, 4000 N
and 5000 N .

Fig.9. Results of Finite Element Analysis for equivalent
deformations, for bearing 6206 with internal radial
clearance е=20μm and Fr=4000 N

Fig.10. Results of Finite Element Analysis for
deformations in radial direction, for bearing 6206 with
internal radial clearance е=20μm and Fr=4000 N

Fig.8. Finite Element Model for bearing 6206 with
internal radial clearance е=20μm
Results of Finite Element Analysis for equivalent
deformations, for bearing 6206 with internal radial
clearance е=20μm and Fr=4000 N are shown with contour
plot in Fig.9, and the results of Finite Element Analysis
for deformations in radial direction are shown in Fig.10.
For calculation of numerical results for the radial stiffness
for analyzed cases of ball bearing, the value of total radial
displacement of bearing in radial direction r is used. Fig.
11 shows the reading of the value of total radial
displacement of bearing in radial direction r, for bearing
6206 with internal radial clearance е=20μm and Fr=4000
N. Also, the value of total contact deformation of bearing
parts in start point of contact on the most loaded ball 0 is
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Fig.11. The Finite Element Analysis result for the value of
total radial displacement of bearing in radial direction r,
for bearing 6206 with internal radial clearance е=20μm
and Fr=4000 N

Fig.12. The Finite Element Analysis result for the value of
total contact deformation of bearing parts in start point
of contact on the most loaded ball 0, for bearing 6206
with internal radial clearance е=20μm and Fr=4000 N
The FEA results for the changing of the total contact
deformation of bearing parts in start point of contact on
the most loaded ball with external load variation from
1000 N to 5000 N, for bearing 6206 with internal radial
clearance е=20μm is shown in Fig. 13. The FEA results
for the changing of the radial load on the most loaded ball
with external load variation from 1000 N to 5000 N, for
bearing 6206 with internal radial clearance е=20μm is
shown in Fig. 14 and the FEA results for the changing of
the radial stiffness with external load variation from 1000
N to 5000 N, for the same bearing case is shown in Fig.
15.
The results obtained with FEA shown in Fig.13, Fig.14
and Fig.15 are comparing with results obtained for the
same bearing case by analytical calculation and
experiment (Fig. 5, Fig. 6 and Fig.7). Very good
superposition of results is obtained. In this way the
verification of Finite Element Model is performed.

Fig.14. FEA results for the changing of the radial load on
the most loaded ball with external load variation, bearing
6206 with internal radial clearance е=20μm

Fig.15. FEA results for the changing of the radial
stiffness with external load variation, bearing 6206 with
internal radial clearance е=20μm

5. CONCLUSIONS

Fig.13. FEA results for the changing of the total contact
deformation of bearing parts in start point of contact on
the most loaded ball with external load variation, bearing
6206 with internal radial clearance е=20μm

The radial stiffness of single-row ball bearing is very
important value because participates in the nonlinear
behavior of the ball bearing and the machine equipment
which the part is.
The experimental determination of the radial stiffness is
performed for one type of single-row ball bearing with
radial contact. The results of experiment give excellent
superposition with analytical results. So, obtained
diagrams are used for verification of the Finite Element
Model developed for numerical calculation of the radial
stiffness for the same ball bearing type and the same load
conditions. The verified Finite Element Model could be
performed for any single-row ball bearing type for
obtaining the radial stiffness that is required for dynamic
analysis of machine equipment with single-row radial ball
bearings.
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small concrete mixers are manufactured in large
production series and they have large application, not just
only in individual construction. Electric motors of power
0.5 kW are usually used for driving these concrete mixers.
The reason for this is not that the mixers need so much
driving power, but they are usually used at construction
outside the villages where the mains voltage is lower, and
it is required to use motors of higher power [2].
Mechanical energy is transferred from electric motor,
through the V-belt, to the open bevel gear pair, which
rotates drum of mixer (Fig.1,a).

POSSIBILITIES OF INCREASING
EFFICIENCY OF MECHANICAL
TRANSMISSIONS
Siniša KUZMANOVIĆ
Milan RACKOV
Ivan KNEŽEVIĆ
Klara RAFA
Milan TICA
Abstract: Since the savings and rational use of energy
present high interest in all areas of life, this paper
presents a proposal of energy saving in a few different
examples. There are certain possibilities of saving energy
in the rational driving solution, the adequate choice of
gearing transmission, in the reducing number of gear
pairs, etc. The paper includes analysis of mechanical
energy transfer in small concrete mixers, irrigation
system and wind generator, and the proposal of energy
savings.
Key words: increasing efficiency, energy savings

1. INTRODUCTION
High price and shortage of electrical power, as also as
intensive environmental pollution, resulting in the
production of electricity, are constant cause of finding a
rational way of its utilization. In the frame of mechanical
transmissions special attention is paid to this problem.
Since mechanical transmissions are very exploited, there
are large possibilities for saving energy in the frame of
them, nevertheless mechanical transmissions are highly
improved and they operates with high efficiency, so there
is small space for their further efficiency increasing. [1]
However, there is a great possibility of saving energy
using more rational solution of the driving mechanism,
the choosing more adequate gear transmission, reducing
the number of gear pairs, etc. Special attention for this
problem will be analyzed in this paper.

2. ANALYSING THE PROBLEM
2.1. Mechanism of Concrete Mixer
On example of small concrete mixer, it will try to explain
the way how to approach the problem. It is known that

a)

b)
Fig.1. The classic solution of concrete mixers (a) and
the proposed solution (b)
With the classic solution of concrete mixer, it is not
secured correct meshing of teeth of bevel gears. Also,
quality fitting of flank surfaces of gear teeth cannot be
achieved. The bevel gear pair cannot be lubricated well,
and filth and dirt can easily access to the site of teeth
contact.
Therefore, it certainly operates with smaller efficiency:

   d  z

(1)

where:
ηd - efficiency of V-belt (about 0.99),
ηz - efficiency of bevel gear pair (approximately about
0.98, but in this case certainly below 0.9).
If rational drive solution is chosen certain savings of cost
could be achieved. Considering the large number of
exploited mixers, it is possible to obtain significant effect,
but not only financial. Since concrete mixers are produced
in large series, instead of the standard single-phase IEC
electric motors, special (shorter and wider) electric motor
could be used. That special motor should have smaller
power (since the power losses are smaller in the gear unit),
and it will be directly connected with special gear reducer,
for example with special cycloid reducer (Fig.1,b). With
this approach, additional more rational energy consumption
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and increase of the structure compactness would be
improved [3]. This will enable more rational use of
working space during the exploitation, transport and
storage, and also will influence on reducing the masses,
which will further enable easier manipulation with mixer
during the exploitation and transport. Certainly, application
of special gear unit will influence the production costs, i.e.
the price of concrete mixers, but not in that proportion that
the procedure is not efficient. Special gear unit could be
manufactured in a large extent from steel plate, by deep
drawing, which, in large series quantities in which they are
made mixers, could affect the minimal increase in cost of
reducer. Furthermore, the use of smaller, and therefore
cheaper electric motor, reduces manufacturing costs of the
concrete mixer.
Efficiency coefficient of concrete mixer driving unit is in
this case is as following:

  z



 w1  w2

(4)

2

i.e. for ηw1 = ηw2 = 0.8 degree of efficiency is η = 0.32
which is very low efficiency.

a)

(2)

where:
ηz – efficiency of special gear unit (approximately 0.98).
Furthermore, the noise, generated by mixer, would be
reduced using this solution of driving mechanism. It is
very important not only for better working conditions for
direct workers, but also for the residents of the
surrounding buildings and people who passing by.
According to this solution of mechanism, concrete mixer
could be disassembled, which will further contribute to an
easier transport and storage.
The only problem for this solution is, perhaps, it is not
possible to occur slippage in case of mixer overloading,
since application of V-belt is avoided. However, slippage
is important only in extremely rare cases, when overload
occurs or during workers inattention, so this new solution
should not be a problem [3]. If there is a need for slippage
in order to prevent any accidents, giving the fact that the
revolving drum rotates very slowly (about 28 min-1), the
workers can still react and avoid incident. The advantages
obtained by using this solution certainly defeat all his
shortages, so that the implementation of this solution is
more than justified.

2.2. Mechanism of Irrigation System
As a second example it could be analyzed driving
mechanism for irrigation system movable in the field
(Fig.2).
Mechanical energy is transferred from the motor, through
spur gear unit, till two worm gear reducers, which drives
the wheels of the system [4]. Required power of motor is
calculated according to formula:
P
P  1
2 Pd
Pem   d  d  

  w1  w1   w 2  w1  w 2

(3)

where:
Pd - required power of driving wheels,
ηw1 - efficiency of worm gear unit till driving wheel
(approximately 0.8),
ηw2 - efficiency of worm gear unit till electric motor
(approximately 0.8).
Which implies that the degree of efficiency (in this case) is:
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b)
Fig.2. Schematic view of the pillar driving mechanism in
the irrigation system (solution Valmont)
The worm gears (Fig.2,a) are applied because of their
compact solution and the need to bring mechanical energy
to the driving wheels. Also, they can provide self locking
system, and it is very important since there is possibility
of uncontrolled movement of the irrigation system when
the system is working on sloping area. It is known that the
worm gears are working with huge losses. However, their
using is very rare and system operates with worm gears
only few months during the year, so until now those
losses have not been taken as a bigger problem. But, that
case can not be study in such way. Having in mind that
the average loss per worm pair is about 20% and that it is
possible one system can contain up to ten pillars, the
problem becomes significant [4]. It’s certainly important
since the system uses autonomous energy sources, i.e.
higher (stronger) generator and internal combustion
engines. Considering the number of the irrigation systems
used in the world, the problem becomes very significant.
Of course, worm gears in the pillar can not be all
replaced, since it is necessary to provide some locking the
system [5]. Especially for flat terrain, the worm gear pair
installed after electric motor can be replaced by helical
gear reducer (Fig.2,b), and in that case it is possible to
achieve power savings of around 20%:
P
P 
2 Pd
1
Pem   d  d  

  w1  w1   z1  z 2  w1  z1  z 2

(5)

where:
Pd - required power on the drive wheels,
ηw1 - efficiencies of worm gear pair beside driving wheel
(about 0.8),
ηz1, ηz2 - efficiencies of helical gear pair in the frame of
gear transmission to the electric motor (about 0.98).

This implies that the degree of efficiency (in this case)
can be calculated:



 w1  z1  z 2

(6)

2

number of moving parts, the direct drive wind turbines are
easy to maintain and extremely reliable. The compact
design allows for cost-effective transportation on standard
vehicles in most markets [9].

i.e. for ηw1 = 0.8 and ηz1 = ηz2 = 0.98 efficiency degree of
whole transmission is η = 0.384, which is about 20%
higher then efficiency of current solution.
Having in mind that in the system can have multiple
pillars, the required power of generator is
PG  z 

Pem

(7)

em

where:
z - the number of pillars in the system (from 5 to 10 or
more),
Pem - required power of electric motor,
ηem - efficiency of electric motor (about 0.8).
Generator produces electricity for electric motors, and it
is driven by the internal combustion engine. Required
power of internal combustion engines is calculated from
the following condition:
PICE 

PG

(8)

G

where:
PG - required power of generator,
ηG - efficiency of generator.

2.3. Mechanism of Wind Turbine
As the third example it is given rational solution of
transfer of mechanical energy in the frame of wind
turbine (Fig.3,a).

Fig.4. Schematic view of Siemens direct drive wind
turbine [9]
The generator power is calculated:
PG 

PT

M

where:
PТ - power of wind generator turbine,
ηM - efficiency of multiplier.
It follows that certain transmission losses constantly
appear. When turbine and generator are directly
connected, i.e. when multiplier is not used, power losses
in the multiplier are avoided, which is certainly a great
advantage of this solution.
PG = PT

generator

multiplier
a)

generator

(9)

(10)

where:
PТ - power of wind generator turbine.
Applying this solution, it can be achieved energy savings
of about 4%, which is typically for amount of losses in a
two-stage gear unit.

3. CONCLUSION
b)
Fig.3. Schematic view of classical (a) and modern (b)
drive solution for wind turbines
No matter of high efficiency of the multiplier and
considering the long life of system driving and power that
modern wind turbines have, these systems can
significantly increase the efficiency if the multiplier is
abandoned [6,7,8].
Eliminating the gearbox (Fig.3,b), Siemens manufacturer
reduces complexity and increases efficiency, reliability
and profitability [9]. Siemens has opted for a permanent
magnet generator for improved efficiency. Unlike an
electrically excited machine with a gearbox, a permanent
magnet excited machine does not expend any energy on
the excitation itself (Fig.4). With half the parts of
conventional geared turbines and much less than half the

This paper gives an overview of the increase in efficiency
of mechanical gear units represented on a couple of
typical machines without getting in detail defining the
effects of these interventions. The paper is written in
order to stimulate wider technical audience to actively
deal with this issue considering significant effects that can
be achieved in this field. This work is the result of the
project (project name) implemented with the aim of
finding opportunities of rational production of electricity
and its rational consumption.
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FLOATING BALLS WEAR RATE
PREDICTION USING BACK
PROPAGATION AND RBF NEURAL
NETWORKS
Nedeljko DUČIĆ
Zarko ĆOJBAŠIĆ
Radomir SLAVKOVIĆ
Abstract: In the present work, two different types of
artificial neural network (ANN) have been used in an
attempt to predict wear rate of flotation balls. Wear rate
of flotation balls is followed as a function of chemical
composition (C, Cr, Mn, Si) and hardness (HRC). The
first type of network used is a back propagation neural
network (BPNN), a second type of network used the
Radial Basis Function Network (RBFN). The results
obtained from the two different ANN architectures have
been compared and conclusions have been made.
Key words: wear rate, flotation balls, artificial neural
networks

1. INTRODUCTION
The wear rate of flotation balls depends upon their
material, mechanical-chemical characteristics obtained
from the casting process and ore composition.
Furthermore, the high influence on the balls’ wear rate
has the technology of developing flotation balls through
hardness (HRC) and chemical composition.
For the purpose of obtaining the optimum process of ore
milling, determining coherence between the wear rate and
the technological process parameters is essential. In this
paper ANNs are used to determining coherence between
the wear rate and the technological process parameters.
Artificial neural networks (ANNs) can be considered as
mathematical or computational models that are inspired
by the structure and function of the human brain. Namely,
neural networks are parallel, distributed, adaptive
information-processing systems that develop their
functionality in response to exposure to information, and
are used for problems of classification, pattern
recognition, prediction and others. ANN is widespread in
researches of mechanical engineering, thus the multiple
industrial situations in which their application is valuable.

Due to their ability to learn complex nonlinear and
multivariable relationship between process parameters,
they are convenient for the modeling of different
production functions.
Jovicic (2012) used the general theory of Box-Wilson
method to show the development of models for defining
consumption of wear resistant castings of cast process for
low-chrome white cast iron used in the release of mineral
from the ore of copper [1]. Panda et al. (2008) used two
different types of artificial neural network (ANN)
architectures namely back propagation neural network
(BPNN) and radial basis function network (RBFN) for
prediction flank wear in drills [2]. Singh et al. (2006) used
back propagation neural network for prediction of flank
wear of high-speed steel (HSS) drill in a copper work
piece using spindle speed, feed rate, drill diameter, thrust
force and torque as input parameters and maximum flank
wear as output parameter in a neural network [3].
The present paper aims at studying the possibilities of
efficient application of ANN in predicting wear rate of
flotation ball. Comparison has also been made between
standard BPNN model and RBFN in predicting wear rate
of flotation ball.

2. EXPERIMENTAL SET-UP
In order to develop an ANNs model, measurements of the
chemical composition of the flotation balls, as well as
their wear rate during ore milling in an experimental mill
were carried out. Every experiment to measure the wear
rate of the flotation balls in the laboratory mill was
performed with ten balls each with a mass of 850 grams,
cast from the same batch, and with the same chemical
composition. Rockwell hardness testing of the floating
balls was performed by the Rockwell "C” method using a
5006-УХЛ 4.2, ТОЧПРИБОРРOСИА aperture. The
experimental results gave an average -value of hardness
measured for all ten balls on a specially prepared surface.
Chemical composition measurements were performed by
spectrochemical analysis using a METALLAB 75/80
(GNR- ITALIA) device, as shown on Fig. 1.

Fig.1. a) Hardness measurements of sampled balls by
Rockwell "C" method; b) Spectrochemical analysis device
The milling experiments were carried out to obtain the
worn mass of balls per kilogram of milled ore. Milling
experiments were carried out in the mill of optimum
volumetric filling V=15.2 dm3 with Ф60 mm diameter
balls (Fig. 2). During the experiments, the mass of the
new balls at charging was 8.5 kg, and the initial mass of
copper ore was 2.5 kg. Additional ore mass of 2.5 kg was
added into the mill every 12 minutes. The experiment
continued until a sampled ore mass of 500 kg is milled.
Based on a repeated set of experiments carried out under
the same conditions, 60 experimental results are obtained.
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The results indiicate the abraasive wear ratte expressed in
graams of worn mass
m
of ballss per kilogram
m of milled orre
(g//kg). Some of the experim
mental resultss are shown in
Tabble 1.

o another
This outtput illustrates an input to the neurons of
layer, orr an element of the output vector of thee ANN. In
this partticular case, input
i
layer off all created ANNs
A
has
five neu
urons: Chrom
mium (Cr %),, Manganese (Mn %),
Carbon (C %), Siliconn (Si %) and H
Hardness (HR
RC), in the
way thatt only one outtput neuron leeads to a prediicted wear
rate.

p
Bor
Fig.2. Experimental copperr ore milling process,
Flotation Pllant, Serbia
Tabble 1. Resultss of laboratorry testing of flotation
f
ballss sam
mple of data
Num.
N
of
d
data
1
2
3
4
5
6
7
8
9
10

C
HRC

Mn
[%]

C
Cr
[%
%]

C
[%]

Si
[[%]

Po
[g/kg]

57.177
56.599
57.955
57.299
58.722
57.399
59.066
57.711
57.322
58.177

0.4
0.41
0.43
0.48
0.44
0.44
0.43
0.42
0.4
0.44

2.74
2
2.6
2.68
2
2.4
2
2.8
2.49
2.52
2
2.6
2.48
2
2.8

3.57
3.33
3.35
3.52
3.41
3.58
3.48
3.59
3.51
3.95

00.65
0
0.63
0
0.56
0
0.71
0
0.48
0
0.52
0
0.56
0.4
0
0.56
0
0.66

0.542
0.635
0.536
0.546
0.524
0.544
0.528
0.568
0.572
0.549

3. BACK PRO
OPAGATIO
ON NEURA
AL
NETWORK
K
Feeedforward, baackpropagatioon architecturre is the moost
appplicable type of neural neetwork. It is used
u
for manny
diffferent types of applicatiions.Their addvantage is in
sollving ill-definned non-linearr problems. A typical bacck
proopagation netw
work has an input,
i
an outpput and at leaast
onee hidden layeer. Theoreticaally there is no
n limit to thhe
num
mber of hiddeen layers, but it is commonn to have one or
o
twoo..
Figgure 3 shows a schematic representation
r
n of an artificiial
neuuron with inpuut vector withh r (r=5) elem
ments, as well as
a
chaaracteristic strructure of the feed forward ANN with onne
hiddden layers. Each
E
of the innput elements , , … , is
muultiplied withh the correesponding weight
w
of thhe
connnection
on sums thesse
, ,
, ,…,
, . The neuro
vallues and addds a bias
(lacking inn some of thhe
nettworks). The argument of the function (called transffer
funnction) is stateed in the follow
wing:
,

,

⋯

,

1

whhile neuron prooduces outputt:
,

2122

2

Fig.3
3. Artificial neeuron and the structure of th
he feed
forward artificial
a
neurral network
It is welll-known that the
t artificial nneuron networrks consist
of a raandom numbeer of layers and neuronss as well.
Accordiing to the num
mber of layerrs, number off neurons,
transfer function, pressence of a bias as well as th
he way the
neurons are conneccted, the reaalization of ANN is
versatilee. Unfortunateely, formal rulles for the most suitable
choice of
o parameters that were preeviously pointted out do
not exisst. Generally, personal skiills and experrience are
crucial for
f defining all of these parrameters. In th
he present
work, fo
our different neural
n
networkks with diversse number
of layeers and neuurons are prroduced so that the
achievem
ment of a minimum
m
errror on one side and
avoiding
g overfitting (the
( situation w
when the netw
work has a
low cap
pability of genneralization) oon the other side
s
could
be possiible. The struucture of the pproposed netw
works are:
ANN 5--5-1 (one hiddden layer withh 5 neurons); ANN
A
5-31 (one hidden
h
layer with
w 3 neuronns); ANN 5-5
5-3-1 (two
hidden layers with 5 and 3 neurrons, respectiively) and
ANN 5--4-2-1(two hiidden layers w
with 4 and 2 neurons,
respectiv
vely). The principal
p
aim
m is to redu
uce to a
minimum
m the performance functiion, in this case
c
mean
squared error (mse) fuunction, whichh can be calcu
ulated as:
1

1

3

where: Q – number of
o experimentts, e(k) – erroor, t(k) –
target vallues, y(k) – preedicted valuess.
The trainning algorithm
m used in alll cases is LeevenbergMarquarddt algorithm which ensurees the fast annd stable
convergence. In the artificial
a
neuraal-networks field,
f
this
algorithm
m is very suiitable for traaining (for laarge size
neural neetworks the Levenberg-M
L
Marquardt algoorithm is
not practtical). Updatee network weeights of Levvenberg–
Marquarddt algorithm [44], are presentted by the equuation:

∥

Φ ,

∥

8

4
and whicch is based on the approoximation of Hessian
matrix H.
5
Where: I is identity unnit matrix, μ is a learning parameter
p
and J iss Jacobian matrix
m
(The Levenberg-M
Marquardt
algorithm
m requires com
mputation of the Jacobian J matrix
at each iteration
i
step and the inveersion of
square
matrix, thhe dimension of which is NxN).
Nx
The neurrons in input and hidden layers of AN
NNs have
sigmoid transfer
t
functiion, while thee neurons of thhe output
layer havve linear trannsfer functionn. Overall nuumber of
experimeents carried ouut is 60. The dataset was randomly
r
divided into
i
training,, validation and
a
testing sets.
s
The
training sample
s
(42 measurements)
m
) was presenteed to the
network during traininng, and the network
n
was adjusted
accordingg to its errror. The validation
v
sam
mple (9
measurem
ments) was used to measure network
generalisaation, and to halt trainingg when generralisation
stopped improving. Finally, thee testing sam
mple (9
measurem
ments) had noo effect on traaining and so provided
an indepeendent measuure of networrk performancce during
and after training.

4. RAD
DIAL BASIS
S FUNCTIO
ON NETWO
ORK
RBFN is first proposeed by Broomhhead & Lowee (1988),
and theirr interpolationn and generallization propeerties are
thoroughlly investigated in Lowe (19989), Freemann & Saad
(1995) [55,6,7]. Since thhe mid-1980s, RBFN has been
b
used
to applyy on manyy applicationns, such as pattern
classificaation, system identificationn, nonlinear function
approxim
mation, adaptivve control, sppeech recognittion, and
time-seriees prediction,, and so on [8]. RBFN coonsists of
three layeers: the input layer, the RB
BF layer (hiddden layer)
and the output
o
layer. RBF
R
activatioon function off neurons
is a funnction whose value depeends on the distance
between the argumennt x and thee center c, which
w
is
representted by a vectorr norm:
Φ ,

Φ ∥x

c∥

6

The most commonly used RB funnction is the Gaussian
G
function:
∥

∥

7
where: c – is the poosition of thee center of Gaussian
G
curves; σ –width function.
Summingg over RB funnction (set in the domain of
o inputs)
between
it is posssible to approoximate the dependencies
d
input andd output variiables. Outpuut size is obtaained by
summingg RB function (j=1...n), wheere the impact of RBF
taken its weighting
w
coeefficient .

S
of thhe RBF neura
al network
Fig.4. Structure
In
n the shownn structure oof the hidden
n layer contaains
neurons
n
with RB activationn functions, which
w
perform
m a
nonlinear
n
transsformation off inputs, whilee the output laayer
performs
p
a liinear combinnation of tran
nsformed outp
tput.
Learning
L
RBF neural netwoork is based on
n determiningg the
values
v
of weigght j, the possition of RB fu
unction (centeer c)
and
a width σ. In order to ttrain RBF neural network we
used
u
a set of 60 data obtaineed by the expeeriment.

5.
5 RESULT
TS AND DIS
SCUSSION
To
T test an AN
NNs model (B
BPNN and RB
BFN), a set off 11
measured
m
dataa (which was omitted in th
he training phaase)
was
w used. Thee table 2 show
ws a maximum
m and mean error
of
o all proposedd networks.
Table
T
2. The errors of the diifferent ANN models
m
BPN
NN

BPNN

BPNN

BPNN
B

5-5--1

5-3-1

5-5-3-1

5-4-2-1
5

RBF
FN

Max.
error
[%]

2.449

5.96

8.94

9.52

21..1

Mean
error
[%]

1.778

2.75

3.55

3.81

8.558

The
T ANNs preediction, for tthe set of 11 measured datta is
given
g
in the Figure
F
5. Acccording to th
he given Figurre 5
and
a
Table 2, the followinng conclusion
n is drawn: the
BPNN
B
5-5-1 network
n
show
ws the best peerformance annd it
will
w be appliedd to make a ccomparison with other moddels.
Generally,
G
struuctures with two hidden layers
l
have good
g
capability beearing in mind
generalization
g
d modest num
mber
of
o inputs and need
n
to limit nnumber of exp
periments neeeded
to
o collect trainning, validationn and testing data.
d
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Selected BPNN 5-5-1 network demonstrated good
agreement with experimental data, so it can be used as
effective tool to predict wear rate of floating balls.

6. CONCLUSION
Wear rate of flotation balls depends on the mechanical
and chemical properties of the material balls, and also
depends on the ore composition. Hardness (HRC) and
chemical composition can affect wear rate balls in the
production process of flotation balls. In this paper, the
effects of chemical composition and hardness on wear
rate of flotation balls have been investigated and modeled.
The aim of the study was to examine the possibilities of
efficient application of artificial neural networks in
modeling wear rate of flotation balls. Relations between
input variables (Chromium (Cr %), Manganese (Mn %),
Carbon (C %), Silicon (Si %) and Hardness (HRC)) and
output values (wear rate) were formed on the basis of the
measured experimental values. Two different types of
artificial neural network (ANN) architectures viz. back
propagation neural network (BPNN) and radial basis
function network (RBFN) are used in an attempt to
predict wear rate of flotation balls. BPNN can predict the
wear more accurately compared to RBFN. Selected
model with the best performance was network with the
structure 5-5-1. Application of neural networks provides
effective tool to use available expert knowledge and
extract complex relations from experimental data.
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SOME SPECIFIC ASPECTS REGARDING
THE MANUFACTURING OF SPECIAL
WORM GEAR DRIVES
Csaba GYENGE
Valentin BOCA
Călin MARIAN
Abstract: In the paper the author present the recent
achievements in the field of developing more precision
worm hobs and worm gears. In first part will present the
theoretical and geometrical aspects of designing and
optimization of hobs, and in the following will present
some specific aspects of manufacturing the hobs and their
practical results in this field.
Key words: worm, gear, drives.

1. INTRODUCTION
In order to increase the performance of worm gears used
in various industrial field it is necessary the continuous
development of the computational and design methods, as
well as the manufacturing and control techniques. Of
curse, the complexity of problems leads to a correlation
between design, technology and control.
The paper present the most recent achievements of the
author and his research team in the field of developing
one new type precisions worm hobs for manufacturing
the more silent and durable silent and durable worm
gears.

2. DETERMINATION OF RELATIVE
VELOCITY BETWEEN HOB AND WORM
GEAR
To determine the relative speed is considered relative
position of the technological system elements from figure
1 and was used the matrix method of Litvin.
The relative position of the systems  2 -related to worm
wheel and 1 - related to hob worm is defined by transfer
matrix:

Fig.1. The relative position of the cylindrical helicoid
of the worm hob and worm wheel in relative motion
during processing.

A  A0  b1

Where:

(2)

In which: - A0 - is the initial axial distance at
manufacturing process:

b  sR

z1 1
z 2 2

(3)

s R – radial feed, mm/w.rev,
h- helicoidally parameter of virtual enveloping surfaces of
the hob: mm/rad.
The relative speed between virtual enveloping surfaces in
rotation with angular velocity 1 , and the worm wheel
rotating with angular velocity

2

and radial feed

movement s R is:

v12 

 A0  b1  cos 1  y1 sin   z1 sin 1 cos    y1  b sin 1 i12
 A0  b1 sin 1  x1 sin   z1 cos 1 cos    y1  b sin 1 i12
 A0  b1  x1 sin 1  y1c cos 1  cos 
0

(4)
In which:

x1 , y1 , z1 - there are the current M point from virtual
enveloping surfaces, coordinates;
i12 

1
2

.

The relative speed determined by this algorithm can be
use in the computing processes of high precision hobs,
optimization of cutting parameters and accurate definition
of active lateral relief angle.

3. DETERMINATION OF THE VIRTUAL
ENVELOPING SURFACES OF THE
CUTTING EDGES OF THE WORM HOB
It is well-known the fact that manufacturing of performant
worm gears imposes the use of highly-accurate tools and
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o good corelation of their geometry with the parameters
of the gearing process. Except some special cases, the
tools are radial relieving ( mostly by grinding ) . In order
to obtain the good localization of the contact path , and to
allow the necessary resharpening, the reference diameter
of hob is greater than that of the worm gear. Thus the
cutting edges of the worm hob will be located on an
virtual enveloping surfaces preservering the helical
parameter of the worm, but having a rference radius
increased with 3...5%. Of curse after resharpening. Both
the reference diameter and the cutting edges profile are
modified (fig.2).

The profile of cutting edge is variable in time. It depends
on the value of reference diameter obtained after
resharpening (fig.3).

Fig.3. Generation of the instantaneous cutting edge
T

The theoretically accurate lateral relieved surfaces S  is
defined as the geometrical locus of the instantaneous
cutting edge A for continuing variation of resharpening
'

parameter :
Fig.2. Modification of the cutting edge as a conseqvence
of resharpening
'

In the figure.2. S  and S  are the tool surface before and
after resharpening with the angle  . A is the edge of
the mew tool, while A is the edge of the resharpened
tool. The problem of optimization consist in finding a
method ensuring a minimum modification of the tool
profile after resharpening and consequently a uniform
precision of the manufactured worm wheels.
'

T

(5)

The intersection of the above surface with the tool
face S  , defined as:
(6)

Represent the reference cutting edge A of the new tool.
Its expression is identical with (5) in which was
eliminated one he parameters using the equation:

F  p , v , t , v    0     0
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This surfaces is not physically materialized, but serves to
the determination of the abrasive tool used for radial
relieving and the establishment of numerical optimization
procedure.
The abrasive tool used for radial relieving is determined
using one kinematical method, based on the meshing
equation:
(9)
T

Where N -is the normal vector to the S  surfaces, and

Having known the helical surfaces of the worm, the
enveloping surfaces of the tool is defined by the following
relationship:

S     t , v  ,

(8)

N T .v FS  0 ,

4. MATEHEMATICAL MODEL OF THE
PROBLEM

   0  p, v 

 T   T  p, 

(7)

vFS - the relative velocity between grinding tool and
respect surfaces of the hob.
But, because in the relieving process is a continous
modification of the axle distance, it is apeare a continuing
modification of the characteristically curves.
In the case of the classic methods, the underdetermination
is eliminated by the computing of the grinding tool profile
with the new edge of the hob. This solution, aftre
succesive resharpening , leads to hobs profile errors.
Some researches (SanduI., Sulzer G) tried to minimaze
these errors though modification of angle between axes.
The method elaborated by us, in principle consist in the
fact that in order to determinate the grinding tool profile,
it is used the midle cutting edge, located in the middle of
the active portion of the lateral face (fig.4).

axle distance is A  PA .u , where PA is the parameter of
the radial relieving, and u - is the rotation parameter .
In the purpose of a more simplified presentation, in the
following we will present the case of ZE type hob.
As a result of the successive resaharpening we will obtain
the throng of enveloping worm surfaces of cutting edges
of the hob:

 x0  p, u   xa  p    . cos u  y a  p . sin u 


 y 0  p, u   xa  p    . sin u  y a  p . cos u  (10)


z 0  p, u   z a  p   h.u


where :

Fig.4. The cutting edges and the theoretically lateral face
Thus, from the begining, the profile errors are reduced to
half. Using the reciprocal enveloping theory, the
calculations were made with the MathCAD, and the
interpretation of the results will be done with the
EUCLID software.

5. A NEW METHOD FOR DETERMINATION
THE TOOL PROFILE FOR RADIAL
RELIEVING
For this task we considered the hob and the relieving tool
in an intermediary position (Fig.5). The coordinate system
O R X R YR Z R is the fix one, and the O F X F YF Z F is
tied to the hob.

p, u  surface parameters;
  resharpening parameter;
h  helical parameter;
  PA    max .

Overcrossing the defined surfaces by the equation (5)
with the rake face, the overscossing curves throngs
T

determine the theoretically accurate S L lateral face:

xT  p, u,   xa  p   .cosu1  ya  p.sinu1 

 T
y  p, u,   xa  p   .sinu1  ya  p.cosu1  (11)


zT  p, u,   za  p  h.u1


In order to determine the axial profile of the grinding tool,
we use the middle cutting edge A - located at the middle
0

of the active portion of the lateral surface (fig.4).
Based on the general equation of meshing, over the
characteristically curve, the normal vector is
perpendicular on the relative speed

v FS , which

mathematically is expressed by the equation :

y

T









 PA .sinu .nTx  xT  PA .cosu nTy  h.nTz  0 (12)

Using the (10) relation, we obtain:

u  f  p, 

(13)

With the parameter, determined by this way, the grinding
tool profile for relieving, under a general form, can write:

 S  M SF . T   S  p, ,

(14)

where M SF -is the transfer matrix between coordinates
systems OS X S YS and O F X F YF .
Fig.5 Determination of radial relieving tool profile
T

The theoretical accurate lateral surface S L

6. THE REAL LATERAL SURFACE

is in

contact with the S S active surface of the grinding tool
across the characteristically curve K . The instantaneous

The real lateral surface is the surface cinematically
enveloped by the grinding tool. Thus, the surface obtained
through the reenveloping process is:
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 xR  p,   x S  p, . cos w. cos    y S  p,   A  PA . . sin  
 R

 y  p,   x S  p, . cos w. sin    y S  p,   A  PA . . cos  
 R

 z  p,   x S  p, . sin w  h. .


(15)

Where:
  is the rotation parameters of the hob surface S S ;

w  generating parameter of grinding tool.

cutting edge A .
With a view to analytical comparison of both profiles one
impose the condition that corresponding points to be on
the same cylindrical surfaces:

x   y   x  p   y  p 
R 2

i

Representing the superposed lateral theoretic and real
surfaces (fig.6) it is noticeable that these are over crossed
along the middle cutting edge and from that in the right
and left way, they are removing proportionally one from
the other with the measure of resharpening.

AR -and the profile of theoretical

real cutting edges

Where

R 2

i

2

c

2

c

 0,

(16)

xRi , yRi , are the coordinates of the current point

AR profile, and xc y c are the coordinates of the
current point on the A profile. By help of the parameter
on

p- obtained for above relation, the local deviation of the
profile is determined with following equation:

 i  z c  p   h.v  zRi   i  p, pi .

(17)

The cumulated deviation is given by the relation:

 

  MAX  i   MIN  j ,
for: i

(18)

 1, n; j  1, n. 

7.1. The study of object function
In the process of worm hob precision optimization the
object function is the cumulated deviation defined by
relation (16).On purpose analyzing the variation of
function with respect of resharpening parameter  , as

Fig.6. The theoretic and real lateral face

7. THE REAL CUTTING EDGES AND THEIR
ERRORS DETERMINATION
If we over cross the lateral surface of the hob (Eq.13) with

well as side relief angle

 l , it was tested in a real case.

Figure 8 shows the convex form of function as well as the
linear dependence.

the rake face, we obtain the real cutting edges A . The
both cutting edges, theoretic and real obtained by these
ways, have different positions and shapes, depending on
the measure of rescharpening (fig.7).
R

Fig.8. Variation of  function for

Fig.7. The relative position of the theoretically and
real cutting edges
According to the [ 2 ] theoretical errors of hob edges
profile are defined as a difference between the profile of
218

  0.

From the previous researches [2] it is known that the
function  , also depends on rake angle  (fig.9). One
sees that for every stage of resharpening there is an
optimum value for which the function  is minimum.
To be able to assure a maximum precision of worm-hob
in the manufacturing process, it is proposed [,2,3,4] a law
of  angle variation relative to  function:

8. NUMERICAL AND EXPERIMENTAL
RESULTS
Theoretical and technological research results have been
tested numerically for different types of precision worm
gears manufactured at enterprise UMCugir(Romania).
On further, we will present, for example, the results
obtained in the case of a worm gear type ZA duplex with
the following definition parameters:

ma  5mm; q  10; m  0,008mm,
z  2; a  b  1,5;  v 80 ; 1  14,2630 ;  2  10 0 ;  l  4 0.
Theoretical and real axial profiles of the new tool, and the
tool after resharpening with  4 , are shown in
Figure10.
0

Fig.9. Variation of  function for relative with
resharpening parameter  , and rake angle  .

  T   .

(19)

7.2. Mathematical process of optimization
For determination of T function one considers a number
of cutting edges defined by n discrete points. Based on
figure 6, for each of    curve, we can find a parabola
given by following formula:

    , 

Fig.10.The axial profiles of the new and resharpened
duplex hob developed

(20)

Proceed to solve the problem in two stages:
In the first stage will be determined for each
 j ;1  j  m , the minimum  j of function (16) in

relation rack angle  .
From the figure 9 we can observe that in the neighboring
of the seeking solution, the curve    can be
approximated by a parabola, and in this way, the local
error can be calculated with following equation:

 q  B1 . q2  B2 . q  B3   q

(21)

The square average error is defined by :



1 Q
1 Q
2
    q    B1 . q2  B2 . q  B3   q
Q q 1
Q q 1



2

(22)

Because of different geometry of the left and right cutting
edges of the tool, it appears a difference of variation of
this geometry as a result of successive resharpening.
Consequently, there are necessary different values for
rack angle the left and right sides of the tooth flank. We
solved this phenomena proposing one new type of wormhob with alternative cutting cutting ( each tooth are
cutting through only one edge). Construction and
manufacturing technology of this special tool will be
presented in another paper.

The notations on this figure have the following
significations:
 1 ,  1  axial profiles of enveloping worm surfaces
of

the

theoretical

cutting

edges,

for

  4 , respectively   4 ;
0

0

B 4 , B 4  the curves of the unoptimized profile
deviation, for   4 , and   4 ;
  theoretical current deviation of the real profile from
accurate profile.
Analyzing the profiles from figure 10, one can see the
followings:
0

0

 the profile deviation of the left flank  2  , in all
cases are very small and the real profile of this flank
remain approximately parallel to the theoretical
profile, in any stage of resharpening;
 on the right flank , the axial profile of unoptimized
hob (curves B 4 ) is convex and concave after the last
resharpening;
 the profile deviation of right flank of the
unoptim ized cutting tool have over fulfilled the
width of tolerance range of AA precision clas (DIN
3968), even for a hob with a beginning and a
minimum side relief angle



l



 30 ;
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 after the optimization process, the deviation curves
C 1andC 1  have straightened and have been
oriented approximately parallel to theoretical profile;
 at the negative values of resharpening coefficient  ,
the thread of screw of optimized worm-hob thicken,
and the positive values it make thin with 10..25
m, but this phenomenon not disturbing the tool
functionality.
The results of theoretical and numerical researches have
been tested on a set of ZA duplex hobs. The parameters of
one specific hob are shown in Table 1.
Table.1. Main parameters of the manufactured and tested
worm hob
Name
Number of teeth
Average axial module
Specific variation of the module
Diametral coefficient
Right profile angle
Left profile angle
Tool axle position angle
Axial distance at relieving

Symbol

z1
mm
m
q

Value
1
5
0,02
10
15

1
2
R

12,31

A

77,5

4,28

Using the two methods for establishing the profile error,
we have realized a hob with alternative cutting (fig.11),
which has been used for manufacturing the precision
worm wheels of the indexing system of gear milling
machine-tool. The manufacturing of wheels has been
performed on a PHAUTER P900S machine. The control
of realized worm gears have been made using the
equipment Dr.Höfler (fig.12).

Fig.11. General view of the new duplex hob developed

Fig.12. The worm hob and measurement device
Dr.HŐFLER installed on a PHAUTER 900S machine
tool.

9. CONCLUSIONS
On the basis of theoretical, numerical and experimental
researches made for developing a new type of precision
worm hob, we can formulate:
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Fig.13. Diagrams of the pitch error
error F t

 f t  and total pitch

 for a worm wheel performed with new hob

 the cutting process is improved due the fact that the
alternative cutting avoids the “implantation” of the
tool teeth in the work piece material;
 the durability of the cutting edges increased to 600%;
 the precision of the developed worm hob was kept
between acceptable limits after all resharpening
allowed;
 the precision of the worm wheels manufactured with
developed hob, resulted the class 1-2 according DIN
3962
 the roughness of the active flanks of the wheel was
greatly improved ( R a  0 , 8  m );
 the contact path between the wheel and the conjugate
worm was thew middle portion of the tooth.
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AUTOMATION OF MODELING AND
DESIGN OF TOOLS FOR GEARING BY
RELATIVE ROLLING
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Abstract: In modern manufacturing systems with
automated production and automated design of products
and technological processes of their production the need
for automated design and selection of cutting tools is
emphasized. In this paper, the automation of modeling
and design of tools for gearing, transmission gear power
as the most widespread way to transfer power from the
driving to working machine is discussed.
Keywords: modeling, design, tools for gearing, gears and
technological preparation of production

1. INTRODUCTION
Improvement of machining technology is a very
important moment because the productivity and technoeconomic effects achieved in the production process
depend on its levels to a great extent. Design,
development and application of modern technological
processes should satisfy the very strict requirements that
are placed in front of production systems of metal
machining industry in terms of quality and price of the
product.[1,2,3] Research in our country and abroad shows
that the solution of this problem should be sought in the
areas of rationalization and automation of technological
processes of machining and improving of technological
preparation of production.
Modern production cannot be imagined without cutting
tools. High quality cutting tools are essential for costeffective production.[2,4,5] Production of these tools
necessarily requires a thorough previous study,
calculation and design for each specific case. The design
of cutting tools has to be high-quality and has to meet the
technical, economic and aesthetic requirements. Modern

production means market -oriented production, they will
not accept an independent relationship between
production and market; it highlights a compelling
connection between their units indicating the need for a
roundabout. When the objective function is productivity
then hob milling is preferred, and when higher accuracy
should be achieved planning is preferred. Fine machining
of teeth is usually performed by shaving. This treatment is
performed prior to heat treatment. Gear shaving is highly
productive method of finishing the teeth, wherein the
hardness of the material does not exceed 35HRC. This
method is much more productive of grinding and
therefore more suitable for application in a large-lot
volume and mass production.
This paper aims to show the possibility of modeling and
design of tools for gearing spur gears using relative
rolling as a mainstream treatment of teeth machining
process thus the most representative.

2. AUTOMATED CALCULATION AND
MODELING OF GEAR CUTTER FOR
TEETH MACHINING OF SPUR GEARS
The use of computers in the design and construction of
cutting tools, received a larger role than expected.
Explanation is found in the following: two -thirds of
world production in mechanical engineering is small-scale
production. In such forms of production and advanced
CNC machines, a large range of tools is used that by their
geometric and technological parameters have to meet the
required technical, economic and aesthetic requirements.
In modern manufacturing, which is mostly small-scale
high frequency changes in production program with the
constant imposed requirements for improving product
quality, reducing production deadlines and reducing
production costs are present. Due to these requirements
and to further the development of new technology and the
trend of development and design of cutting tools the use
of computers is almost irreplaceable.
Hob milling, as one of the most complex machining
process, is the most applicable in the treatment of teeth of
spur gears due to the high productivity of the process.
Complex kinematic and geometric relationship between
the work piece and hob milling cutter produce a range of
difficulties and problems that hinder the optimal use of
tools and machines, such as: determining the optimum
cutting speed and feed, establishing a rational tool life,
maximum and uniform use of a large number of teeth of
tools, determination of the productive geometry of gear
cutters, etc. .
Improving the process of hob milling is important and
useful for both manufacturers of gears, and producers of
hob milling cutters. Due to the complexity of the process,
high values of gears, especially the tools research of bases
for optimization of process of hob milling and
optimization of geometrical parameters require significant
financial resources and considerable efforts of
researchers. The application of Visual Basic for
automated calculation of cutting tools is acceptable for the
case that such calculations are often used.[6] Thus,
formed automated calculations in these cases, will give
big savings in time. The following is a presentation of the
user interface program that performs automated
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calculation of gear cutters for cutting tools on cylindrical
gears using relative rolling. In Figure 1 it can be seen a
part of a program written in Visual Basic which performs
automated calculation of the hob milling cutter for
generating of teeth of spur gears.

parametric and associative, this programming system
provides a very easy and fast changes in the shape and
size of the given model, that is automatically registered on
the components and the databases in which the part is
located.

3. AUTOMATED CALCULATION AND
MODELING OF STRAIGHT TOOTHED
BLADE

Fig.1. Part of the program for automated calculation of
hob milling cutters
In Figure 2 one can see user interface. Comparison of
manual and automated calculations gives the advantages
and disadvantages of both ways of calculation.
The use of Visual Basic for automated calculation of tools
for gearing and Pro/Engineer programming system for
modeling tools offers to user great opportunities for
improving the technological preparation of production.

Machining of tooth spur gear by planing is the frequently
used, of course, in addition to milling. Areas of
application of milling and planing are not always strictly
separated, but they can overlap for the certain types and
sizes of gears. This overlap is particularly evident for
smaller gears, while for larger milling is more productive
method. In selecting areas of application form of gear
plays an important role.
Development of tools for planer Mag is simpler than tools
for planer Felouz and it enables to achieve higher
accuracy due to straight tooth profiles. While the machine
is more complex because of the need for periodic
operation that is in the case of planer Felouz replaced with
continuous operation of tool and workpiece.
Before designing a straight toothed blade, it is necessary
to know how workpiece looks like. Modeling of
workpiece is shown in figure 4.

Fig.4. The final appearance of gear
Fig.2. The interface layout

Fig.3. Appearance of obtained hob milling cutter
Programming system Pro/ENGINEER (figure 3) provides
great opportunities in design work.[7] Based on
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The calculation of straight tooth blade is used as the basis
for the program development. The algorithm is presented
in [11]. Computation program can be seen in figure 5.

Fig.5. Executable program

CATIA V5 is an application for collaborative design of a
new generation, which seamlessly integrates all aspects of
the product development process.[8] It involves the
simultaneous use of data and geometric information from
the product concept to the definition of the production
process. In the "heart" of CATIA V5 lies integration of
associative data structure, which allows the simultaneous
product development throughout its "life expectancy"
and, therefore, its faster development.
Figure 6 shows the final look of a straight toothed blade
obtained in a software system CATIA V5 , and figure 7
gives a workshop drawing of straight toothed blade .

4. AUTOMATED MODELING OF TOOLS
FOR SHAVING SPUR GEARS
Process of shaving only corrects the tooth surface. Two
types of tools for shaving spur gears are applied. They are
roller tools for shaving and tools in the form of a rack.
The process of modeling the gear consists of multiple
phases. The final appearance of gear 1 is shown in figure
8. The gear 2 is shown in figure 9.

Fig.8. Final appearance of gear 1

Fig.6. The final look of straight toothed blade

Fig.9. Final appearance of gear 2
The design of tool for shaving gear teeth is very similar to
spur gears with inclined teeth and the modeling process of
this tool is very similar to the process of modeling of
cylindrical gears with straight teeth. The final appearance
of the tool for shaving is shown in figure 10.
Fig.7. Workshop drawing of straight toothed blade
This paper presents process of calculation automation of
straight toothed blade with straight teeth. All the benefits
of the program CATIA V5 system were used in this paper
during modeling the gear, as well as straight tooth blade
with straight teeth that are necessary for its development.
By using the program system CATIA V5 in designing and
construction of cutting tools a good connection,
communication and exchange of information in the same
plane with the largest manufacturers of tools for cutting
and all the big and important companies and academic
centers at this point of time are achieved.

Fig.10. Final appearance of the tool for shaving 1
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The modeling process of tool 2 is identical to the
modeling process of tools 1 only difference in the
construction of these two tools is that they have a
different direction of inclination of helical line of teeth. In
figure 11. the appearance of the finished model of tool for
shaving gear 2 is shown.

[8] Tickoo, S. & Singh, V. (2009) CATIA V5R18 za
mašinske inženjere, Mikro knjiga, ISBN 978-867555-338-0, Beograd
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Fig.11. Final appearance of the tool for shaving 2

5. CONCLUSION
Based on everything presented in this paper it can be
concluded that contemporary approaches to an automated
design of cutting tool require a wide range of knowledge
of the designer.
The use of Visual Basic for automated calculation of tools
for gearing by relative rolling will provide a very
significant savings in time.
By using the program systems ProENGINEER and
CATIA V5 in modeling and designing calculation of tools
for gearing by relative rolling a good connection,
communication and exchange of information in the same
plane with the largest manufacturers of tools for cutting
and all the big and important companies and academic
centers at this point of time are achieved.
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Modular design is the present and future of modern
manufacturing and engineering. Making complex
products, which tends to happen with advanced
technology, implies that should be used smarter and more
effective methods for developing of complex products.
In this paper is presented the beginning of a national
investigation in modular design of machine tools for
Water Jet Machining (WJM). The objective of this
research is to investigate development trends of modular
machine design for WJM processing and consider
possibilities of induction of these technologies in
domestic production.

2. MODULAR DESIGN

MODULAR DESIGN OF MACHINE
TOOLS FOR WATER JET MACHINING
Marin GOSTIMIROVIC
Pavel KOVAC
Ildiko MANKOVA
Milenko SEKULIC
Borislav SAVKOVIC
Abstract: Modular machine design, in which the module
partitions of machine tools are taken into account,
provides development and implementation by different
stages of in the whole life-cycle of machine tools. On the
basis of this the principle modular design conception of
machine tool for water jet machining is presented. The
modular design of WJM machine is elaborated on the
functional modules partition and physical structure
modules partition. A variant of modular design WJM
machine tool and its modules are illustrated as an
example. The result is a competitive WJM machine which
gives a sustainable market solution and allows answering
customer requirements for various options with minimal
expenses for manufacturing.
Key words: modern manufacturing, water jet machining,
modular machine design

1. INTRODUCTION
Modern manufacturing is facing ever-growing demands
on a daily basis. System flexibility, productivity and costefficiency of manufacturing, high levels of machining
quality and accuracy, and optimal utilisation of output
capacity, are the most vital demands facing the marketoriented industrial systems. Beside this, all producers are
fighting for leadership position on the global market. This
means that on market can stay products and services of
highest quality.
Only modern equipped industrial systems shall be able to
adjust their manufacturing process to these high market
demands. If manufacturing industry is to meet these high
demands, the imperative is to adopt modern
manufacturing methods.

Modular design is simple manufacturing method, which
modernizes production by introducing more efficient
ways to build products, especially those with many
complex parts, sub-assemblies and assemblies [1]. The
modular design is a new trend of designing a system as a
series of standalone objects. Each of these can be built by
themselves and stand on their own until the system is
ready to accept them. It involves separating a product into
definable smaller units.

2.1. Benefits of modular design
Modular design has so many benefits. This modular
design is economical because it allows production of safe
parts which find their way into a system. Also, there is
efficiency. The modular design means that it is now
possible design and manufacturing implemented in
parallel. While one person is designing and testing the one
object, another person is designing and testing the second
part or assembly. This means that building the product is
just a series of finished modules that come together to
become a system.
Besides reduction in cost, flexibility in design and
manufacturing, modular design offers other benefits such
as adding new solution by merely plugging in a new
module, reusable parts and assemblies, transparency and
manageability of modules etc.

2.2. Modular design of machine tools
Modern manufacturing is leading to considerable changes
in the way of machine design. Base to this change is the
adoption of modular methods of machine tool
construction. The benefits include, shortening machine
design time, improved machine reliability, reduced
construction costs and simplifying service. Furthermore,
modular machine tool construction is increasingly
becoming an important mean of growing market for low
cost flexible manufacturing automation [2, 3].
The research and engineering development into the
modular design for machine tool were first launched in
industrialized countries. In retrospect, their history can be
traced of 1930, and since then these technologies have been
duly advanced. In addition, the modular principle into
machine tool design has not been vigorously studied so far
in the academic sphere but has already been developed on
the basis of longstanding practical experience.
In order to improve manufacturing efficiency, practical
methods of designing machine tools must be refined. In
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this context, it is promising to use modern modular design
of machine tool, in which manufacturing consists of
controllable processes. In machine tool analysis, a module
is understood as a group of elements of the system which
may be used autonomously or in combination with other
modules. The use of modular design concept allows the
machine tool system to be regarded as consisting of a
number of modules. Thereby, modules are subsystems
that functionally and structurally are independent and
perform controllable executive motion in manufacturing.

3. WATER JET MACHINING
There can be little doubt that machining technologies
shall retain their importance for time to come, in modern
manufacturing industry. Specially important are material
cutting operations as the integral part of the technological
planning of product manufacturing and assembly
processes [4].
Modern world now implements cutting operations which
are supported by novel technologies, which are based on
completely new principles. Amongst them is the water jet
machining, namely technology which produces precise
and high-quality cuts on all sorts of materials [5, 6].

3.1. Working principle
Water jet machining technology is in use more than half
century. Together with abrasive means this method is
successfully used for cutting of all today known materials.
In combination with industrial robotics, thanks to great
universality, cutting with water jet has application almost
in all areas of industry: in machinery, electro, food, civil,
metallurgy, and even in medicine.
Most water jet machining theories explain water jet
cutting as a form of micro erosion used material. WJM
works by forcing a large volume of water through a small
orifice in the nozzle. The constant volume of water
travelling through a reduced cross sectional area causes
the particles to rapidly accelerate. The extreme pressure
of the accelerated water particles contacts a small area of
the workpiece. In this small area the workpiece develops
small cracks. The crack caused by the water jet impact is
now exposed to the water jet. The extreme pressure and
impact of particles in the following stream cause the mall
crack to propagate until the material is processed.

The first type of Water Jet Machining (WJM) uses only a
pressurized stream of water to processing material. The
WJM cuts flexible materials quickly and accurately and
overcomes distortion encountered from compression
during conventional die cutting. This type of processing is
limited to softer material. Processing with water increases
production rates on paper products, textiles, leather,
rubber, plastic and similar materials without shredding or
damage associated with conventional processing methods.
The second type, Abrasive Water Jet Machining (AWJM)
uses working head for mixing abrasive particles with the
water jet during processing material, Fig. 1. Abrasive is
added in aperture of 0.5-5 kg/min. As abrasive silicon
sand, silicon carbide and corundum is used. AWJM is
excellent for the processing of the complex shapes and the
brittle materials, wherein the high failure rate due to
breakage during conventional processing is virtually
eliminated. This type of cutting is used in the cutting of
materials such as: metal, stone, glass, composites,
ceramic, etc.
The most important parameters of water jet machining
are: kind of liquid used, characteristic of high pressure
aggregate, construction, material and processing of
interior profile nozzle, mechanism of material fraction, jet
impact angle, influence of workpiece moisture, number of
cuts, cutting temperature, width of cut, thickness of
material, feed speed, etc. Influence of these factors is
different and usually is determined experimentally by
equipment producers.

3.2. WJM equipment
WJM machines represent high-precision and very
efficient cutting technology designed for processing wide
variety of materials. Base systems of machine:
construction of machine, working head, high pressure
pump and control unit.
Hydraulic equipment for water jet high pressure
generation is heart and blood circulation of WJM
equipment. It consists of low pressure circuit and high
pressure circuit. The hydraulic equipment of water jet
machining consists of the following components.
Reservoir which is used for storing water that is to be used
in the machining operation. Pump for transferring water
from the reservoir. Intensifier which provides pressurizing
the water acquired from the pump to a desired level.
Accumulator is used for temporarily storing the pressurized
water. Control valve and flow regulator are control of
hydraulic equipment. Working head with nozzle renders
the pressurized water as a water jet at high velocity.
When abrasive particles are used for better jet cutting
characteristics, the system is supplemented with
equipment for particles adding and mixture nozzle.

3.3. Applications of WJM

Fig.1. Mechanism of abrasive water jet machining
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Due to the uniqueness of water jet machining, there are
many applications where it is more useful and economical
than standard machining processes. First of all, water jet
machining is used mostly to cut lower strength materials
such as wood, plastics and aluminum. When abrasives are
added, WJM is used to cut stronger materials such as
steel, ceramic, etc.
There are many industry areas where the water jet
machining can be applied. Machinery industry: for cutting

all kinds of metals, different alloys and composite
materials. Civil industry: for cutting of different kind of
insulation materials, polystyrene, glass wool, asbestoscemented materials concrete and stone. Food industry: the
cutting of certain food such as bread, meat, vegetables,
etc. Non-metal industry: cutting of rubber, all kind of
plastics, electro insulation materials, ceramic, textile,
glass, wood, etc.

3.4. Advantage of water jet machining
Technological and economical effects of WJM
application in practice are most visible in various and
flexible manufacturing. WJM process is characterized by
following advantages:
 Potential to cutting materials of all sorts and
dimensions.
 Multiple productivity increase.
 WJM has excellent precision.
 Clean and thermally unaffected cut.
 Low manufacturing costs.
 Savings in tooling and energy consumption.
 It is eco-friendly.

The developed standard variant of modular design of
machine tool for water jet machining is shown in Fig. 2.
Shown in Fig. 3 is the new variant of modular design
WJM machine with the two working heads and extended
working table.
Presented modular design of water jet machining
installation allows that all standard options are easily
installable as a module afterward and enabling a machine
upgrade to the customer’s wishes. This is a perfect
example of how a modular design concept makes it
possible to make small changes to existing designs to
create a WJM machine with custom capabilities.

4. MODULAR DESIGN OF WJM MACHINE
The modular design of machine tools for water jet
machining is the real example for mode of complex
technical systems standardization. This means
composition of great number of common modules,
produced from standard or nonstandard elements
composed in a functional composition of complex WJM
machine tools. Efficiency and reliability of modular
design of WJM machine allow designing complex
modules from smaller elements which are checked in
design and technology meaning.

Fig.2. Variant of modular design WJM machine

4.1. Selecting a water jet machine
A variety of WJM machines exist, yielding a number of
different technical, technological and economical levels.
As with any purchase, the wants and needs must be
weighed well. By closely examining machine needs can
minimize unnecessary expenditures.
Selection of machine tool for water jet machining includes:
 Produce of techno-economical study of supply and
application of WJM machines.
 Systematization of WJM machines developed on
global level.
 Structure definition of based characteristics during
section of WJM machine for particular production
conditions;
 Selection and supply of the adequate machine tool.
 Definition of conditions for application and
maintenance of WJM machine.

4.2. Concept of WJM modular design
Because of high price of complete WJM machine and
specific production conditions most producers use the
modular design of machine for water jet machining.
Therefore, it is today possible to order the desirable
machine configuration from producer. This modular design
is complicated, but flexible and considerably cheaper.

Fig.3. Extended WJM machine fitted with two working
heads

4.3. Modules of WJM machine
If customer designs machine, customer can produce part
of equipment or order it from another supplier. For most
of the production conditions it is possible to produce parts
of machine tool's support structure, the system guides,
reservoir with grating and the working head. High
pressure water pump, drive system, control unit and
nozzle are usually ordered from specialized producer of
WJM equipment.
The machine tool's structure is designed for positioning of
other components WJM, and for reduction of noise and
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vibrations during machining, Fig. 4. This structure is
usually produced according own flexible system needs.
Shown in Fig. 5 are the system guides with the working
head.

Fig.4. Machine tool's structure of WJM machine
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CORRESPONDENCE
Fig.5. System guides with the working head

5. CONCLUSION
Application of water jet machining in production, where
is present intensive cutting of different kind of materials,
economically is approved. Therefore, water jet cutting is a
very useful machining process that can be readily
substituted for many other cutting methods.
Modular design of machine tools is completely different
substantially from traditional approaches to design.
Historically, modular principle of design has been based
on experience.
Modular design of installation for WJM, because of high
price of equipment is economically much approved
procedure. The presented modular design of the WJM
machine allows efficient construction of modules to be
ensured a good design. The modular composition of the
machine offers optimum value of technology for various
types of machining sheet materials. This results in highly
flexible WJM machine, which allows answering customer
requirements for various options.
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ADVANCED REGULATION OF CNC
MILLING PROCESSES
Tomaz IRGOLIC
Uros ZUPERL
Franc CUS
Abstract: Owing to increasing demands and reduce of
human impact on milling processes is necessary that they
are regulated and controlled by new regulation methods.
In this article neural network method is described and
represented on concrete milling example. Neural network
is developed and tested on measured cutting forces which
occur in main coordinates. Neural network is formed to
predict best cutting parameters and develop new one if
necessary. With this method all logical reflection belongs
to computer and trained neural network. Such as method
reduces human impact and give to us better results than
standard optimization. During milling process neural
network is trained for so long, that relative error is
reduced to minimum. Relative error reduction of required
values give us better final tolerance results after milling
process and help us to increase milling process to higher
intelligent level.

Document processing in the program is described by
functional, geometric and technological commands, tools
and definitions auxiliary functions.
General advantages of NC machines compared to
conventional machines are:
Productivity increase,
Quality increase,
More accurate scheduling,
Flexible production planning,
Central organization,
Easier implementation of complex products,
Production optimization,
Easier control of machines,
Able to store and reuse of NC programs,
High repeatability and flexibility,
Ability to upgrade automation.
Simple scheme of verification of suitability of machine
and cutting tools is shown in Fig. 1.
GEOMETRY
DEFINITION

Material
Data
Machine
Characteristic
Cutting
Parameters

Data
Management

Optimization of
Cutting Parameters
Cutting
Tools
Tool
Selection

Key words: Milling, Neural Network, Regulation, Cutting
Forces, Numerical Control

1. INTRODUCTION
Constant desire to automate processes and replacing
humans in monotonous tasks in a given period of
development of the industry led to the development of
numerical controlled (NC) machines. During the
processing of NC machines, unlike conventional, not
requires continuous intervention worker in the work
process, because processing is done through the control
commands. They provide step-by-step control unit of the
machine tool. Machine commands and all data needed for
processing (NC program) are provided in numerical form.
A special part of the machine, so-called control, is
processing this information and adapted them to the
executive element on the machine (drive or stepper
electric motor). NC program is a series of software
commands that NC machine lays down the procedure for
implementing work operations to manufacture a product.

Previous
Information

Efficiency
check

SELECTED
TOOL

Fig.1. Verification of suitability of machine and cutting
tools
Also very important part of NC programming is
optimization of cutting process. In this article
optimization and parameter appointment of milling
processes are described [4, 7, 9, 12]. Today is very
important that parameters are well monitored [1–5, 10,
13] and predicted. This is very hard work for a
programmer and this is the main reason why neural
networks were developed. In this article the results of our
research are presented. Measured cutting forces were
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processed in two different computer softwares: Matlab
and Alyuda Neurointelligence. Our main goal was to
create the neural network for milling process which can
predict final cutting forces in different directions with
relative error which is smaller than 5 %.
Neural networks have the ability to distinguish and extract
information from the complicated and intricated patterns.
They are mainly used to search for patterns and detect
trends that are too complex to be noticed by humans or
other computer techniques [1, 6, 7, 8, 9, 11]. With the
help of neural networks the answer on such a question can
be quickly anticipated.
Most of the tasks by the computer-aided programming are
solved by the computer. This work is much faster and less
stressful for a programmer. A lot of different ways of
achieving the same goal can be provided with computer
software. One of the most important acquisition of
computerized programming is to simulate NC program.

2. CHOSING PARAMETERS FOR TESTING

Table 1. Cutting parameters and cutting forces in X, Y, Z
directions
Cutting forces in X, Y, Z
directions

Cutting parameters
Num.

ap (mm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

0.25
0.25
0.25
0.25
0.25
0.25
0.5
0.5
0.5
0.5
0.5
0.5
0.75
0.75
0.75
0.75
0.75
0.75
1.0
1.0
1.0
1.0
1.0
1.0
1.5
1.5
1.5
1.5
1.5
1.5
2.0
2.0
2.0
2.0
2.0
2.0

f
(mm/min)
100
150
250
500
750
1000
100
150
250
500
750
1000
100
150
250
500
750
1000
100
150
250
500
750
1000
100
150
250
500
750
1000
100
150
250
500
750
1000

X [N]

Y [N]

Z [N]

545.3
561.7
583.9
628.8
694.5
765.1
841.6
893.6
962.0
1081.0
1187.4
1243.6
1303.7
1394.7
1472.2
1568.8
1652.9
1742.8
1814.2
1879.3
1987.2
1973.8
2087.6
2165.1
2224.0
2301.8
2397.3
2461.1
2533.9
2642.6
2812.5
3001.8
3138.6
3314.3
3522.4
3785.2

148.6
173.1
196.7
211.4
255.7
302.2
305.9
308.6
315.1
323.3
352.1
398.4
428.6
489.3
536.7
595.5
653.4
774.3
832.4
889.1
952.3
1023.6
1068.7
1102.7
1153.6
1204.5
1247.3
1284.3
1311.3
1374.6
1437.2
1489.7
1533.4
1573.6
1638.4
1745.8

51.3
62.5
69.7
77.9
87.7
98.6
117.5
134.9
156.4
180.8
207.5
267.8
302.7
365.7
403.4
443.3
521.6
615.2
705.8
794.6
856.4
901.3
968.7
1009.1
1085.3
1145.7
1214.3
1287.6
1352.0
1448.4
1584.9
1712.3
1842.7
1958.6
2040.0
2115.6

Choosing an effective cutting tool plays an important role
in production planning. Necessity for programs that
support the selection of cutting tools is particularly acute
in the usage of flexible machining cells, where a modern
way of choosing the right cutting tool is required. Lately
more researches of tool choosing were made to increase
tool wear and reduce costs.
Automatic selection of tools for each operation can be
done in several ways. The simplest way is to select the
first tool that corresponds to the required product
geometry. In recent times more additional conditions for
the selection are considered. Those additional conditions
for select the proper cutting tool are:
The maximum amount of material removal,
Maximum tool life,
Minimum production costs,
Minimum production time.

3. SOFTWARE TESTING

For our research 36 measured results were used. Cutting
forces were measured with dynamometer Kistler 9257A
shown in Fig. 2. Spindle speed was 2000 rpm. All
measured cutting forces at different depth of cut and feed
rate are shown in Tab 1.

For testing in Alyuda Neurointelligence scheme of
neurons arrangement is shown in Fig. 3. There were two
entrances and one exit. At one entrance was depth of cut
(ap) and at the other was feed rate (f).

ap

F
f

Fig.3. Scheme of arrangement of neurons 2-3-2-1

Fig.2. Dynamometer Kistler 9257A
For work piece material a steel alloy with hardness ranged
from 40 to 42 HRC was chosen. Wet cutting conditions
were chosen.
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With neural network shown in Fig. 3 several different
methods were used. Final results of actual error of all
methods are shown in Tab. 2. This neural network has
two hidden layers between entrance and exit.
Second part of research was made in Matlab R2012a.
Neural network with 38 layers give us the best results,
where the relative error was less than 5 %. Scheme of this

neural network is shown in Fig. 4. There were two
entrances and one exit. The processed parameters were
the same like in research with Alyuda Neurointelligence
and are shown in Tab. 1.
Part of the program written in Matlab is shown in Fig. 5.
In comparison with neural networks made with Alyuda
Neurointelligence is this neural network more complex
and it has more layers.
2 INPUTS
- Depth of cut (ap)
- Feed rate (f)

ap

be seen on the histogram, maximum errors occur during
learning process.

f

Exponental function

ap
35 HIDDEN LAYERS

+

F

Fig.6. Best validation performance
Table 2. Actual error in % for individual method

Linear function

ap
1 OUTPUT LAYER

+

F

OUTPUT
- Expected force (F)

Method
Quasi Newton
Levenberg Propagation
Conjugate Gradient Descent
Online Back Propagation
Quick Propagation
Batch Back Propagation

Actual error in %
3.44
3.92
4.09
4.72
18.56
20.36

F

Fig.4. Scheme of neural network with 38 layers tested in
Matlab
Negative site of such a complex neural network is data
treatment which is too complicated for normal personal
computer and NC machine controller.

4. RESULTS
The most important results of our research are graphically
treated and shown in diagrams. Validation performance
for Quasi Newton method during learning is shown in
Fig. 6.
Using the software package Alyuda Neuroinelligence has
made a number of useful results. Four methods give us
great results with relative error less than 5 %. Results of
our research are shown in Tab. 2.
During the research was found out that system for
optimization the machining parameters must consider a
variety of restrictions, such as:
Standard which is set by the user,
The variation in the use of new tools, technologies and
cutting parameters,
Special database,
Processing parameters,
Work piece geometry.
Histogram in Fig.7 show us numbers of errors during
neural network learning, validation and testing. As it can

Fig.7. Histogram of errors during learning process
Neural network made with Matlab give us better results
than neural network made with Alyuda Neurointelligence.
Relative error at the best neural net-work in Matlab was
2.15 %. However neural network in Matlab is more
complex in it takes more time to solve it.
Best validation performance reached in Matlab is at epoch
127 and it is shown in Fig. 8. At this point there is the
smallest difference between validation squared error and
trained squared error.

5. CONCLUSION
Using the combination of different neural network
methods and two different softwares, a reliable system for
prediction cutting forces is established.
However, with faster and better computers and the
introduction of parallel processing, there are increasing
opportunities for the use of neural networks in different
areas.
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Fig.8. Point where the best validation performance is
reached
Even greater expansion will be achieved through new
technologies, which include an optical computers, and
probably also in the future bio-chemical computers.
For further work additional programs (new neural
networks, genetic algorithms, new methods) and tests will
be realized to reduce error of expected cutting forces and
to achieve greater stability of the whole process.
Developed neural networks will also be applied to other
cutting procedures (drilling, turning and grinding) to
evaluate the option of developing a single program for
different machine operations.
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Abstract: This paper present how e-learning can be
applied in education of graphic machines operators in
manufacturing process and quality control. In regard to
other studies that use video, audio or interactive lessons
as teaching methods, complete simulations of equipment
are made regarding their operations and usability. Three
different types of educational material are presented: (1)
workflow of screen printing process, (2) complete
simulation of paper-cutting machine and (3) tutorial on
procedure in quality control using colorimeter.
Integration of e-learning in three important part of
graphic production which are press, post-press and
quality control is presented.

decades, educational correspondence embraced the new
way of use based on information and communication
technologies (ICT). With ICT the educational purpose
increased evolving in e-learning which with the spread of
network technologies evolved significantly [2]. Definition
of e-learning is not quite universal. Albert Sangrà et al.
tried to make an inclusive definition gathered different
elements of e-learning reviewed from the literature. They
identified four categories of definitions:
1) technology-driven, which includes primary the
technological aspects of e-learning, and the rest
characteristics are presented as secondary. This
definition describes e-learning as learning with the use
of technology.
2) delivery system-oriented, in which e-learning presents
the way of accessing knowledge through training,
teaching or learning and is not focused on the results
of any achievement.
3) communication-oriented, considers collaboration,
interaction and communication as most important for
e-learning. And,
4) educational-paradigm-oriented, is the category where
the most of authors fall into. It defines e-learning as an
improvement on an educational paradigm that exist or
the new way of learning.
Having in mind all said E-learning could be defined as an
approach to teaching and learning, representing all or part
of the educational model applied, that is based on the use
of electronic media and devices as tools for improving
access to training, communication and interaction and that
facilitates the adoption of new ways of understanding and
developing learning.
E-learning is part of the new dynamic that characterizes
educational systems at the start of the 21st century,
resulting from the merge of different disciplines, such as
computer science, communication technology, and
pedagogy, since all the collected definitions contained
characteristics of more than one discipline [3].
Like other ways of education, e-learning has pros and
cons too. Some of them are listed below [4].

Key words: E-learning, Adobe AIR, graphic industry

Pros of E-learning:

E-LEARNING PLATFORM FOR
EDUCATION OF GRAPHIC MACHINES
OPERATORS AND QUALITY CONTROL
IN MANUFACTURING PROCESS
Gojko VLADIĆ
Dragoljub NOVAKOVIĆ
Milana SADŽAKOV
Nemanja KAŠIKOVIĆ
Darko AVRAMOVIĆ

Travel cost and time reduction
Scheduled class work around personal time table

1. INTRODUCTION
In the last few years, e-learning showed remarkable
growth. Increasing number of participants has been
attracted by its advantages. Modern courses based on web
presentations exploit the internet potential enhance and
support traditional means education. Beside that it offers
great innovative facilities. Further to enabling individual
student to gain knowledge in a flexible way and without
their physical presence in a classroom, this new type of
education also helps the institutions to have greater
number students in their educational services, even they
have lack of place for educations or lack of funds [1].
E-learning is a term that probably originated during the
1980's, when at the same time the another term online
learning was delivered. Both these terms originated from
the concept of distance education that has a history that
spans almost two centuries when the basic
correspondence was through the postal service. In recent

Time and place to study depends just on access to a
computer and Internet
Learning modules are self-paced
Opportunity to join discussions in chat rooms any time
Experience different learning styles in one course
Election of learning materials by the level of
knowledge and interest
Cons of E-learning:
Motivation problems,
Isolation with the lack of social interaction,
Unavailability of instructor in every moment,
Difficulty to simulate some courses,
Learning curve can be involved by software usage
Needs time to getting use to on this form of education
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Imperfect Internet connections affect performance
Beside the benefits mentioned before there is problem of
equipment availability for education process. Machine
resources engaged in production process are not easily
accessible for education purposes. By creating credible
simulations of equipment operation, students can be well
prepared for operations before ever getting into contact
with real equipment. Thus are saving valuable resources.
This form of training can be useful also as help in a job
candidate selection. Candidates for the job can be asked to
go through e-learning programme and to complete test at
the end of the course. Results can indicate suitability of
the candidate for the job, or can be helpful in the selection
process.

2. E-LEARNING SYSTEM STRUCTURE
Most of the e-learning systems include capabilities for
curriculum material presentation, communication system
and participant testing. More advanced systems can
include simulation of equipment functionality.

2.1. Curriculum material presentation
Curriculum material presentation is most important task
of any e-learning platform. Material can be presented in
numerous forms. Text accompanied by pictures is most
common form of material presentation, but computer
technologies offer much more versatile options, such as:
video, audio materials, possibility of interactive
participation. Video material can be produced by filming
or as computer animations. Computer animation offer
much more possibilities as they are not confined in real
space. 2D and 3D animations demand more time for
preparation than filming, but they are considered to be
more informative.
Alongside the material presentation e-learning systems do
not demand allocation of human resources for participant
testing. Testing can be automatized and it can be repeated
numerous times without additional cost. Statistical data
can be processed automatically also which ensured
additional resource savings.
Having in mind complex multimedia tasks in material
presentation appropriate technologies must be chosen to
ensure user friendly experience. Adobe Flash platform
offers possibilities for integration of different material
forms and interactivity. Adobe AIR (Adobe Integrated
Runtime) is a cross-platform runtime that building and
deployment of rich web applications and content to
desktop. Adobe AIR has a rich set of features, with
support for building applications using HTML,
JavaScript, Flex and Flash allowing them to run on the
desktop and go beyond the limitations they would
normally have if they were running in a web browser
(figure 1). In comparison to traditional desktop
applications, AIR applications are simple to deploy, easy
and cost-effective to build, have better web integration
and will run on all three major operating systems [5].
234

Fig.1. Adobe AIR functionality

3. E-LEARNING PLATFORMS FOR
GRAPHIC MACHINES OPERATORS
E-learning systems for education and graphic equipment
operator training developed by the Department for
graphic Engineering and Design in Novi Sad is entirely
developed as an Adobe AIR based rich internet
application.
E-learning platform for screen printing machine operator
education offers the textual introduction to every lesson
accompanied by appropriate video material explaining the
matter further, as shown on figure 2. Video presentation
consists of 3D animation developed in order to better
present stages of the screen printing process. In this case
animation ensured better view of the equipment, ensuring
possibilities to slow down operations that are too fast to
capture on video, or to speed up parts of the process that
are uninformative or just boring to the participant, thus
ensuring better grasp of the knowledge and better
attention of the participants.

a)

b)
Fig.2. a) Textual introduction in lecton, b) animation
showing the previously explained process

Other, more advanced approach to the machine operator
training is problem-based learning. This approach to
operator training offers possibility to prepare the trainee
for real world problems. Simulation program essentially
allows the user to conduct operations of the process
through simulation without actually performing that
operation.
Simulation of the Perfecta 76 paper cutting machine was
developed as a part of wider Paper finishing e-learning
platform. These systems are designed to mimic real world
situations and problems, simulating machine operation
and JDF like programming for graphical equipment. This
approach can prepare trainee for operating real machines,
thus shortening the time needed for practice on the real
machine and saving production resources otherwise used
for manufacturing. All this will result in saving resources,
preventing the trainee injuries and equipment damage by
inexperienced user. Trainees are able to do all the
operation just as they would on the real machine. All the
errors and messages are incorporated and simple cutting
operations are possible as well as programing of the
machine tasks.
Machine display and controls are presented as close as
possible to the original considering the screen format, as
shown in figure 3.

Sound effects are often overlooked in this kind of
simulations and effects of sound integration such as
button and switch clicking, mechanical parts moving,
vacuum, etc. should be further examined.

4. E-LEARNING PLATFORMS FOR
QUALITY CONTROL
Quality control in graphic industry is mainly focused on
colour reproduction quality. There are various methods
and equipment available for the purpose of measuring and
comparing colour. All of the methods and equipment
demand certain procedure to be followed and operator
must be skilled in operating equipment. E-learning can be
used for both tasks. One such system is developed for
portable reflection spectrophotometer HP200 for colour
measurement of various materials. This training material
is produced by combining video tutorials, 3D animations,
for presentation of measurement procedure, shown in
figure 4.a. and simulation of the equipment operation,
shown in figure 4.b.

a)
a)

b)

Fig.4. a) Measurement procedure, b) Menu navigation
Advantage of this approach to quality control education in
manufacturing is that all workers can be educated without
of equipment utilization, decreasing the need for
specialized personnel to be present at all time. Students
education is equally conducted in groups, procedure can
be presented by video beam or other means to whole
group after which students can practice all at the same
time thus saving time otherwise needed for individual
teaching.

5. CONCLUSION

b)
Fig.3. a) Photograph of machine user interface b) screen
view of computer simulated machine interface
Results of survey conducted amongs expirienced users of
Perfecta 76 paper cutting machine regarding the
functionality and usability of this simulation showed very
high scores regarding similarity of simulation graphics
and machine interface, similarity of function, simplicity
of usage, interactivity, comprehensiveness of simulation
and training usability. All scores were 9 and obove of 10.
Expirienced users comented on absence of sound effects
and have emphasized that sound effects could enhance
simulations effects [4].

E-learning can be useful in graphic industry as a new way
of students and machine operator’s education and
training. That new approach to learning can save time,
money and prevent equipment damage. The time can be
saved as it is possible to educate more than one student at
the same time. Unlikely traditional education where there
is one machine and only one by one subject can practice
while the others just can watch, the virtual education can
provide a multiple education where every subject has his
own machine on computer and all of them can practice at
the same time. By using e learning platform students can
be well prepared for operations before any contact with
real equipment. Department of Graphic engineering is
working on development on platforms useful in all three
parts of graphic production, pre-press, press and post
press. Future plans include the creation of new
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simulations available to the students as well as the
graphical industry firms.
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THE QUALITY ASSURANCE IN THE
ROLLING INDUSTRY – METHODS,
APPROACHES AND TENDENCIES
Imre KISS
Vasile ALEXA
Sorin Aurel RATIU
Vasile George CIOATA
Abstract: Quality assurance is the activity of providing
evidence needed to establish quality in work, and that
activities that require good quality are being performed
effectively. All those planned or systematic actions
necessary to provide enough confidence that a product or
service will satisfy the given requirements for quality.
Quality assurance covers all activities from design,
development, production, installation, servicing and
documentation. It includes the regulation of the quality of
raw materials, assemblies, products and components,
services related to production, and management,
production, and inspection processes.
Our approaches the issue of quality assurance of the
rolling mills rolls, from the viewpoint of the quality of
materials, which feature can cause duration and safety in
exploitation. The experimented durability research, as
well as the optimization of the manufacturing technology,
allows the conclusion of direct results for the rolls. The
beneficiaries of these results are the unit in which the
rolls are manufactured, as well as the unit that exploits
them. The technological manufacturing process of the
rolling mills rolls, as well as the quality of material used
in manufacturing them, can have a different influence
upon the quality and the safety in the exploitation.

molten form began and, along with improvements in roll
materials, have remained closely connected with the
development of the steel industry.
From the standpoint of materials, the above line–up of
rolls for hot–rolling remained unchanged although
advancing metallurgical and material developments
improved the quality significantly. Roll producers learned
how to improve the cast–steel rolls by suitable heat
treatment and to adapt cast–iron rolls to specific
applications by properly balanced charges and further
advances in modeling techniques.
Alloying additions for cast–iron rolls probably first came
into consideration for rolling sheet, where improvements
in the surface of the hot–rolled product were especially
necessary. Subsequently it was found possible to increase
the performance of shape rolls also by alloying. The
innovations in rolling mills placed unprecedented
requirements on rolls and users demanded better surface
quality on the rolled products, which were often high–
strength and therefore difficultly workable steels. Thus,
the rollers insisted on longer roll life. Further
improvements in the existing types of rolls were made
and new roll materials were developed. Today, the roller
has available a number of roll types but it is not always
simple to select the best one.
The rolls must present high exploitation qualities, which
are determined from the hardness, resistance and high
temperature stability. These qualities guarantee the high
resistances at wear in the dried friction conditions and the
unexpected temperature variation stability in the rolling
operation. In addition, they assure the resistance at the
thermal fatigue, (because the rolls are heated at the
contact with the laminate), high resistance at the thermal
shock stress, and the bending strain resistance. Also, the
rolls must assure the clamping of materials, as well as the
high quality of the laminate surface.

Key words: quality assurance, rolls manufacturing,
laboratory research, mathematical modeling

1. SHORT REWIEW OF THE ROLLS
MANUFACTURING
Rolls are the most important means of hot– and cold–
forming bulk products in the ferrous industries. The
concept and introduction of rolling mills made the
forming of large quantities of metal economically
feasible. Rolling mill construction and the art of rolling
experienced a sharp growth when production of steel in

Fig. 1. The Quality control phases
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
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qualitative level of laminates, reason for which they are
given a special attention, in manufacturing, as well as in
usage. These requirements can not be completely
fulfilled, compelling to the granting of priorities
depending on the type of laminates, therefore to
compromises. 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.
Although the manufacture of rolls is in continuously
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.
To the selection of materials is considered the type of
rolling mill, the sizes of rolls (in specially this diameter),
the speeds of lamination, the stands from the train of
lamination for which is achieved rolls, the working
temperature in the lamination process, the module of
cooling during work, the size caliber, the pressure on
rolls, the rolled material hardness, etc.
The choice of material for rolls is the operation which
takes into consideration the own solicitations of the
lamination process afferent to the type of rolled products,
and the features of different materials considerate
optimum in the fabrication of different typo–dimensions
of rolls.

optimization of manufacturing technology of the cast
rolls, especially those from cast–iron – using electronic
calculus technique as the modeling phenomenon (Fig. 4)
and mathematical interpretation of the technological
processes.

Fig.3. Quality assurance through
the laboratory experiment

2. METHODS, APPROACHES AND
TENDENCIES
The technological manufacturing process of the rolling
mills rolls, as well as the quality of material used in
manufacturing them, can have a different influence upon
the quality and the safety in the exploitation. Our proposal
approaches the issue of quality assurance of the rolling
mills rolls, from the viewpoint of the quality of materials,
which feature can cause duration and safety in
exploitation.

Fig.4. Quality assurance through
the modeling phenomenon

Fig.2. Quality assurance research fields
In these sense, our researches propose, on aside, to
analyze the durability in industrial exploitation of rolling
mills rolls – analysis materialized from prism of the
laboratory experiment (Fig. 3), and on another side, the
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Fig.5. Quality assurance in the rolling industry
The quality assurance research fields can be defined
through the general research area, through the different

experiments effectuated in the laboratories, and, also,
through the modern calculation programs, optimization
technologies and the better capitalization of the
manufacturing data (Fig. 5).
The terms “quality assurance” and “quality control” are
often used interchangeably to refer to ways of ensuring
the quality of a service or product. The terms, however,
have different meanings.
Assurance: The act of giving confidence, the state of
being certain or the act of making certain.
Quality Assurance: The planned and systematic
activities implemented in a quality system so that
quality requirements for a product or service will be
fulfilled.
Control: An evaluation to indicate needed corrective
responses; the act of guiding a process in which
variability is attributable to a constant system of
chance causes.
Quality Control: The observation techniques and
activities used to fulfill requirements for quality

Fig.8. Quality assurance phases in the rolling industry
(general flow)

Fig.9. Quality assurance phases in the rolling industry –
Stage 1: data profiling

Fig.6. Quality Assurance vs. Quality Control

Fig.10. Quality assurance phases in the rolling industry –
Stage 2: data quality

Fig.7. Quality Assurance vs. Testing
In the rolling industry, the quality of the product (of the
rolls, in this case) is in directly accordance with the
quality of technologies (defined by the casting
equipments, materials, applied procedures, etc), and also,
by the quality of the manufacturing process (charging,
melting, inoculation, ladle treatment, casting, cleaning
etc)”.

Fig.11. Quality assurance phases in the rolling industry –
Stage 3: data integration
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Fig.12. Quality assurance phases in the rolling industry –
Stage 4: data enrichment

Fig.13. Quality assurance phases in the rolling industry –
Stage 1: data monitoring

All these phenomena, which are more or less emphases
depending on the type and typical of rolling mills, are not
taking into consideration in the classic calculus of rolls. If
the study of the rolls resistance is extended upon their
durability, we must consider the whole complex of
tensions with mechano–thermal influences. The research
on durability in exploitation of hot rolling mills rolls
assures relevant conditions for the appropriation of the
research methods of the thermal regimes that are
submitted the rolls or other organs of machines, that
works in constant (symmetrical) or variables
(asymmetrical) thermal solicitation conditions.
The recommendations for the increase of the duration of
exploitation and remove of the damages through the
accidental rupture of rolls from the stands of lamination,
the attenuation of rolls thermal fatigue, the avoiding of
thermal shock and their rational exploitation are actuality
issues that must be continuously researched. In this trend
is situated the research of the thermal fatigue phenomena,
materialized in technical reports, whose beneficiary is the
unit in which the rolls are exploited, as well as through
scientific papers, that can develop the framework of
scientific research. These researches results lead to direct
conclusions about the cast–iron rolls, and permit their
comparison with date about steel rolls, area studied
thoroughly researched of specialists.
The work is of practical immediate utility, inscribing
itself in the context of technical capitalization of the
manufacturing technologies and of exploitation of cast–
iron rolling mill rolls, for which exists an attentive
preoccupation both from foundry sectors, as well as from
lamination sectors, having as determinate aim the quality
assurance and increase the durability in exploitation.

3. QUALITY OF ROLLS ASSURED BY THE
LABORATORY EXPERIMENTS

4. QUALITY OF ROLLS ASSURED BY THE
MODELLING OF MANUFACTURING
DATA

The researches of durability in the exploitation of cast
from cast–iron rolls, constitute a scientifically novelty,
and experimentally define an important chapter from the
thermal fatigue of the organs of machines in the
movement of rotation, in variable temperature mediums.
Hot rolling mills rolls work the in the variable compound
solicitations, due to lamination process and which
repeated to regular intervals of time.

Starting from the principle of modeling process, used as
necessary basic instrument, both in phase of conception,
as well as in the industrial technologies analysis, is
determined the optimum regimes of the cast rolls, from
the view from chemical composition, as one as the most
important parameters of disturbance of the manufacturing
process.

Fig.15. The influence of the basic and the alloyed
elements upon the Brinell hardness,
in mathematical perspective
Fig.14. Hot rolling mills rolls work the in the variable
compound solicitations
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The enunciation of some mathematically modeling
results, described through a number of multi–component

equations determined for the spaces with 3 and 4
dimensions, as well as the generation of some regression
surfaces, of some curves of levels, of the volumes of
variation, of the lines of outlines of the volumes of
variation of surfaces and the areas of variation of these,
can be represented and interpreted by technologists and
can be considerate diagrams of correlation between the
analyzed variables. From this point of view the research is
inscribes in context of scientific capitalization of the
process and the industrial technologies optimizations, on
the way of the analysis and the mathematical experiment.
The character of the metallurgical processes optimization
is influenced by the complex peculiarities of these, which
take place into a great number of variables (parameters)
that operates independently or cumulate.

Fig.16. The regression hyperplanes

Fig.17. The representations variation areas of the cast–
irons chemical composition
For this reason, to analyze the metallurgical processes is
used, mainly, the statistical fundamental methods that
permit to draw conclusions, from the observed values,
about the repartition of the frequencies of various
parameters, about their interaction, about verification
validity of certain premises, and about the research of the
dependencies among different parameters. However, the
statistical methods of the metallurgical process analyses
do not solve a series of aspects regarding the mode of
establish the decisions for the management of the process.
Thereof, parallel with the statistical methods it was
developed optimization methods.
The optimization of any technological process has, as a
base, a mathematical model. The search for the best
solution, for the truth, requests either to find, on the way

of a study, definitive truths, or of relative valid truths,
valid only in certain conditions, and which, in relation
with the definitive truths, include implications and errors.

5. CONCLUSION
The aim of the propose research is to answer to as many
questions possible regarding the quality of rolls. In this
sense, durability in exploitation is extremely current, both
for immediate practice, and for the scientific research
attributed to the cast–iron. Also, 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.
The research on durability in exploitation of hot rolling
mills rolls assures relevant conditions for the
appropriation of the research methods of the thermal
regimes that are submitted the rolls or other organs of
machines, that works in constant (symmetrical) or
variables (asymmetrical) thermal solicitation conditions.
Also, it can be emphasized the thermal shock,
phenomenon that constitutes a permanent danger, which
leads to rupture, specific to rolling mills rolls.
On another hand, 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
modeling, witch is achieved starting from the
differentiation on rolls component parts, taking into
consideration the industrial data, as well as the
national standards regulations, which recommends the
hardness, for different chemical compositions.
The optimum solution is determined through some
mathematical restrictions to the input values that the
mathematical modeling is started.
The realization of a mathematical model starting from
industrial data, gathered at the rolls hardness
measurement, and at the national standards regulations,
which recommends the hardness, for different chemical
compositions, also determines the degree of originality of
the suggested project. The determination of the equations
of regression hyperplanes, which describe the
mathematical dependency between the chemical
composition and the hardness, the determination of the
multi–component relations and the realization of the
graphic interfaces for the representations variation areas
of the cast–irons chemical composition, completes this
area of preoccupations within a processing mathematical
of modeling and optimization. Through the original aimed
elements mentioned above, the suggested research allows
the enunciation of new approaches in the area afferent to
the theme.
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procedure [1], according to the ACRONI Jesenice
catalogue recommendations. The mechanical properties
and the chemical composition of the chosen electrode is
given in Table 2 [1]. Welded joint is butt 2/3 X-weld.
Groove preparation was done according to the SRPS C.
T3.030.
Table 1. Mechanical properties and chemical composition
of Nionikral-70
Yield
Testing strength,
Batch
direction
Rp0,2,
MPa, min.
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Abstract: Reliability of the welded joint, exposed to a
variable stress, is dominant topic nowadays, so the part of
this paper is pointed to the analysis of the variable stress
impact on the welded joint behavior, in presence of a
crack failure, respectively to the determination of a
fatigue crack growth parameters. Testing of specimens
with a notch on the Charpy pendulum, in order to
determine impact energy, gives precious data on local
behavior in the notch tip zone. The possibility to separate
the total impact energy, on the initiate energy and the
propagation energy of a crack, introduce the new
approach to the material behavior estimation.
Key words: welded joint, crack, notch, fatigue crack
growth parameters, impact energy

1. INTRODUCTION
High strength low alloyed steel, Nionikral-70, was chosen
for the base metal and the welded joint behavior testing. It
was produced in an electric furnace, casted into blooms,
and flat rolled to 18 mm thick slabs. Strengthening was
done in combination of a classic improvement (quenching
and tempering), followed by grain refinement due to
adequately selected chemical composition, micro alloying
and appropriate deposition. The mechanical properties
and the chemical composition of the delivered sheet metal
is given in Table 1 [1]. “ACRONI-Slovenske Železarne”
Jesenice was the material supplier.
Tenacito-75, basic coated, low hydrogen electrode, in
diameters of 3,25 and 4 mm, was chosen for the plates
welding. The choice was made according to the base
material properties and thickness and the chosen welding

L-T

Tensile
strength,
Rm, MPa,
min.

Dilatation,
, %

770

14

710
% mass

C

Si

Mn

P

S

0,10

0,20

0,23

0,009

0,018

Cr

Ni

Mo

V

Al

1,24

3,10

0,29

0,05

0,08

Table 2. Mechanical properties and chemical composition
of Tenacito-75
Electrode

Yield strength, Tensile strength,
Rp0,2, MPa, min. Rm, MPa, min.

Tenacito-75

725

780

% mass
C

Mn

Si

Cr

Ni

Mo

0,06

1,45

0,25

0,55

2,0

0,35

Dilatation,
, %
12

Impact energy, J
-20C

-40C

-60C

110-140

65-95

50-80

2. DETERMINATION OF THE FATIGUE
CRACK GROWTH PARAMETERS
The basic improvement that fracture mechanics brought
in the field of the material fatigue is in analytical parse of
the fatigue fracture phenomenon to the period of
initiation, in which a fatigue crack initiate, and to the
period of propagation or growth that follows and in which
the initiated crack propagates to the critical size at which
sudden fracture appears. Thus, the total number of cycles,
Nt, after which fracture occurs, is divided to the number
of cycles needed for a fatigue crack to initiate, Ni, and the
number of cycles needed for it to propagate to the critical
size for fracture, Np.
N t  Ni  N p

(1)

The development in the material behavior study, under
the variable load influence, is enabled by parallel
introduction of experimental and theoretical approach,
since only theoretical approach cannot fully explain
initiation and propagation of a fatigue crack. Intensive
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investigation is currently done in order to determine all
the factors that affect the da/dN = f(K) dependence, in so
called low-cycle fatigue, when plastic deformation occurs
in the hysteresis loop of a single cycle. Application of
linear-elastic fracture mechanics analysis procedures of
stress and strain state on a propagating fatigue crack tip
leaded to the formulation of Paris equation for all metals
and alloys, which relates fatigue crack propagation rate
with a crack tip stress intensity factor range [2]:
da
 C  K m
dN

(2)

device for a crack increment registration, FRACTOMAT
[2], was used for monitoring the crack propagation with a
foil gauge. The system for a crack increment measuring,
FRACTOMAT, and foil gauge register the change in
electrical resistance within a foil gauge. Gauge is a thin,
resistant, measuring foil installed on a specimen the same
way as classic strain gauges. The appearance of the
specimen prepared for the testing is shown in Figure 2. As
a fatigue crack propagates beneath the foil gauge, it reaps
following the fatigue crack tip, which causes the electrical
resistance of the foil to linearly alternate with the change
of the crack length.

Although Paris equation for a crack propagation is not
valid in the entire area, between small rates near to the
fatigue threshold (Kth shown in Figure 1 [2]), and high
rates (KIc), large linear middle part of the curve covered
by Paris relation, has showed to be far the most important
from the practical point of view, since it simultaneously
allows the difference to be made between fatigue crack
initiation and propagation.
Fig.2. Appearance of the prepared specimen for the
testing of the fatigue crack growth parameters
a - N curves are used for a crack propagation rate
determination. Calculation procedure consists of
approximation in seven consecutive points, with a second
degree parabola, starting with the first point of a - N
dependence, using the least square method [1, 3]:

a I  b0  b1 N  b2 N 2

(3)

and then the first derivative is determined in a middle
point of a segment. That means that the real curve is
approximated by a series of parabolas, from which first
goes through the points 1-7, second goes through the
points 2-8, third goes through the points 3-9 and further
on. The crack propagation rate is determined as a
derivative in a middle point (point 4 for the first parabola,
5 for the second, 6 for the third and further on) [1, 3]:

Fig.1. Typical curve of fatigue crack propagate rate in
dependence on K
For determination of the fatigue crack growth rate da/dN
and a fatigue threshold ΔKth, standard Charpy specimens,
mounted in the resonant high frequency pulsing machine,
and bending in three points method were used. This
examination is done with the force control. The machine
used drives a sinusoidal alternating torque load in the
range of -70 to the 70 Nm. Device is connected to the
computer, printer and plotter, enabling an automatization
of measuring process and data logging and processing.
This test is done under the same minimal/maximal load
ratio R=-1. The machine working frequency was in the
175-195 Hz range, depending on the crack position (base
material, weld bead material, heated zone) and the load
magnitude. The average load and its magnitude were
measured with an accuracy of ±3 Ncm.
Specimens were mechanically prepared before testing and
foil-strain gauges, used for a crack increment monitoring,
were installed on the prepared specimens. 5 mm long,
RMF A-5, foil gauges were used in testing procedure. The
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da
 b1  2b2 N
dN

(4)

This way the propagation rate is obtained for the first
parabola [1, 3]:

a I  b0 I  b1I N I  b2 I N I 2 ,

da I
dN I

 b1I  b2 I N I 4

(5)

4

Determination of the dependence of a fatigue crack
propagation rate, da/dN, and the range of the stress
intensity factor, ∆K, comes down to the determination of
the coefficient C and the exponent m in the Paris
equation. The range of the stress intensity factor, ∆K,
which depends on a specimen geometry and crack length,
and on the range of the variable force ∆F = Fh – Fl,
should be ascribed to the fatigue crack propagation rate
for a current crack length, a.
Following expression is used for the determination of the
stress intensity factor range:

K 

F  L

B  W3

 f a / W 

(6)

where:

1000

f (a / W ) 

Weld metal

a
W

a 
a

21  2 1  
W
W




3/ 2

100

(7)

2

a
a 
a
a 
1,99  1   2,15  3,93  2,7  
W  W 
W

 W  


L - support span,
B - specimen thickness,
W - specimen width (height),
a - crack length.
The limit ∆Kth can be determined: by gradual reduction of
the load until crack propagation stops, by annealing of a
notched specimen in order to eliminate residual stress
around the crack tip and by gradual increment of the load
until the crack propagation starts and using a specimen
with the shape that is characterized by the stress intensity
decrease with a crack length.
Dependences log da/dN = log (∆K) are calculated and
plotted, based on the testing progress. Diagrams of the
fatigue crack propagation rate, da/dN, and the stress
intensity range alteration, ∆K, for the tested samples are
shown: in Figure 3 for a specimen with a notch in BM, in
Figure 4 for a specimen with a notch in WM and in Figure
5 for a specimen with a notch in HAZ [1,4].
1000

1

0.1

0.01

1E-3
1

10

1/2

K, MPa m

Fig.4. da/dN-K dependency diagram for WM specimen

3. IMPACT ENERGY DETERMINATION
Impact testing of a specimen with notch in base metal,
weld metal and heat affected zone were performed in
order to determine the total impact energy, as well as its
components, the crack initiation and the crack
propagation energy. The testing procedure and specimen
dimensions and shape, as shown in Figure 6, are defined
according to SRPS EN 10045-1 EN [5], SRPS EN 100452 [6] and ASTM E 23-02 [7].

Base metal
100

10

da/dN, m/cyc.

10

da/dN, m/cyc.

3

Table 3. Coefficients in Paris equation for the BM
specimen
1

Propagation
Kth,
Coefficient C Coefficient m
zone mark
MPa m1/2

I
III

0.1

3,9810-14
1,6710-13

4,139
3,765

10,22

Table 4. Coefficients in Paris equation for the WM
specimen

0.01

Propagation
Kth,
Coefficient C Coefficient m
zone mark
MPa m1/2

1E-3
1

10

1/2

K, MPa m

Fig.3. da/dN-K dependency diagram for BM specimen
Values of the coefficient C and m for the BM specimen
are given in Table 3, for the WM specimen in Table 4 and
for the HAZ specimen in Table 5 [1,4].

I
II
III

8,3810-15
3,3010-19
7,9310-15

4,798
8,462
5,078

8,45

The notch position in relation to the welded joint is
defined according to EN 875 [8]. Testing was performed
on the SCHENCK TREBEL 150 J, instrumented Charpy
pendulum, at room temperature [1].
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Impact testing results are given in Table 6 for specimens
with notch in BM, in Table 7 for specimens with notch in
WM and in Table 8 for specimens with notch in HAZ
[1,10].

1000

Heat affected zone
100

Table 5 Coefficients in Paris equation for the HAZ
specimen
Propagation
Kth,
Coefficient C Coefficient m
zone mark
MPa m1/2

da/dN, m/cyc.

10

I
II
III
IV
V
VI

1

0.1

0.01

1,9010-20
4,6310-12
2,9010-16
7,8710-13
1,4810-16
1,7410-14

10,259
2,667
6,403
3,560
6,505
4,929

8,71

Table 6. Impact testing results for specimens with notch
in BM

1E-3
1

10

1/2

K, MPa m

Fig.5. da/dN-K dependency diagram for HAZ specimen

Total Crack
Crack
Testing
impact initiation propagation
Specimen
temperature,
energy, energy, energy, AP,
mark
C
AT, J
J
AI, J
BM-1a
118
43
75
BM-2a
126
49
20
77
BM-3a
131
50
81

Table 7. Impact testing results for specimens with notch
in WM
Total Crack
Crack
impact initiation propagation
Testing
Specimen
temperature, energy, energy, energy, AP,
mark
AI, J
AT, J
J
C

WM-1a
WM -2a
WM -3a

20

Tenacito-75 Electrode
47
17
30
40
12
28
43
19
24

Table 8. Impact testing results for specimens with notch
in HAZ

Fig.6. Specimen for impact energy determination
Three groups of specimens were fabricated with different
V-2 notch position:
I group - specimens with V-2 notch in base metal;
II group - specimens with V-2 notch in weld metal;
III group - specimens with V-2 notch in heat affected
zone.
Since the testing was performed on the instrumented
Charpy pendulum with oscilloscope it was possible to
grade notch positioning effect on the crack initiation
energy value AI, and the crack propagation energy value
AP, as integral components of the total impact energy [9].
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Total Crack
Crack
impact initiation propagation
Testing
Specimen
temperature, energy, energy, energy, AP,
mark
AT, J
J
AI, J
C
Tenacito-75 Electrode
HAZ-1a
129
45
84
HAZ-2a
124
41
83
20
HAZ-3a
119
39
80

4. CONCLUSION
Welded joint toughness should be connected with change
of the curve part slope in the Paris law validity zone.
Slower growth is confirmed at specimens with a crack in

BM and HAZ, because larger stress intensity factor range
for the same growth rate is needed. At higher KIc values,
higher fatigue crack growth rate is needed for a transition
to the brittle fracture area, which can be clearly seen in
Figures 2 to 4. For the welded joint of low-alloyed steel it
can be noticed that the transition to the brittle fracture is
slower for the WM compared to BM and HAZ, which is
expected because the KIc value is lower in WM as well.
As it can be seen, notch placement and crack initiation
point have influence on the fatigue threshold values ∆Kth
and Paris equation parameters. This is specially expressed
at fatigue crack growth rate parameters determination in
heat affected zone. Here we have 6 different changes of
fatigue crack growth rate, which indicates different
structures crack is passing through. Maximal fatigue crack
growth rate can be expected at the stress intensity factor
range level which approaches the fracture toughness of
plane deformation, because on that level the brittle
fracture is reached. If fracture toughness values at plane
strain KIc are entered into diagrams in Figures 2 to 4, it
can be estimated for which fatigue crack growth rates
fatigue process will be replaced by the brittle fracture
development during the different loading levels.
Unfavorable situation will occur during higher loading
because small loadings cannot cause such fatigue crack
growth rates in order to approach to the stress intensity
factor level needed for the brittle crack generation.
Position from which specimens were taken has influence
on the total impact energy value AT, as well as the Vnotch position. Welded joint structure heterogeneity,
followed by different mechanical properties of some areas
in welded joint (base metal, weld metal and heat affected
zone), has crucial effect on impact properties, more
precisely on the total impact energy value. Specimens
with V-notch in base metal have the highest value of total
impact energy and it is round 125 J [1,10] for testing at
room temperature. Specimens with V-notch in WM have
the lowest value of total impact energy and it is round 43
J [1,10] for testing at room temperature. Total impact
energy is round 124 J [1,10] in case V-notch is positioned
in HAZ. Specimens with V-notch in HAZ have the most
optimal ratio between crack initiation energy AI and crack
propagation energy of 1:1,98 [1,10] for testing at room
temperature. Specimens with notch in BM have crack
initiation and propagation energy ratio of 1:1,64 at room
temperature, and specimens with notch in WM have crack
initiation and propagation energy ratio of 1:1,71[1,10] at
room temperature. Specimens with V-notch in base metal
and heat affected zone have the highest value of total
impact energy, or the best ductility. Specimens with notch
in weld metal have the lowest value of total impact
energy, or the worst ductility. Thus, welded joint structure
heterogeneity caused that weld metal has the worst ductile
properties.
Based on the analysis of the testing results, using two
different parameters, identical behavior of characteristic
zones of the welded joint, was shown in this paper.
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cavitation zones both at the propeller and the ship body
[9]. This is the reason for researches regarding the
materials with high cavitation erosion resistance [13]. The
previous studies show that cavitation erosion depends on
the chemical composition but also on the mechanical
properties and the metallographic structure. From the
corrosion point of view, a good solution is the use of
bronzes AMPCO 45 and AMPCO M4, having as
principal chemical components copper, aluminum, nickel
and manganese. Those bronzes have also good
mechanical properties. Because a good corrosion
resistance is not equivalent with a good cavitation
resistance it became imperative to study also the behavior
to cavitation erosion.

CAVITATION EROSION RESEARCHES
UPON TWO AMPCO BRONZES
Ilare BORDEASU
Mircea Octavian POPOVICIU
Lavinia Monica MICU
Laura SALCIANU
Constantin BORDEASU
Abstract: Using laboratory methods, the cavitation
erosion resistance of two bronzes proposed for
manufacturing ship propellers were analyzed. The
researches were done in the Cavitation Laboratory of
Timisoara Polytechnic University in the device T2
realized in conformity with ASTM G32-2010 Standards.
The results are presented by using the cavitation erosion
characteristic curves MDE(t) and MDER(t). In order to
evaluate the behavior to the cavitation erosion there were
given comparisons with two materials for which there are
laboratory results bur also information about the good
behavior in field conditions. The first material in
OH12NDL stainless steel used for a lot of hydraulic
turbines subjected to cavitation erosion. The second is the
bronze CuNiAl III-RNR, presenting excellent cavitation
erosion resistance and utilized on a large scale for ship
propellers. The finally results show, that even if between
the two materials there are some differences from the
point of view of the chemical composition and the
mechanical characteristics, the resistance to cavitation
erosion is approximately equal and both can be used for
manufacturing ship propellers.
Key words: erosion of cavitation, bronze, mean depth
erosion, mean depth erosion rate, microstructure

1. INTRODUCTION
This is an instruction for the preparation of the camera
ready paper for the 8th International Symposium “KOD
2014”, which will take place on 12–15 June 2014 in
Balatonfüred, Hungary.
The official languages of the symposium KOD 2014 is
English Because the primarily interests of designers are
the vessel speed, most laboratory tests are done in devices
for hydrodynamic studies in order to reduce the ship
stream-line resistance [2], [6]. The increase of the ship
velocity determines simultaneously the appearance of

2. RESEARCHED MATERIALS
In conformity with the quality specifications, given by the
producer, the chemical composition of the two bronzes is:
1. Bronze AMPCO 45, [14]: 10% Al, 5% Ni, 2,5 % Fe,
1,0 % Mn, rest Cu;
2. Bronze AMPCO M4, [15]: 10.5 % Al, 5% Ni, 4.8
%Fe, 1.5 % Mn, rest Cu.
The mechanical properties with significance for the
cavitation erosion are:
3. Bronze AMPCO 45, [14]: ultimate resistance Rm =
814 MPa, yield point Rp0.5 = 217 MPa, Brinell
hardness = 228 HB30, elongation A5 = 15%, resilience
KCU = 11.3 J, elastic modulus E = 117 GPa, density =
7.53 kg/dm3
4. Bronze AMPCO M4, [15]: ultimate resistance Rm =
1000 MPa, yield point Rp0.5 = 793 MPa, Brinell
hardness = 286 HB30, elongation A5 = 8%, resilience
KCU = 7 J, elastic modulus E = 124 GPa, density =
7.45 kg/dm3

3. LABORATORY TESTS RESULTS
The cavitation erosion resistance tests were done with the
T2 vibratory apparatus in the Cavitation Laboratory of the
Timisoara Polytechnic University. All tests respected the
ASTM G32-2010 Standards [11]. From each material
were tested three specimens. In conformity with our
laboratory specifications [10] the maximum exposure was
165 minutes divided in 12 test intervals (first of 5
minutes, the second of 10 minute the rest of 15 minutes).

3.1. Cavitation erosion parameters and curves
Using the cumulative mass losses values m1, m2, m3,
recorded for each specimen after a test period “i” there
were determined the mean cumulative lost mass for a
given material:
12

mi =


i 0

m1i  m2i  m2i
[grams]
3

(1)

Using the mean mass losses there were determined the
experimental values for the cumulative mean depth
erosion MDEi and the cumulative mean depth erosion rate
with the relations:
 for the cumulative mean depth erosion, after period “i”
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MDEi =

4  mi
[mm]
    d p2

(2)

 for the mean depth erosion rate, after period “i”
MDERi= MDEi/ti [mm/min]

(3)

were:
j – represent the specimen number,
i – represent the testing period,
mi – is the cumulative mass lost during the period i
<grams>,
ρ – bronze density <grams/mm3>,
ti – the cavitation exposure in the period “i” (first peroid
of 5 minutes, second 10 minutes and the rest 15 minutes),
dp – specimen diameter (dp= 15.8 mm),
MDEi – mean depth erosion enerated by cavitation in
the ti period.
The characteristic curves approximating the distribution
of the experimental obtained values were obtained using
the exponential relations established previously [3], [7].
This equations are [3]:
 for the mean depth erosion
MDE (t) = At(1-e-Bt)

(4)

 for the mean depth erosion rate
MDER(t) = A(1-e-Bt) + ABte-Bt

a)

b)
Fig.1 Cavitation erosion specific curves for AMPCO 45
a) Mean depth erosion against cavitation exposure time
b) Mean depth erosion rate against cavitation exposure
time

(5)

where:
A – is a scale parameter, statistical established putting the
condition of minimum deviations for the
experimental values,
B – is the curve shape parameter.
The analytic curves are very important because both their
shape and the point’s deviations offer possibilities to
appreciate the material behavior during cavitation
exposure. The characteristic cavitation erosion curves
together with the measured points for both tested bronzes
are presented in Fig. 1 and 2.
To put into evidence the aspect of the eroded surface in
Fig. 1a and 2a are given also photographic images of the
area of a specimen at different exposure times (0, 90 and
165 minutes).

a)

3.2 Analyzes of experimental results
The shape of the MDE(t) curves Fig.1a and 2a show that
beginning with the 45 minute of exposure it become
linear, therefore the cavitation erosion intensity of the
material become constant. The same conclusion result
also from the MDER(t) curves Fig.1b an 2b. The scatter
of the experimental points obtained with the three tested
specimens is extremely small (see Fig.1a and 2a),
consequently the structure and the distribution of the
mechanical characteristics are extremely uniform
distributed in the mass of the material. The shape of the
curves MDER(t) have the tendency to become linear near
the maximum value.
Those shape types is specific for the materials with good
cavitation erosion resistances [3], [7]. Consequently both
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b)
Fig.2 Cavitation erosion specific curves for AMPCO M4
a) Mean depth erosion against cavitation exposure time
b) Mean depth erosion rate against cavitation exposure
time
tested bronzes have high cavitation erosion qualities and
can be used for manufacturing ship propellers.

The scatter of the experimental points in Fig.1b and
Fig.2b especially for the first half hour of the tests can be
explained from the fact that those curves are the
derivative of those in Fig. 1a and Fig.1b and also because
at the beginning of the test, the roughness piques as well
as some metallic dust are rapidly expelled the [3].
From the pictures of the exposed area it can be deduced
that the cavitation erosion is uniform distributed upon the
whole tested area during the entire exposure time.

3.3 Phenomenological investigations of the
eroded microstructure
The microscopic analyze of the eroded area, presented in
Figs. 3…6 are of importance to understand some
peculiarities of erosion mechanism for those materials
manufactured through heat plastic deformation. In
conformity with Fig. 4 and 6 the basic structure of the
material consists in principal from  solid solution and a
small proportion of α + γ΄ eutectoid. Because the solid
solution give a good plasticity and the eutectoid increase
the mechanical characteristics the erosion must occur at
the interface at the constituents and finally an entire solid
solutions grain is expelled. Supplementary, the scanning
electronic microscopy put into evidence the annealing
twin formation and the erosion with priority of the solid
solutions grains.

AMPCO 45

AMPCO 45

Fig.3 Directions of roughness measurements on the final
cavitation eroded area (165 minutes), for AMPCO 45,
MITUTOYO measuring device
AMPCO M4

AMPCO 45

AMPCO M4
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AMPCO M4
Fig.4 Microscopic images of the cross-section for final
eroded AMPCO 45 specimen (165 minutes); HIRO
microscope x1300;
A central zone; B transition zone; C external uneroded
zone

B

Fig.5 Recorded zones

C
AMPCO 45, AMPCO M4
Fig.6 SEM images of the zones presented in Fig. 5

4. CAVITATION RESISTANCE EVALUATION

A
252

In order to establish if the tested bronzes can be used for
manufacturing ship propellers, their laboratory results are
compared with those obtained for two materials used on a
large scale for the details subjected to cavitation in field
conditions. The OH12NDL stainless steel was used for
manufacturing numerous hydraulic turbines (were the
corrosion due to the salted water is absent) and the bronze

CuNiAl III used for manufacturing ship propellers (were
the salt water corrosion is present). These materials
presented good cavitation erosion results in field
conditions. For both materials we also have consistent
results regarding the cavitation erosion resistance in
laboratory conditions [2], [8].
From the curves presented in Fig 7a and 7b it results that
the bronzes AMPCO M45 and AMPCO M4 do not
present significant differences. AMPCO M4 is a little
better from the cavitation erosion point of view (having
also some better mechanical properties: Rm = 1000/814
MPa and Brinell hardness 286/228 HB30). For both
bronzes, the mean depth erosion rate increases till the
minute 75 after which it became stable.
After 60 minute of exposure both bronzes had similar
behaviors, even if they have different structures and
mechanical properties. The differences are equals with the
tolerance interval for the same material [3], [4], [5], [10].
It is possible for AMPCO M45 to obtain a higher
hardness under the impact of bubble implosions.
Fig. 7 present the behavior and resistance of the two
tested bronze in comparison with two reference materials.
The comparison with the stainless steel OH12NDL, curve
1, shows a very good behavior of the analyzed materials.

are typical for materials with very good behavior to
cavitation erosion [3]. The MDER values in the stable
zone show that the cavitation resistance of AMPCO M4 is
two times greater and that of AMPCO 45 is only 1.8
times greater in comparison with steel OH12NDL.
Making the same comparison with the bronze CuNiAl III
it results that the examined materials (AMPCO 45 AND
M4) have a cavitation erosion resistance 1.8 times
smaller.

5. CONCLUSIONS
The shape of the characteristic curves as well as the
reduced scatter of the experimental results for all the three
specimens tested show that the bronzes AMPCO 45 and
AMPCO M4 have a good structural homogeneity and a
behavior similar to the materials with very good
cavitation erosion resistance.
The researched bronzes AMPCO 45 and AMPCO M4
have a satisfactory cavitation erosion behavior and can be
used in manufacturing ship propellers.
The structure consists in principal from a solid solution α
and reduced proportion of α + γ΄ eutectoid. Because the
solid solution offer a good plasticity and the eutectoid
increase the mechanical characteristics, the erosion begins
at the interface of this two constituents and after a time
the erosion deepening and an entire solid solution grain is
expelled.
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INFLUENCE OF WELDING
TECHNOLOGY TO MECHANICAL
PROPERTIES OF WELDING JOINTS AT
HIGH STRENGTH LOW ALLOY STEELS
Andreja ILIĆ
Lozica IVANOVIĆ
Boris RAKIĆ
Danica JOSIFOVIĆ
Vukić LAZIĆ
Abstract: In this paper the analysis of welding technology
to stress-strain state at zones of welded joints at high
strength low alloy steel S690QL is presented.
Experimental testing was done at specimens with Vgroove butt joints that are done by MMA or MIG for root
pass and MAG for other passes with related welding
consumables. Basic mechanical properties and answer to
load of specimens are determined in order to analyses the
effect of welding technology to stress-state at zones of
welded joints. On the basis of the experimental results it
is concluded that welding parameters influent to
mechanical properties of joints at high strength low alloy
steel S690QL. Those mechanical properties are, primary,
related to microstructural transformations caused by
thermic cycles due to welding. On the basis of the
experimentally obtained results it is concluded that welds
with root pass by MIG and other passes by MAG provide
better mechanical properties. The general conclusion is
that welding parameters at high strength low alloy steels
must be selected and controlled with great care in order
to obtain welding joints with adequate mechanical
properties and, by that, provide beneficial applications of
those materials.
Key words: high strength low alloy steel, welding joints,
stress-strain state

1. INTRODUCTION
Welded constructions are complex systems of
heterogeneous elements whose mechanical properties are
highly dependent on stress-state at zones of its welded
joints. High strength low alloy steels S690QL, due to its
beneficial mechanical properties, established during
production process, provide many advantages in design of

welded constructions. But those steels, are sensitive to
heat input that is unavoidable during welding. Structural
transformations, which are caused by thermal cycles due
to applied welding technologies have major influence to
microstructural state at zones of welded joints.
High strength low alloy steels are developed and
produced in order to provide beneficial mechanical
properties and higher corrosion resistance in relation to
conventional structural general purpose carbon steels.
Those steels are not classified as alloy steel grades in
common manner because their main properties are
mechanical, while theirs chemical compositions are of
less importance. The processing technology of those
steels, altogether with combination of allying elements
and their quantities, established beneficial mechanical
properties, high corrosion resistance, good deformability
and satisfy weldability with minimal level of residual
stresses and deformations, suitability to different cutting
techniques. This is achieved through highly controlled
production processes, special alloy design and high
degree of purity with respect to non-metallic inclusions.
The modern demands that are set on welded constructions
caused significant increases of applications of those
steels. Applications of high strength low alloy steels
instead of conventional, general purpose structural steels
provide unchanged load capacities with simultaneous
reductions in material thicknesses, so as reductions of
weight up to 70% averagely. But, significant reductions of
thicknesses caused even more complex stress-strain states
at elements of those welded constructions. In addition,
high strength low alloy steels are sensitive to heat input
during welding. All those facts implicate that full
understanding of stress-strain state of zones of welded
joints is key to successful design of welded constructions
and its integrity analysis.
High strength low alloy steels, so as considered S690QL
(Weldox 700) have beneficial mechanical properties, but
full benefit of applications of those steels can be obtained
only by adequate welding. Using of optimal welding
technology is condition of preserving microstructural state
and characteristics, that are basis of beneficial mechanical
properties, and condition of joining. Literature overview
related to welding of high strength low alloyed steels
showed that present references are not sufficiently clear
and precise.
Willms, in his research, analyzed specific problems
related to application of high strength low alloy steel at
mechanical constructions [1]. His research point out that
application of those steels provide many benefits, but also
bring some specific problems. Bjorhovde in his research
[2] conclude that high strenght low alloy steels required
regulation of design prosedures due to specific
characteristics and properties of those steels. Kowieski
with associates [3] investigate methodology for selection
of welding technology and its properties at high strength
steels. Influences of welding processes and parameters to
microstructure and mechanical properties of welded joints
at high strength low alloy steels are investigated by Shi
[4]. Moon and associates [5] investigate processes that are
caused during welding at high strength low alloy steels
and its influences to characteristics and mechanical
properties of welded joints. The presented references
consider welded construction ether as one entity or at
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microstructural level. The research presented in this paper
consider welded construction by analysis of mechanical
properties at models related to real zones of welded joints.
Applied research methodology provide results that are
practical for using during design processes of welded
constructions.

2. EXPERIMENTAL TESTING, MODELS
AND METHOD
For preparation of specimens that are experimentally
tested, high strength low alloy steels, commercially
nominated as Weldox 700, is used. The used steel is
produced by SSAB Oxelösund AB, 613 80 Oxelösund,
Sweden and fulfill requirement classified for EN 100256:2004 nomination S690 [7]. Chemical composition of
Weldox 700 steel, according to data provide by producer
is presented at Table 1.
Table 1. Chemical composition of Weldox 700 steel
Chemical
element

Content, %

Chemical
element

C
Si
Mn

max 0,20
max 0,60
max 1,6

V
Cu
Ti

P

max 0,020

Al

S
B
Nb
Cr

max 0,010
max 0,0005
max 0,04
max 0,07

Mo
Ni
N

Content, %
max 0,09
max 0,30
max 0,04
total max
0,015
max 0,70
max 2,0
max 0,010

Mechanical properties of considered high strength low
alloy steel Weldox 700 in relation to plate thickness
according to producer SSAB Oxelösund AB are presented
at Table 2.
Table 2. Mechanical properties of Weldox 700 steel
Plate thickness,
mm

Min. yield
strength Rp0,2, MPa

Tensile
strength Rm, MPa

Elongation А, %

4,0 - 53,0
53,1 - 100,0
100,1 - 130,0

700
650
630

780-930
780-930
710-900

14
14
14

High strength low alloy steel Weldox 700 is produced in
two grades, nominated with suffix E and F in dependence
to impact toughness. Values of impact energy for Weldox
700 steel determined at V-notch Sharpy specimens (EN
ISO 148-1:2010 and EN 10045-1:1990) are presented at
Table 3 [8 and 9].
Table 3. Impact energy of Weldox 700 steel
Weldox 700E
at -40°C

Weldox 700F
at -60°C

Min. impact energy

69 Ј

27 Ј

Nomenclature
according to EN 100256:2004

S690QL

S690QL1
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High strength low alloy steels have conditional
weldability. This condition is related to additional
procedures that provide required characteristic of joining
by welding. But, welding of those steels caused
degradation of its microstructural state and characteristics,
especially at heat affected zones of welding joints. The
processes of degradation can be related to: increase of
hardness, decrease of toughness, increase of transition
temperature, presence of different material discontinuities
and so on. Initialization of cracks and brittle structures
due to welding are related to high cooling speed of weld
metal and its surrounding zone in diapason of temperature
in which austenite is highly unstable.
Analysis of mechanical properties of high strength low
alloy steels must be based on its specific characteristics:
 Limited plasticity reserve due to high strength of
steels,
 Possibility of local zone with lower plasticity in
relation to rest of the construction and
 Possibility of initialization of cracks (primarily,
hydrogen) during welding at weld metal and heat
affected zone. Those cracks are potential stress
concentrators and causes of brittle fracture.
During welding of high strength low alloy steel
preference is given to welding processes with lower
energy, such as MMA and welding at protective
atmosphere of gasses that are considered in this paper.
Welding technology and parameters are selected in
correlation
to
used
material,
thickens
and
recommendations. The best mechanical properties and
low levels of residual stresses and deformations are
obtained by using of welding consumables with lower
strength and high plasticity for root pass, and higher
strength for other passes, at multipass welding techniques.
The root pass of those multipass welding techniques can
be done by different welding processes. Every one of
those welding processes have own specific influence to
mechanical properties and characteristics of welding
joints that are in focus of this paper. Also, every welding
process have its own specific characteristics, from the
aspect of economy, welding speed, possibility of
automatizing, availability at specific industrial
environment, and so on. Those facts, besides of welding
joints properties, present very significant factors that
influent to selection of welding process at high strength
low alloy steels.
Butt V-joint is done by welding at plates with thickness of
15 mm. Microphotography of cross sections of considered
welding joints after metallographic preparation and
chemical etching by 4% nitric acid in alcohol are
presented at Fig. 1. In first case (Fig. 1a)), root pass is
done by MMA welding process and welding consumables
with lower strength (pass - 1), while other passes are done
by MAG welding process and welding consumables with
higher strength (passes - 2, 3 and 4). In second case (Fig.
1b), root pass is done by MIG welding process (pass - 1´),
while other passes are done by MIG welding process and
related welding consumables (passes - 2´, 3´ and 4´). The
welding was done after preparation of V-groves with
defined geometry and dimensions for every welding
technique. The welding was done at real industrial
environment with using of existing equipment.

After welding, plates are cut into pieces, with minimal
heat input during cutting, according to cutting scheme.
After mechanical processing, with intensive cooling,
specimens are made (Fig. 2).

Fig.2. Shape and dimensions of specimens
Fig.1. Microphotography of cross-sections of considered
welded joints

Chemical compositions and mechanical properties of
welding consumables that are used are presented at
Table 4.
Table 4. Chemical compositions and mechanical
properties of welding consumables
MIG
18/8/6 Si

MIG
75

0.12
0.8

0.08
0.80

0.08
0.6

C
Si

Chemical
composition, %
Mechanical properties

INOX
B18/8/6

Mn

1.7

7

1.7

Cr

0.19

18.5

0.25

Ni
Mo

1.9
-

9
-

Rm, MPa

590-690

560 - 660

Rp0.2, MPa

> 350

> 380

1.5
0.3
770940
> 690

A5, %

> 40

> 35

> 17

KV, J

> 80
(+ 20ºC)

> 40
(+ 20ºC)

> 47
(40ºC)

Welding parameters for each pass of multipass welding
technique and related welding consumables are presented
at Table 5.
Table 5. Welding parameters
Parameter
Welding
consumables
Current, Iz
Voltage, U
Welding
speed, vz
Heat input, ql
Penetration, δ
Protective
atmosphere

Root pass
MMA

Root pass
MIG

Other passes
MAG

INOX
B 18/8/6;
Ø 3.25 mm
≈ 120 A
≈ 24 V

MIG 18/8/6
Si;
Ø 1.2 mm
≈ 110 A
≈ 24 V

≈ 0.2 cm/s

≈ 0.35 cm/s

≈ 0.35 cm/s

≈ 12 kJ/cm
≈ 1.8 mm

≈ 13 kJ/cm
≈ 1.8 mm

-

100% Ar
(M11)

≈ 15 kJ/cm
≈ 1.9 mm
82% Ar +
18% CO2
(М21)

MIG 75;
Ø 1.2 mm
≈ 250 A
≈ 25 V

Specimens are made and classified in three series, one
without welded joint, and other two with considered
welded joint MMA/MAG and MIG/MAG. Welded joint
is at the middle of referent zone of specimen.
Experimental testing are done at Center for materials and
welding and Laboratory for machine materials and
deformation processing, Faculty of engineering in
Kragujevac, Serbia according to regulation ISO 6892–
1:2009 Metallic materials. Tensile testing. Method of test
at ambient temperature [10]. Experimental testing of
mechanical properties are done at ambient temperature by
universal testing device type z100, producer Zwick Roell
GmbH & Co. KG (Fig. 3).

Fig.3. Universal testing device Zwick Roell z100
Maximal load force of the used testing device if
100 kN, speed of moving support is in range of 0.0005 to
750 mm/min. Measuring of force in range of 0.4 to 100%
of nominal force is adequate for Class 1 measuring
devices. Initial length of extensometer is 11 to 50 mm.
Position resolution of moving support of the device is
0.0207 µм [11].
Testing methodology enclose preparation and set up of
specimens at testing device, loading to fracture in quasistatic conditions at ambient temperature. Automatic
registration of dependence tension force -elongation and
determination of basic mechanical properties at tested
specimens ware done during testing. Speed of force
increase during testing was adequate for quasi-static
testing.
Experimentally determined values of yield strength and
tensile strength at tested specimens have insignificant
deviations and mechanical answer to load have same
characteristics, so results can be taken as relevant.
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Experimentally determined dependence tension force elongation at tested specimens are presented at Fig.4.

Fig.5 Yield strength and tensile strength at tested
specimens

Fig.4. Dependence force - elongation at tested specimen
Experimentally
determined
yield
strength
Rp0,2=739.59 MPa and tensile strength Rm=796.66 MPa at
tested specimens made of considered material fulfill
requirements defined by EN and national norms for high
strength low alloy steel S690QL and overcome values
stated by producer. Elongation to fracture determined by
experimental testing of A11.3=11% is within defined range
for considered material. At specimen, mark with 2-3
MMA/MAG, fracture happened at significantly low
tensile force, as consequence of defect during welding, so
this specimen is excluded from further considerations.
Welding defects occur during all welding processes and
every process have own specific possibility of defects.
Quality of welded joints depend on great number of
factors, but presence of defects must be in focus during
forming and exploitation of welded mechanical
constructions. Welding defects are defined and
categorized by norm EN 26520:1992 - Classification of
imperfections in metallic fusion welds and quality of
welding is defined by norm EN 25817:1992 - Arc-welded
joints in steel. Guidance on quality levels for
imperfections [12 and 13]. As applied welded processes
are verified and quality of considered welded joint are
adequate, defect at specimen 2-3 REL/MAG is presented
in order to highlight importance of influence of welding
defects and imperfections to mechanical properties of
joints. Experimentally determined yield strength and
tensile strength at tested specimens that is presented at
Fig. 4 by histograms, it can be concluded that mechanical
properties at specimens with welded joint under static
load conditions are within limits of the related values at
specimens without welded joint.
Comparison of experimentally determined yield strength
and tensile strength at tested specimens is presented at
Fig.5.
Positions of fractures out of zones of welded joints at
tested specimens point out that applied welding processes
and parameters are adequate.
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Also, experimentally determined mechanical properties at
specimens with welded joint point out that stress
concentration due to welded joint is minimal under static
load condition and at ambient temperature. Mechanical
answer to load at specimens with welded joint during
tension to fracture, means force – elongation dependence,
have same characteristics as related at specimens without
welded joint. Specific zones can be recognized during
analysis of tensile force – elongation dependence at
specimens with considered type of welded joint
MMA/MAG and MIG/MAG: zone of linear dependence
during elastic deformation, zone of elastic deformation
without of linear dependence, zone of plastic deformation,
with material yielding at beginning, zone of force increase
during plastic deformation to maximal force and fracture
zone. The experimentally obtained yield strength and
tensile strength showed that welding process MMA/MAG
provide slightly better mechanical properties then
MIG/MAG. But, MIG/MAG welding process provide
higher productivity, possibility of automatizing in real
industrial environment. Those fact also point out that
selection of welding process at high strength low alloy
steels is multi criterion analysis.

3. STERESS-STRAIN STATE AT WELDED
JOINTS
The analysis of stress-strain state at the elements of
welded constructions by theoretical and experimental
methods showed that actual stresses are significantly
different from nominal stresses at zones of discontinuities
such as welding zones. Zones of welded joints by its
nature, so as by conditional material discontinuity caused
multiple stress concentrations, and by that redistributions
of stresses. But, those redistributions have local
characters, mean value of stresses are different than
nominal at those zones, while by small displacements
from those zones stresses become equal to nominal very
fast. Stress concentrations at welded joints, usually caused
increase of stresses, but also, it can relax
stress-strain state at zones of welded joints. Presented
facts lead to conclusion that stress concentrations are

significant factors that must be taken into account during
stress-strain analysis at zones of welded joints [14].
Experimentally obtained results showed that both
considered welding processes MMA/MAG and
MIG/MAG caused very similar stress concentration. On
the other hand, zones of welded joints are zones with high
level of residual stresses. Residual stresses at zones of
welded joints as consequence of interaction of different
phenomena that are caused during welding, such as:
obstructed contraction and elongation as result of
inhomogeneous distribution of heat during welding,
microstructural phase transformations, effects of stress
relaxing. Characteristics of residual stresses at weld
metal, heat affected zone and surrounding zone depend on
high number of complex factors, as transformation
temperature and highly important, local chemical
composition. Also, value of local yield strength that is
dependent of temperature and rigidity of construction, is
very important. The basic mechanisms that caused
residual stresses at welded mechanical constructions are
known, but prediction of its values and distribution in
certain case is very complex due to relatively high
number of influential factors and its interactions. The
level of residual stresses at both considered welding
processes MMA/MAG and MIG/MAG are equal.
Welding consumables for root pass done by MMA and
MIG process with low strength and high plasticity
provide relaxing of residual stresses.
Solidification
processes,
mean
processes
of
microstructural transformations under thermal cycles due
to welding are most important factor that influent to final
microstructure of material at zone of welded joints.
Factors, that influent to final microstructure of material at
zones of welded joints are numerous with complex
interactions. Those factors are very similar for both of
considered welded processes MMA/MAG and
MIG/MAG and can be classified as:
 Welding process that depend on geometry,
dimensions, properties and characteristics of joint
zone,
 Local chemical composition that resulted from
chemical composition of base material and chemical
composition of welding consumables, chemical
composition of atmosphere, humidity and presents of
impurities at welding zone,
 Welding speed and related heat input due to influence
to solidification speed and influence to metal grain
growth and segregation,
 Thermal cycles of welding due to influence to
microstructure of welding zone during and after
cooling and
 Chemical composition of weld metal due to influence
to precipitation especially at multipass welding
technique.
During welding at high strength low alloy steels, cooling
speed is controlled by control of heat input and preheating
procedures at different temperatures. During welding of
elements with low thickness, cooling speed is also low
that have positive effect to mechanical properties. When
austenite welding consumables are used, preheating is not
obligation, as those welding consumables that are used for
root passes of considered welding joints done by MMA
and MIG process. Increase of hardiness at zones of

welded joints is direct consequence of its microstructure
and chemical composition. Considered welded joins
MMA/MAG and MIG/MAG have very similar increase
of hardiness. Formulas for determination of hydrogen
equivalent are related to base material, and till now those
formulas are not developed for weld metal due to number
and complexity of influential factors. Chemical
composition of weld metal, expressed by hydrogen
equivalent is essential for susceptibility to cracks.
Considered welded joints MMA/MAG and MIG/MAG
have equal hydrogen content and are not highly
susceptible to cracks.

4. CONCLUSION
Joining by welding, especially at high strength low alloy
steels is complex process with high number of influential
factors. Development of advanced generation of steels as
high strength low alloy steel caused intensive research of
its welding processes.
Producers of high strength low
alloy steels due to importance and complexity of welding
and sensitivity of those steels to welding also recommend
welding technologies and its parameters.
Weldability is complex characteristic of material that is
related to influence of welding process and its parameters
to welded joint, its characteristics and mechanical answer
to load from stress-strain aspect. But, real evaluation of
weldability must be done as analysis of design solution,
selection of material, applied welded process and their
interactions, as it is presented illustratively at Fig.6.

Fig.6. Weldability as complex phenomena
Experimental testing of specimens with related similarity
to zones of welded joints combine presented factors in
general and provide analysis of mechanical properties at
real exploitative conditions. Also, only experimental
testing is fully relevant for verification on applied welding
technology.
Applications of high strength low alloy steel at welded
mechanical constructions are adequate only if proper
joining by welding is obtained [15, 16 and 17]. Also,
those applications caused specific problems related to its
weldability and providing of required quality. Besides
that, as welding processes can be analysed from different
aspects, selection of specific welding process at high
strength low alloy steel is very important.
Intensive
development of high strength low alloy steels must be
followed by development and improving of welding
processes and techniques.
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on substrate, which makes certain pattern that is electro
conductive.
Devices that are used in everyday life are more often the
result of printed electronics. Today's market of conductive
ink is mainly based on the inks for screen printing, while
the conductive inks for Inkjet printing are still in the
development stage.
However, several companies already have commercially
available conductive inks for Inkjet printing machines [1].
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Abstract: The specificity of inkjet printing is that can be
printed on many different types of materials for example
paper, textile and plastic materials, without any change in
speed or quality. Ink jet printing features resulted as very
suitable for the printing on electronics, and that is why
the use of it in this area is still increasing. The printing
process of electronics has its own characteristics,
especially when printing substrate and ink type have to be
chosen. The aim of this paper is to review how inkjet
printing can be applied in the field of printed electronics.
Key words: inkjet printing, printed electronics

1. INTRODUCTION
Inkjet printing is the one of the most perspective types of
printing on the market. The specificity of inkjet printing is
that can be printed on many different types of materials
for example paper, textile, plastic materials, etc., without
any change in speed or quality.
Inkjet printing found very interesting application in
production of electronics. Nowadays, with this technique
it is possible to print conductive lines on the electronic
boards, organic and inorganic transistors, coatings for
LCD monitors, biological cells, solar cells, etc.
This application of printing requires certain adjustment,
and the aim of this paper is to review them.
Kako ovakav način štampanje ima određene specifičnosti,
cilj ovog rada je da da osvrt na način primene ink jet
štampe u području štampe elektronike.

2. ELECTRONIC COMPONENTS PRINTING
Electronic components manufactured by using the
printing press are called printed electronics (Figure 1).
Printed electronics are produced by printing pastes or inks
containing conductive particles or conductive polymers

Fig.1. The example of printed electro conductive elements
[2]

2.1. Printed circuit board technology
Printed Circuit Boards (PCBs) are the fundamental
element in every electric device. The idea for PCB came
from the need to implement the set of functional
electronic components on non-conductive material. These
elements are connected with conductive lines [3]. With
the invention of PCBs, previously used threedimensional-connected wires, coils, resistors and other
components have been replaced with two-dimensional
print on insulating board [4].
The history of printed circuit boards begins at the end of
the first quarter of the twentieth century. Basics of PCB
technologies came from the patent that Cesar Parolini
invented in 1925. The idea of a modern PCB technology
that is in use today was created by Dr. Paula Eisler in
1930. and patented in 1943. First use of this concept had
been waited the termination of the World War II, when
the PCB was used in the United States, primarily for
military purposes for the development of radar and
missile controller. The development of transistors in late
fifties has caused production of significantly smaller
plate, with better exploited area primarily because there
was no need of use vacuum tubes. This has also enabled
the development of multilayer board, which additionally
improved the utilization of the surface [5].
PCB (Figure 2) is made from a paper, or a glass mixed
with a resin (usually an epoxy, phenolic or silicone). It is
consisted of one or more layers of metal conductors and
insulating materials, which allow the electronic
components to be electronically connected to each other
and to be mechanically stable. The simplest form of PCBs
is a single-sided board, which contains metallic wires on
one of its sides. Higher levels of complexity and density
of components can be achieved by producing double261

sided or multilayer boards. For double-sided boards,
components are placed on both of its sides [6].
Circuit boards are produced with additive or subtractive
process. In additive process, the conductive traces (e.g.,
copper) are applied directly to the substrate. While in
subtractive process, the entire surface of the substrate is
coated with a conductive material. In order to obtain a
desired trace, it is necessary to mark the path by
engraving or with chemical-resistant layer. Finally, on the
surface is exposed to certain chemicals or engraving
procedure, which removes the unprotected area and get
the same conductive trace as in the additive process. In
this process, the process of coating with resistance layer is
referred to as printing. That is the reason why the boards
are called printed circuit boards [7]. In some cases the
both processes are combined in order to get more than one
layer of conductive traces [8].

Fig.2. Printed circuit board - PCB [9]
The components that are placed on the board and
connected with the designed circuit provide a PCB some
functionality. PCB assembling technology is divided into
two main groups (figure 3):
The through-hole technology (THT), which uses
through-hole devices (THD) and
The surface-mount technology (SMT) that uses
components that are mounted on surface of the plate in
other words surface-mount devices (SMD).

Fig.3. THT and SMT technology
After invention of PCBs, THT is used to mount resistors,
capacitors, vacuum tubes and transistors. In this type of
PCB assembling, component pins are inserted through
holes, soldered, and the excess is cut [10].
Compared with THT, SMT technology has a number of
advantages. SMD components are much smaller than the
THD components, which allow the designer to save the
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plate surface retaining the functionality or even increasing
it without the need to change the dimensions. SMT allows
placing components on both sides of the plate, and that
makes the utilization of the plate for 50 % higher than in
the THT design [6]. Also, a large percentage of THD
components cannot be automatically installed, and they
must be placed manually. The process of drilling, bending
and cutting increased costs. Taking this into account,
SMT has a great advantage regarding to automation and
reliability. With SMT soldering process is simplified by
using reflow soldering system instead of wave soldering
system, and there is no fear that the solder will pass to the
other side, or connect to the wrong trace [11]. SMD have
shorter pins for soldering which reduces unwanted
inductance and capacitance values. Lower weights of
SMD components allow greater resistance to shock and
vibration. Until now, a several technologies based on
SMT are developed, in order to improve performance and
efficiency, but the basis of technology has not changed
[5].
Before use of Inkjet technology for plate printing, the
PCB was printed in two conventional ways. The first,
gave more flexibility if needed, or was used if it was used
the same tool for different products. Solder paste was
applied from a syringe needle through the hole at the top,
although as the paste could be placed in just one place at a
time, this was a very slow process. Today, the most
common method is using of the screen printing, which is
very suitable for large production circulation. The system
is the same as it is in conventional screen printing process
on textile or other materials: on mesh is applied a stencil
and instead of ink for printing or coating is used solder
paste that is printed on the substrate in the form of a
defined pattern [12].
The plate is transferred to the next phase of the electronic
device preparation, and the components installation. After
installing the components, the plate goes into the oven
where the solder paste melts and re- drawn paths have
connected with the corresponding components. Today,
there are various technologies of handling with solder
paste: infrared, through hot steam, or laser technology,
and each is used depending on the device that was being
constructed [13].
If it is necessary to print the electronic circuit on some
uneven surface, that is made by pad printing technology.
The process is exactly the same as any pad printing
process, and like is the case with screen printing the only
thing that is different is the color. Also, the problem with
this technique is the surface to be printed [14].
Although the screen printing of the circuit boards is fast
enough, according to high increase in the development of
technology and the demand for electronic devices, this
production speed ceases to be sufficient.
Therefore, at the end of the twentieth century is started to
look out for the alternative techniques, which can achieve
higher speeds, while maintaining the quality that was
achieved with the screen printing technique.
Also, the requirements for the larger surface, such as
panels, LCD TVs and electronic billboards cannot be
done by screen printing because it does not have required
resolution, although the rotary screen machines can obtain
these parameters. Some alternatives, such as offset
printing, flexographic printing, intaglio printing, were

rejected despite capability to achieve a high speed and
good resolution. The problem was the fact that for the
electrical conductivity, the line has to be constant and
solid. Although flexographic printing offers the ability to
print constant solid lines, it is an easy process, and the
plate is much cheaper than for the intaglio printing, there
is a large number of other parameters affecting the quality
of the final product. For these reasons, the only logical
solution for improving printing of electronic boards was
digital technology [15].
The digital printing technique enables adaptation of many
different requirements, mainly because it is based on print
on demand and does not have a physical plate for making
prints. Instead, the pattern is presented as information in
digital form. The advantages are obvious: each print can
be different without additional cost and lefts a lot less
amount of the waste regarding to chemicals or printed
materials. The most commonly used methods of digital
printing are electro photography, thermography and Inkjet
printing.

2.2. Substrates for printing electronic
components
Printed circuit boards are composed of two main parts:
the base (plate) and printed conductive trace. Multilayer
boards require surfaces that separate the individual layers.
The base is a structure that physically holds electronic
components and printed conductive traces in one place. It
also provides isolation between the conductive elements.
The material most commonly used is called FR -4 (Flame
Resistant 4), and is consisted of glass fiber impregnated
with epoxy resin (Glasfiber). It is similar to earlier types
of boards are made of fiberglass; the only advantage is its
fire resistance. Some boards are also made of Teflon,
ceramic and specialty polymers.
The substrate can be divided into five groups. Each of
them has specific characteristics for specific use:
FR -2 - The foundation is made of cellulose fibers
impregnated with phenolic resin (pertinaks). It can be
easy applied over a base of fiberglass. FR refers to the
term flame -resistant. This surface is commonly used on
less expensive consumer electronics.

Fig.4. FR-2 substrates
FR- 4 – already mentioned material used for high quality
electronic components is far more durable than FR- 2.

The material is very rigid and can be drilled, cut or
processed in some other way, but because of their
abrasive nature, it is necessary the use a tungsten - carbide
tool.

Fig.5. FR-4 substrates
RF - the substrate consisted of a low - dielectric plastic is
used for the production of printed circuit boards for high
radio frequencies. Although the material has poor
mechanical properties, it has an excellent electrical
performance.
FLEX - not all boards are made from solid materials.
Some are made to be very small and flexible, therefore
they are called FLEX boards. As the substrate is used the
thin plastic material or film. The production is more
complex than the production of rigid boards, but they
offer some advantages that with rigid board cannot be
achieved. For example where the space-saving requires
board to be folded to suit in a particular area, or where
continuous movement requires a flexible layer.

Fig.6. FLEX substrates
METAL - power electronics requires a substrate with the
low thermal resistance. Ceramic or metal core substrate
provides the required features regarding the maintenance
263

of large copper trace and strong electrical currents that
pass through these types of boards.

2.3. Materials for electronic components printing
It is considered that the inks made of conductive
nanoparticles are the overriding element of technology
which deals with printing circuit boards. The reason is
huge final material properties dependency of ink
chemistry. For example, evaporation, homogeneity of
films, electrical properties, are all very dependent on the
ink formulation.
Having regarded to previously said, one ink formulation
probably will not be suitable for all applications. The
most widely used material for a conductive ink is the
silver which nanoparticles are dispersed in a suitable
dispersion medium, which must be suitable for controlled
ejection of ink.
This also implicates the importance of controlling the
mixture of nanoparticles in ink dispersion medium, the
compatibility of a solvent and particles, as well as
suitability of nanoparticle formulation of dispersion
medium. To reduce the cost of electrically conductive
inks, The Laboratory for Nanotechnology (LNT) has
developed an ink containing copper nanoparticles. Copper
inks are ideal materials, but the use of these inks has
difficulties regarding to oxidation in contact with the
atmosphere.
Further investigations carried out by LNT are
concentrated on taking control of particle, and to keep the
final conductivity of the thin film and the low cost of
materials [16].
Synthesis of silver nanoparticles: Typical procedure
involves dissolving of, the appropriate amount of
polyvinylpyrrolidone (PVP) in 20 ml of ethylene glycol
(EG). In this mixture is added silver nitrate (AgNO3), and
then an ultrasound probe is immersed in the mixture to
react for 3 minutes.
At the beginning of the reaction, the pale yellow color of
the mixture is changed to brown , which indicates the
formation of silver particles . The silver concentration in
the solution is about 9.5%.
With such high silver concentration, the ink viscosity is
also high. In order to reduce the viscosity, it was
necessary to dilute the mixture with ethanol with gentle
ultrasonic dispersion.
Average diameter of spherical silver nanoparticles is
about 10 nm, in the range from 4 to 16 nm.
Synthesis of copper nanoparticles: The compound of 52.8
mg of ascorbic acid is mixed with 15 ml of ethylene
glycol. The second compound of the copper ( II ) sulfate
pentahydrate (CuSO4 * 5H2O (0.01M)) in ethylene glycol
is prepared separately and is added to the mixture
previously prepared in the ascorbic acid under the effect
of a strong magnet.
Then, various amounts of PVP is added to detect the
influence of the size of the nanoparticles. By dropping the
sodium hydroxide ( NaOH) is added in solution to adjust
the pH of the mixture to 12. The process is performed at
room temperature, with stirring for 30 minutes, after
which in the compound is added sodium borohydride
(NaBH4) with vigorous stirring at for 10 minutes. Blue
color of reaction is first turned to yellow, and then to light
red.
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The major problem of using copper nanoparticles is that
they can easily be oxidized, and even a very thin oxide
layer can significantly affect their physical and chemical
characteristics. Thus, for the synthesis of copper
nanoparticles with a conductive ink formulation it is not
sufficient to be protected from the particle accumulation,
but also from the oxidation.
As is already well known that covering agent (PVP),
helps in prevention from the copper particles
accumulation, but it also can help to significantly
reduction of the level of copper particles oxidation.
Adding anti-oxidants, such as ascorbic acid, also is
showed a reduction in the level of oxidation of the copper
nanoparticles.
Synthesis optimization (particle size, stabilization) of
metal (silver or copper) nanoparticles is one of the most
things during the creation of the printing ink for pattern
with high electric conductivity.
Inks based on the metal particles are prepared by
dispersing metal particles in the form of powders in
organic solvents. After that the mixture was dispersed for
approximately 10 minutes.
The ink has a big influence in Inkjet printing, which is
reflected in the possibility of being thrown out through a
nozzle in the form of droplets. In order to provide a
controlled discharge, or spraying, it is necessary for ink to
have corresponding surface tension and viscosity.
Furthermore, the important characteristic of most inks is
the presence of a solvent that evaporates after the droplet
spreads on the substrate.
A substance that dissolves in the ink, is deposited in drops
which dries as a result of evaporation. In most cases
where the drop has a contact angle smaller than 90° with
the surface, the level of evaporation is higher on the
contact line and the substance is moving in the direction
of the contact line. This movement cause effect "coffee
stains".
However, the goal in the deposition of the inks is to reach
the smooth profile of the final sediment, and the
prevention of the material concentration at the edges of
the printed directions. Therefore, special control has to be
done in order to obtain the desired smooth sediment.
Inks based on nanoparticles are the best for printed
circuits primarily because they can be printed at low
temperatures, which allow their application to any
surface.
On the PET substrates, if there is the greater distance
between the drops (in the moment when the drops are
connecting to the line), there is a central cavity, with
peaks at the ends. How the distance between the drops
reduces, the hole at center disappears and top of the line
becomes straight. When it gets to a greater reduction of
the distance, the recess appears again.
This appears because of to the fact that PET surface has a
low thermal conductivity, which leads to higher
evaporation, that does not give enough to the
nanoparticles to reach the edge of the lines. Only at a
certain temperature range, and when the line volume is
little there is the opportunity to obtain a flat surface of
printed lines.
For the silicon substrate, the situation is completely
different. Profile is first concave (with the recess), than is
flat with a central raised area, than convex, and then

straight again, and in the end again concave. Silicon has a
much higher thermal conductivity, and therefore the
evaporation is speeded up.
At the same time, the contact angle between the ink and
the silicon is much smaller than that the one of the PET
substrates (~ 20° with regard to ~ 40°). This leads to
higher values of the evaporation on the contact lines. The
evaporation dynamics are also very different, which leads
to different results of the profiles in the region where lines
cross each other [16].
A simple geometric model shows that the crossed surface
is developed inversely with regard to recess distance,
while the width of the line is developed as the inverse
square root of the recess distance.
Consent of the measurements with the model
demonstrates that it is possible to predict the behavior of a
ink on the given surface, if the profile line is measured at
the minimum distance between the recesses. This
interesting observation can help to accelerate research and
development of conductive inks for printing on different
substrates [16].

[4]
[5]

[6]
[7]
[8]
[9]
[10]
[11]
[12]

3. CONCLUSION
The ink, namely its composition and characteristics are
very important factor, in the printing of the conductive
lines. The ink must have good electrical conductivity,
which recently led to production of ink which contains
nanoparticles of good conductive metals such as copper
and silver.
Except conductivity, the ink must be sufficiently stable
and solid after printing. It also must have appropriate
characteristics regarding to surface tension, to avoid
spreading or the lumps creation during dry, which directly
affects the operability of future devices. Printing substrate
does not have to be important factor for the printability of
conductive traces, unless the printing substrate is made of
electro conductive material, which cannot be used for this
purpose.
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185
109
109
221, 225
59
171
71
131
171, 207

J
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.

C, ^, ]
18.
19.
20.
21.
22.
23.
24.

Ivica CAMAGIC
Adina CATANEANU
Mihnea CATANEANU
Vasile George CIOATA
Bogdan CIRKOVIC
Franc CUS
Zarko ĆOJBAŠIĆ

26.
27.
28.
29.
30.
31.
32.

Remzo DEDIC
Eleonora DESNICA
Almas DINASSYLOV
Aleksija DJURIC
Jovan DORIĆ
Nedeljko DUČIĆ
Radomir ĐOKIĆ
Igor DŽINČIĆ

83
9
55
195
105
211
55, 65
65

35.
36.
37.
38.
39.
40.

79

42.

53.
54.

K
55.
56.
57.
58.
60.
61.
62.
63.
64.
65.
66.
68.

L
69.
70.
71.

Anto GAJIĆ
Vladeta GAJIĆ
Jana GAVAČOVÁ
Tale GERAMITCIOSKI
Vladimir GLAŽAR
Marin GOSTIMIROVIC
Csaba GYENGE

65
221
29
9, 125
15
225
215

Azur HASANAGIC
Gorazd HLEBANJA

79
131

Vukić LAZIĆ
Stanislaw LEGUTKO
Hotimir LIČEN, Jr.

255
221
75

M
72.
73.
75.
76.

H
41.

52.

74.

Sandira ELJSAN

G
34.

51.

67.

E
33.

50.

59.

243
117, 121
117, 121
237
243
229
211

D, \, D@
25.

49.

77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.

Ildiko MANKOVA
Călin MARIAN
Biljana MARKOVIC
Danijel MARKOVIĆ
Gordana MARUNIĆ
Lavinia Monica MICU
Predrag MILIĆ
Miloš MILOŠEVIĆ
Rastko MILOŠEVIĆ
Aleksandar MILTENOVIĆ
Vojislav MILTENOVIĆ
Miroslav MILUTINOVIĆ
Juraj MÍŠANÝ
Žarko MIŠKOVIĆ
Cvetanka MITREVSKA
Radivoje MITROVIĆ
Vesna MUNDISHEVSKAVELJANOVSKA

225
215
195
41
15
249
47
93
261
1, 135
1
151
177, 181
139, 201
9
139, 201
9
267

116.

N
89.

Dragoljub NOVAKOVIĆ

233, 261

118.

O
90.

Milosav OGNJANOVIĆ

33

92.
93.
94.
95.
96.
97.
98.
99.

Jovan PAVLOVIĆ
Milan PAVLOVIĆ
Vukašin PAVLOVIĆ
Srđan PELKIC
Nikola PETROVIĆ
Attila PIROS
Mircea Octavian POPOVICIU
Nenad POZNANOVIĆ
Aleksandar POZNIĆ

47, 51
93
93
195
51
23
249
89
89

101.
102.
103.
104.
105.
106.
107.

Milan RACKOV
Goran RADOIČIĆ
Klara RAFA
Boris RAKIC
Sorin Aurel RATIU
Miloš RISTIĆ
Miljan RUPAR
Dragan RUŽIĆ

171, 207
41
207
189, 255
237
33
83
97

Milana SADŽAKOV
Laura SALCIANU
Borislav SAVKOVIC
Tamara SEDMAK
Milenko SEKULIC
Vilmos SIMON
Radomir SLAVKOVIĆ
Natasa SOLDAT

233, 261
249
225
243
225
155
211
201

109.
110.
111.
112.
113.
114.
115.

268

122.
123.
124.

Bogdan SOVILJ
Ivan SOVILJ-NIKIĆ
Sandra SOVILJ-NIKIĆ
Zoran STAMENIĆ
Sonja STEFANOVIC
Zoran STEFANOVIĆ
Boris STOJIĆ
László SZABÓ
Rastislav ŠOSTAKOV

221
221
221
139
201
109
89
75
75

Milan TASIĆ
Milan TICA
Aleksandar TODIC
Miša TOMIĆ
Ljupco TRAJCEVSKI
Spasoje TRIFKOVIĆ

139
207
243
93
125
151

T
125.
126.
127.
128.
129.

V
131.
132.
133.
134.
135.
136.
137.
138.

S, [
108.

120.

130.

R
100.

119.
121.

P
91.

117.

Eszter VARGA
Gyula VARGA
Nemanja VASIC
Sanja VASIN
Miroslav VEREŠ
Gojko VLADIĆ
Jovan VLADIĆ
Adisa VUCINA

23
221
243
33
171
233, 261
55, 65
83

Z, @
139.
140.
141.
142.
143.

Ján ZÁPOTOČNÝ
Atila ZELIĆ
Ninoslav ZUBER
Uros ZUPERL
Dragan ŽIVANIĆ

185
75
75
229
55, 65

