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FOREWORD

The first Scientific conference on production engineering of ex Yugoslavia was held in
Belgrade, in 1965, initiated by Prof. Vladimir Solaja. This also marked the forming of
the Association of scientific and research institutions in production engineering, which
included faculties of mechanical engineering and research institutes of almost all major
cities of the former federation. The Association of scientific and research institutions in
production engineering was reinstated, under new circumstances, in 1994. In 2009, the
Executive Board of the Association delegated the organization of 34™ Conference to the
University of Nis, Faculty of Mechanical Engineering in Nis.

The organizer of this Conference, the Department for Production, IT and Management
of the Faculty of Mechanical Engineering, University of Nis, has ambitiously
approached the task of organizing this Conference, setting two primary goals: (1) to
point to the current state of research in the area of production engineering in the region
of SEE as well as rest of Europe, (2) to use presence of highly competent professionals
to initiate discussions on boosting of production in SEE.

In order to meet these goals, the organizing committee has made efforts to attract
production engineering community to present the results of their research. A total of
180 papers were registered. All papers submitted for presentation passed through a
double blind review process and were evaluated by two reviewers. After peer review
process 119 papers were accepted for presentation. Those authors whose papers were
chosen for presentation at the conference submitted manuscripts to be published in
these Proceedings. The authors are from 16 European countries: Austria, Bosnia and
Herzegovina, France, Germany, Montenegro, Slovenia, Slovakia, Czech, Croatia,
Poland, Romania, Belarus, Macedonia, Greece, United Kingdom and Serbia.

Also, four invited lectures will be given by distinguished professors. One of these
lectures is an introduction to a roundtable on the theme: "Boosting production in SEE".

The Ministry for Education and Science of Serbia, together with donors from industry,
have financially supported the organization of this Conference, for which the organizer
wishes to express gratitude on this occasion.

On behalf of the organizing committee, | wish to express my gratitude to all domestic
and foreign contributors, as well as the editing board for the performed reviews.

Nis

September 20, 2011

President of the organizing President of the Executive Board
committee of the Association
Prof. Dr. Miroslav Trajanovié¢ Prof. Dr. Velibor Marinkovié¢
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Abstract: Recent advances in information and communication technologies have allowed manufacturing
enterprise to move from highly data-driven environments to a more cooperative information/knowledge-
driven environment. Enterprise knowledge sharing (know-how), common best practices use, and open
source/web based applications are enabling to achieve the concept of integrated enterprise and hence the
implementation and interoperability of networked enterprises. Enterprise Integration and Interoperability
in Manufacturing Systems is a key concept to face the challenges of these new environments. Integration
in Manufacturing (1iM) is the first systemic paradigm to organise humans and machines as a whole
system, not only at the field level, but also, at the management and corporate levels, to produce an
integrated and interoperable enterprise system. Business process software and Manufacturing Execution
Systems are now available to meet the requirements of this fully computerised and automated integration.
Major problems remain with respect to the interface between the enterprise corporate level and the
manufacturing shop floor level, so that management and operation decisions within a closed loop are
facilitated to pace the production according to the life-cycle dynamics of the products, processes and
humans inside and outside the enterprise. Today, networked business encounters recurrent difficulties
due to the lack of interoperability between enterprise systems. The role of research in the field is to create
upstream conditions of technological breakthrough to avoid that enterprise investment be simply pulled
by the incremental evolution of IT offer. However, the future relies on collaboration networks that can be
created among companies, people and societies in order to generate shared knowledge and wealth.
System Engineering paradigm, from an architecture point of view, is an enabler to better specify systems
requirements with a focus on systems interoperability. The keynotepresents challenges, trends and issues
that must be addressed in order to support the generation of new technological solutions and modelling
paradigms for systems interoperability with a system engineering perspective.

Key words: System Engineering, Systems Interoperability, Manufacturing enterprise
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1. INTRODUCTION

Total Quality Management (TQM), a framework for
generating and applying ideas, concepts and tools with
which to improve quality throughout the organization, in
all its functions and the various aspects of products and
services. The word total is related to all elements and
activities in an organization, directly or indirectly affect
the quality and the word management implies that the
technical aspect of quality generalizes and extends to the
organizational and business factors of the organization
[10].

1.1. Development and definition of quality

Today there is no universal definition of quality, but the
quality gurus® promote the quality of different
formulations [7, 8].

A. Feigenbaum defines quality as: "total composition of
product’ characteristics in terms of marketing,
engineering, production and maintenance, which in its
use will ensure that customer expectations”. From this
definition we can conclude that we are assuming that the
requirements of the customers are absolutely satisfied. P.
Crosby quality products defined as: "compliance with
requirements”, and J. Juran quality in its definition uses
the phrase "fitness for purpose”. Some other researchers

Y1t is a world recognized quality leaders who are in their
theoretical, professional and practical contributions in this area
gave a personal contribution to the science of quality. These are:
E. Deming (USA), J. Juran (USA), A. Feigenbaum (USA), P.
Croshy (USA), K. Ishikawa (Japan) and G. Taguchi (Japan).

2 The latest definition of the product according to 1SO 8402
(Quality System Dictionary) includes four categories: hardware,
software, process materials and services. It is called a generic
product, to be here in after referred to as the term considered all
the products mentioned above.

share the characteristics of product quality and perception
of the facts. Aspects of product quality, viewed through
the prism of the facts are right, the right features, the true
function at the right time and on time delivery. Perception
of quality in terms of customer is defined as: it is the best,
this is what | expected, the fulfillment of all requirements,
relationship with customers with respect, courtesy and
respect. It is interesting to note, as J. Juran, now defines
product quality as its multi-dimensional feature, such as:
features, performance, competitiveness, speed (ready),
kindness, ability to process work without errors,
compliance with specifications, standards and procedures,
user-oriented, safety for employees, customers and the
environment, reliability, maintainability, including the
availability of spare parts, durability, aesthetics, non-
quality costs, cycle time, costs (manufacturing, non-
production, quality), customer satisfaction, employee
satisfaction, social responsibility towards employees and
society. This example illustratively shows a complex
understanding of the concept and understanding of quality
products today.

Theoretical assumptions and frameworks that are the
basis for the development of systematic approaches to
quality, and that led to the evolution and application of
TOM as a model of business excellence, they were
formed and evolved in the second half of the twentieth
century [6, 10-17].

Scientific management theory, a theoretical concept of
the organization, as defined at the beginning of the
industrial revolution that is still followed by the
development of production. Quality function is then
defined model inspection (quality control), and F. Taylor
author of scientific organization of work, defined the
model of work organization and production, in that the
plant looked like a closed system of work processes,
facing the achievement of maximum effect. This approach
is considered the beginning of scientific and technical
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development of the management concept. The same
conclusion applies to the inspection, the first systematic
approach to quality management.

Movement for productivity, is formulated and a result of
research studies, performed forties of last century, the
Western Electrics Company. They determine the impact
of the working environment to increase productivity. So
the researchers: F. Roethlisberger, E. Mayo and W.
Dickson, foundations of scientific productivity, which is
in their approach was integrated with the quality of
production.

Control charts were created based on the theoretical
works of English statisticians R. Fisher, who laid the
foundations of the theory of statistics. They represent one
of the most important tools for quality improvement, and
they defined the W. Shewart, a physicist who worked
thirties of last century, ATT Bell Laboratories. He has his
own model of control charts, designed and used for
quality management in Wester Electric Company. Some
time later, the forties of this century, he and W. Edwards
and J. Juran, developed a special scientific and technical
discipline, statistical quality control.

Economic statistics are created surveys conducted by A.
Makprang, a Danish economist, as part of his doctoral
thesis at the beginning of the 20th century. He has applied
statistical evaluation and regression analysis, and later I.
Tenbergen and R. Frisch (the first Nobel laureate in
economics), define econometrics as a discipline, which
has contributed to the monitoring and development of the
economic parameters affecting the quality of products.
Mathematical tools for simulating decision-making,
have been developed and applied during World War 1I.
Russian mathematician, L. Kontorovich, a Nobel laureate
in economics, has developed a linear programming, as the
most popular method for optimization in Operations
Research. After World War 1l, many companies,
particularly in the U.S., has used this tool for quality
improvement.

Taguchi method, the developer has already specified the
quality gurus, G. Taguchi, as a new concept of designing
for quality, the eighties. He defined Taguchi loss function,
which based on the theory of experiments, defines the
optimal cost of quality in the product life.

New concept of quality, defined by E. Deming and J.
Juran and implemented in the Japanese economy after
World War Il. Its basic characteristic is that they are
responsible for quality functions in an organization. It was
the foundation for creating a worldwide movement of
quality, which has now evolved into a model of quality
management standards 1SO 9000.

Quality costs as a method for quality management, real
inaugurated A. Feigenbaum, 1956. year. He then argued
that a high quality product, should not mean its high price.
Then set up the model to track the cost of quality, and
through them to monitor the effects of quality
management.

Systems theory, developed after World War 11, and by H.
Simon, a Nobel laureate, applied to the modeling of
business systems through hierarchical decomposition with
feedback, was used for the modeling of quality. Modeling
the organizational structure, defined as input, process and
output, with feedback, and thus related management
processes and processes for quality.

Quality circles, defined by the professor. K. Ishikawa and
applied since 1962. vol., were the main organizational
innovation model for quality improvement in Japanese
companies. They constitute a small group of volunteers
who are directly or indirectly involved in the underlying
quality problem. They are particularly contributed to the
development of the TQM concept in Japan, and now used
as a model for quality improvement in Europe and
America.

Benchmarking is a model for designing products and
processes, based on a set of goals that represent the best
world practices. This approach was first developed and
applied in Japan, at Toyota, under the slogan "be the best
of the best." In America, the benchmark model is first
applied Xerox, and today this model is applicable
worldwide.

Lean system is the organizational technical system,
established in Japan, which is based on the "flat"
organizational structure, where a special place quality
management. QM activities is regulated by a "cross-
functional teams".

Supply chains are also a contribution to the QM model of
the supply chain. They form a network company that
connects suppliers and buyers in the product lifecycle,
from raw material to his exclusion from the process of
use. Supply Chain Management integrates all aspects of
development and design and a competitive production and
use of the product in its lifetime. This model optimizes
and synchronizes the material, process, information flows
from raw material to products delivered to customers,
optimizing inventory and reducing costs of product life.
The rule is: to deliver the product at the right time to the
right place with the right (affordable) cost for the
customer. Each Organization of the supply chain can
initiate the program and realize the benefits of it
However, the organization that is closest to the end user,
as arule it is best positioned in the supply chain.

Good Manufacturing Practice (GMP) are procedures
that must be applied manufacturers of medical devices
and drugs, who want to be placed on the market USA.
They are prescribed by the American agency FDA (Food
and Drug Administration), and the organization is
required to establish a quality assurance program for its
medical devices, according to the specifications that
ensure control over their safe and effective use. CGMP
complete the program of quality assurance in the
organization,  buildings,  equipment, = components,
manufacturing and production processes, packaging and
labeling, distribution and installation, maintenance and
cleaning equipment and records. The auditors assessed the
FDA approval of bills with CGMP quality assurance plan.
Besides this, the pharmaceutical industry, food and
beverage industry is luck and good: Laboratory Practice,
practice packages, and others. In addition to these
systems for certification of management practices,
products or processes, based on national and / or
international  standards, there are many others like:
IECQ-CECC CEN mark, GOST R mark, mark
RADMAC, ASTA gold mark, BEAB mark, S mark, mark
GS, ETL and CCC mark, which in fact represent a sign of
quality products and relate to the fulfillment of specific
standards of these products. Today, all of them, as a rule,
applied in pairs with 1SO 9001:2008.



Digital quality of the QM model for quality management
in the lifecycle. The whole concept is based on the
integrated digital product model, where the digital model
of quality, one of a number of product models, which are
generated for different life stages. It is developed and
used for the digital factory.

Virtual quality is a concept advanced the concept of
digital-quality technology for intelligent systems. It
developed as a simulation model for intelligent model
quality in IMS.

Exposed to concepts as a framework for development -
application of the latest systematic approach to quality
improvement, which is now in the industry based on the
TQM model.

2.2. Development of quality management as a
systematic approach

Theory and practice of Japanese scientists and engineers,
has enabled the translation of models of quality control®,
on the basis of quality control based on statistics
(statistical quality control), the model of quality control
across the company (company-wide quality control -
CWQCQC). Total Quality Control — TQC, is a term that
Japan has the same meaning as CWQC.

This model (TQC)*, widely used in Japanese industry, has
enabled the achievement of the following effects [15]: (i)
reducing costs, especially manufacturing, (ii) increasing
productivity, (iii) timeliness of delivery, (iv) ensuring the
safety of using this product and (iv) radically increase
product quality.

After 1980. , this model is increasingly came into
operation in non-production areas, such as transportation,
manufacturing and distribution of electricity and gas, air
transportation, hotels, restaurants, etc.., which is only
fueled the rapid growth of Japanese economy. During this
period, quality management in Japan has undergone major
changes in theory and practice. The first changes were
made in the term "management-control”. In the initial
stage of development and application CWQC models,
"management"” meant "care" designed and applied model
and, later, now it means "improvement-improvement
(kaizen)’’. Today the terms "control" and "improvement",
replaces the term "management”, which is based on the
PDCA® model. It is expected that in the future this model
(PDCA), be extended to activities such as "development"
and "creativity".

Extended the concept of "quality". At the beginning he
meant "the degree of compliance with technical
standards”. Its extension, which was later followed, the
term "fitness for purpose”, to expand the circle of
responsibility for quality management. From suppliers,
through producers, and service and maintenance.

® Namely, it is considered under the term - quality control, to the
fifties, involved and explained the model of classical quality
control (inspection). After that, the first in Japan, and later in
other countries, under this term is meant a model for quality
management.

4 TQC model started to develop and implement the seventies in
the Japanese industry, but later expanded to other industries.

® PDCA - Plan, do, chek, act the Deming model of continuous
improvement.

However, the buyer was not satisfied with the time, but he
wanted more: high quality products, reliable and prompt
service and reasonable price. So there has been
integration of the three requirements: quality, price, time
(delivery service). In this way, defined the total quality of
products, which are integrated: quality, cost and delivery
(time, service). Thus, the limit extended to the quality
management of technological processes and other
processes in an organization (research and development,
design, management, administration, business functions).

This causes a revolution in quality management, which is
the industry spread to other industries, first in Japan and
later in America and Europe. and 1SO 8402 (1986. vol.)
defined product quality, to the 2000th year, he® gave a
new definition: "a set of characteristics that an entity
possesses that would satisfy all the requirements, and
even anticipated customer needs and preferences.” The
term “entity” means: product, service, process, activity,
organization, systems, staff or any combination of these
elements with each other. Finally, the concept of "total"
has also seen the evolution. At first, he meant an
"integrated" in the TQM model A. Feigenbaum, but
sustained changes in the concept of "across’ the
company (company-wide), it meant the participation of all
employees. This was true at all levels of the
organizational structure of an organization, and it was
first applied in Japan. The fact is that quality circles (QC
circle), here played an important role. Decisive
contribution to the development of these approaches,
given the different methods and techniques for quality
control [3], developed and applied in practice. It started
from the basic statistical methods (charts, plans of
receipt), in order to proceed with the seven basic tools of
quality management (B7) ’, then the seven new tools for
quality management (N7) &, to talk today about the seven
management tools Quality Management (M7), and other
quality engineering techniques: QFD (Quality Function
Deployment), CE (Concurrent Engineering), and others.
All these methods are facing a man (the designer,
manufacturer, user, customer), which created an
additional motivating factor for all employees in Japanese
companies. Especially important were the quality circles,
because they have become a place where ideas and
suggestions of individuals to promote and resolved.

This was the evolution of Japanese TQC model, which is
the eighties turned into TQM, based on further
development of corporate management.Top management
in any company defined development strategy based on

®Itis a TC 176 International Organization for Standardization
1SO, which was brought to the 1SO 9000 series, and officially is
called the ISO Technical Committee 176 for Quality
Management and Quality Assurance. ISO organization
headquarters in Geneva.

" Basic Tools for Quality Management (B7) are: list for
data collection, cause-effect diagram (Ishikawa diagram),
histogram, ABC (Pareto) analysis, scatter diagrams,
charts and flow chart.

8 New tools for quality management (N7) are a diagram of
similarity, relational diagram (diagram of interconnections), the
tree diagram, matrix diagram, matrix data analysis method,
map-making process and techniques of network planning
(CPM).



quality, which is in practice at such companies® increased
sales volume, profit and its overall image in the global
international market.

All the above facts speak clearly and illustrate the genesis
and development of TQM, today the most modern model
for quality management.

2. TQM MODELS

Total Quality Management is still no universally accepted
definition, and here is one of the possible states: "TQM is a
management approach to continuous process improvement
for the quality of the business system, which is derived on
the basis of a defined strategy, vision and mission-oriented
fully meet customer requirements in order achieving world
class quality products”. From this definition it can be
concluded that the bullets are the key words: continuous
improvement, meeting customer requirements and world-
class quality*, which actually represents the basic aspects of
TOM.

Former world theory and practice has made the next
generation of TQM [13, 18-22]: (i) The first generation
refers to the global gurus of TQM models for quality, (ii)
the second generation of these models is related to the
world famous prize for applied TQM model, (iii) the third
generation of TQM represents a new model of TQM and
EFQM™° based on self-assessment (self-assessment), and a
new Japanese model of business excellence, and (iv) the
latest generation of TQM and it seems his model, which is
the subject of research, and is known as RE-TQM.*.

3. JAPANESE MODEL FOR BUSINESS
EXCELLENCE - TQM NEW MODEL *

The new model has emerged TQM training and
development [15, 16] in particular the following areas and
approaches in the existing TQC model: (i) the basic
essence of TQM is customer satisfaction with products
and services, through continuous development and
improvement of relations with stakeholders such as
employees , company, suppliers and shareholders, (ii)
improvement of these relations, TQM contributes to
strengthening the power base of the organization as a key

® Includes only some of them: Sony, Panasonic, Toyota,
Komatsy, Honda, Nissan.

19 EFQM — European Federation Quality Management based in
Brussels.

1 Wwith great pleasure to be here to say, that this author, this
concept RE-TQM (Re-engineering of TQM) among the first in
the world, set up as a possible model of TQM for virtual
manufacturing system. Details of this concept are given in [9,
23].
12 JUSE (Japanese Scientists and Engineers Union), in April
1996. years, formed the TQM Committee: prof. Dr. Y., lizuka,
The University of Tokyo (President), and members: prof. Dr M.
Inohara, Osaka Electro-Communication University, prof. Dr. T.
Enkawa, Tokyo Institute of Technology, Dr. H. Kubota,
Hiroshima Institute of Technology, prof. Dr. H. Shindo,
Yamanashi University, prof. Dr M. Munechika, Waseda
University, prof. Dr. S. Yatsu, Tamagawa University, and
Professor. Dr. T. Yoshizawa, Tsukuba University. On in 1997.
Here we present the first draft of the new TQM model, in 1999.
year, its final version.

technology, vitality and building a prestigious reputation,
(iii) the best response to change, TQM provides over
medium and long term vision and strategy under the
leadership of top management, and (iv) the management
of resources , TQM attaches special importance to people
and information, the efforts of building an organization
with excellence in management, learning, flexibility,
speed and creativity. Based on this defined approach, the
basic definition of a new TQM model, reads: TQM is a
model of quality improvement, which under the
leadership management of the organization, in any
business environment seeks the following: (i) top
management establishes a clear medium-and long-term
vision and strategy, (ii) clear use of concepts, values and
scientific methods in the established TQM model, (iii)
acceptance of the fact and its application to the human
resources and information, vital elements of
organizational infrastructure, (iv) under appropriate
management systems, effectively implemented quality
assurance and cross functional management system that
includes cost, delivery, environment and security, (v) with
the support of major organizational power, such as a key
technology, speed and vitality, providing a mutually
excellent relationship with customers, employees, the
company, suppliers and shareholders, and (vi) the
continuous realization of corporate goals of the
organization through its mission, building its respected
reputation and ensure continuous profits.

3.1. Basic features

Changes in the environment in which the transformation
will be performed in TQC TQM, is characterized by [15]:
(i) requires the evolution of business management, in the
direction required to ensure product and service quality
with maximum effective business results and build a
business reputation of the organization, (ii) the future
development of business management infrastructure in
terms of reducing the temporal and physical proximity, as
a result of progress in information and transport
technology, (iii) changes in the social systems of the
companies require a high level of transparency of the
organizational structure, maintenance of acceptable prices
and respect the norms of business, (iv ) changes in
working conditions in the direction required for their
continuous improvements, and (v) increasing uncertainty
(frequency change), to accelerate the changes that are
occurring within the political, economic, social and
technological changes in the world.

Before we define what are the requirements for a new
model of TQM, we must consider what are the
expectations of organizations for tomorrow, so that their
expectations related to the TQM model.

Expectations and requirements for business management
in the restructuring. Japanese economy and Japanese
society developed the management demands to industry
provide products and services of maximum quality and
efficiency, and organization to be respectable. TQC
contribution relates to the improvement of physical
product quality and improving the efficiency of systems
that provide this quality. However, as the economy and
society continue to evolve, growing demands for a greater



diversity of product quality. Now, more and more each
entity of the organization, its mission, becoming
responsible for their own building and overall reputation.
Re-engineering existing TQC and, for its translation into a
new TQM model include: (i) defining the objectives of
TQM, namely: (a) construction of a respected
organization through the aspect of the product and the
name of the organization, which will have a wider
reputation, (b) building the system right (bilateral) values
in relations with customers, employees, society, suppliers
and shareholders, and (c) develop a "force" organizations
based on key technology, the speed (corresponding to the
demands of the market / customer) and vitality (the
constant changes) (ii) highly diversified quality concept
that is based on: (a) highly sophisticated requirements of
customers, (b) diversification of customers, and (c)
widely covered by the quality, and (iii) a highly
sophisticated management, which includes: (a) expansion
and expansion of management (vision, strategy,
transformation, speed and prevention), and (b) people and
information as an important resource management.
Respectable presence. TQM must allow the organization
to be respectable. If the application of TQM as an
effective management tool, the company will build such a
system that will give the respectable products. In other
words, companies do not expect a simple production
produce better products at an affordable price. They
expect that their mission and maintain their integrity be
the basis for the establishment of corporate responsibility
and a respectable presence. Because of this organization
with the reputation in the market, have an extra incentive
for further improvement and TQM should be seen as an
effective management tool for establishing, maintaining
and improving their reputation in the eyes of stakeholders.
Relations. Those organizations that want to be leaders of
a respectable reputation, must have excellent relations
with all stakeholders. Keeping customers satisfied
products and services, as well as the most important
element of overall relations with stakeholders, the
organization must develop good relationships with:
employees, society, suppliers and shareholders.
Organizations today are exposed to demands for
improved working conditions, knowing that employees
are important management resources, a large social
responsibility in the narrower and wider community,
particularly in terms of increasing globalization and the
abolition of various barriers. TQM tomorrow must all
take this into account and build the best relationships with
stakeholders, we are not the aspect of quality products and
services.

Power organization. In the process of building
operational excellence, strength of the organization lies in
its key technology, speed, responsiveness and vitality.
Every organization has key technology that is the basis of
its existence. What is the key technology complex and
unique style, it's reputation and leadership of the
organization increased. Speed is the next essential feature
of the organization today. In an environment where the
speed of political, economic, social and technological
change bigger and bigger, and the vagueness of these
changes, the speed of activities that an organization takes
must also be greater. Additionally, organizations also
need to have vitality for each level of your organization.

Top management must have the spirit of change towards
the environment, middle management changes within the
spirit and the third level of management and employees
must have high internal morale to implement these
changes in their workplace. TQM tomorrow must become
a concept and methodology that will build organizational
strength, as the source of its growth and development.
Highly sophisticated requirements. TQM model must
enable the acceptance of requests for high and widely
diversified, comprehensive concept of quality. Customer
requirements are becoming more sophisticated (more
subtle) and more mature. TQM has provided a
methodology for product planning, in order to meet these
demands. TQM also needs to define more sophisticated
and quality objectives.

Diversification of customers. Particular attention should
be paid to the fact that the expanding range of customers.
Development of society leads to progressive divisions of
the market. TQM must have a methodology for product
planning, which will economically meet different
customer groups. Soon, the main characteristics of quality
to meet customer demands for which the respective
products and services implemented. But the quality of
products and services must have such characteristics,
which will meet the standard requirements of our
customers. The expanded concept of quality includes all
employees of the company, and TQM must support this
approach.

Widely covered by the quality. Quality is a term for
defining product characteristics. The new concept of
TQM must explicitly express the new "widely covered by
the concept of quality, or value of products, which include
cost, time (delivery, use, ...) and service. Especially in the
area of new product development, TQM must develop a
methodology for total management and quality assurance,
achieving at the same: high quality, reasonable price
(cost) and defined the time of delivery.

The expansion of management. New TQM model
requires more sophisticated management. First of all
TQM should extend the existing concept of management.
Increasing uncertainty in the business environment, rapid
changes and different market demands, the management
of new demands, such as vision, strategy, speed and
prevention. Extremely important role in these processes of
planning, a concept that enables the "strategy and vision"
in the field of management, translated into the domain of
management. Future plans must undergo radical changes,
and instead of extrapolation of the past, have improved
the quality of the planning process in the future. All this,
as well as speed, flexibility, and increasing uncertainty in
the business environment, indicate that the new TQM
model must provide the basic concept and applicable
methodology for the management of all these activities.
People and information. Another very important aspect
of a new management style is the recognition of the
importance of people and information as a management
resource. In the past, aspects of "people-to-staff" is
considered from various angles. Changes have occurred in
this area, primarily in the direction of increased demands
for improved working conditions and requirements for
improving intellectual productivity. Therefore, attention is
focused on how to provide staff development, motivation
and high moral and professional values. TQM must



provide answers to these questions. Management system
is essential information system for decision making. The
rapid development of information technology, these
requirements, but TQM must give answers to the effective
use of information technology in management quality.

3.2. Methodologies and tools that support
implementation of the new TQM model

Development and application of new TQM model, based
on a number of methodologies and tools that support it.
The integration of management strategies and policy
management. Policy management has emerged as an
excellent management tool in the TQC model for
planning and managing the annual operating policies and
goals. However, improvements in the defined policies and
goals are the most important step in the implementation of
policy management. The best method for overview of
business management strategies, based on annual policies
and objectives, need for improvements. On the other hand
is facing policy management and strategic planning. In
practice, however, these dimensions TQC is limited.
TQM requirements include concepts and methodologies
for the management of business strategies, which are
mostly developed in the U.S., but without the
involvement of all employees. So, the new TQM model
integrates policy management with strategic planning.
The integration of technology marketing with the
development of new products. Understanding of the
requirements of customers is central to the model of
quality management. However TQC model has no
knowledge of the methodology and the substantial
marketing and technology, now applied, understood as the
customer's requirements. On the one hand, TQC uses
table quality, they represent a powerful tool to support the
activities in the correct understanding and translating
customer  requirements into  product  quality
characteristics. On the other hand, this methodology is
quite rigid in the process of generating customer
requirements. In the field of marketing, using many
methods, which may be in support of TQM, such as:
defining and exploring marketing requirements, market
research, analysis of data studied. All this analysis and
data are crucial for planning and development of new
products. Because of this, a new model of TQM attaches
particular importance to the integration with marketing
technologies.

Comprehensive quality management, cost and
delivery in developing new products. In poor and
underdeveloped countries, people look at the quality of
the product in other ways. For example, they say: "The
price is more important than quality.” And also notes:
"We can not sell our products only if they improve
quality.” Quality are reduced only to the technical
characteristics of products, which are identified with the
demands of customers, but they do not result in a
relationship relationships of customer satisfaction. But
today the quality determined by customers, so it is
inevitable that it is constantly improving, so they can
meet. The concept of TQM concept of quality is the most
widely observed, and is now defined as the product value
based on factors such as price, time and services.
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Therefore, TQM must develop a methodology to optimize
the quality and costs, in particular the methodology for
comprehensive management of quality, cost and delivery
in developing new products.

Quality assurance in a global society. Present-day
globalization trends raise the question, how to achieve
quality assurance in the new situation. Methodology for
quality assurance can be effective and efficient in terms of
Japan. From all over the world come to implement the
requirements of 1SO 9000 series. Those from the
perspective of the customer provide the following:
procurement of materials at an affordable price and with a
single test, engineering design technology and production
processes where required and under control,
decentralization of development (the organization), and
development in different areas (geographically), where
for this suitable conditions exist.

Coordination, fusion and integration with the
international trends in quality. ISO 9000 gave the
biggest contribution to improving quality throughout the
world. TQM, as specific Japanese style of management,
may be included in the western management style,
supported with 1ISO 9000, which would be given universal
methodology for quality management, today in the world.
Some possibilities are: elements of management functions
such as planning, implementation and validation can be
divided so clearly defined authority and responsibility;
suitable communication systems (not just using
documentary  information  system, but  direct
communication between employees) method to include
ISO 9000 in a model of quality assurance is defined in the
TQM-in, understanding the importance of documentation
as well as infrastructure TQM.

Quality information systems and technologies based
on the latest technologies. Progress in development of
information technology today is spectacular. Not only
does the amount and speed of information are growing
constantly, but the business support and work in the
network, open access, and multimedia. In the field of
quality, current information technologies enable the
development of new information systems for quality,
which had not existed. Some examples are: the integration
of information for quality and technological information,
integration of information relating to quality, cost and
delivery, promotion of customer relationships, effective
use of databases in the network. Information technologies
also enable the integration process of product design and
technology, and manufacturing (DNC). So, before the
new information technologies are very wide possibilities
for an effective quality management.

Management of equipment maintenance. It is quite
clear that the technological (production) is directly
dependent on the quality of the equipment. Previously, the
TPM (Total Productive Maintenance) gave the biggest
contribution to improving the technological quality and
productivity. But TPM has a strong planning function of
management equipment. TQM requires a developed
methodology for assessing the state of the equipment,
which is being held, with respect to necessary accuracy of
the process (production), upon which it feeds. This
methodology must be defined and established in the
design of equipment, and that in the process of



exploitation involved in the management plan for the
quality and maintenance.

TQM methodology to improve the technology. TQM is
principally focused on developing management systems
that will best use of installed production technology.
Improving the quality of installed technologies and
products that they provide, is one of the most important
task management system. Since the task of TQM is to
increase the level of established technologies in each area.
In all TQM improvement processes should involve all
employees.

New SQC (Statistical Quality Control) for analysis
and management processes. The development of
information technology has also enabled the improvement
of management methodology for technological processes.
What processes are more automated, more and more data
is collected, by which it is managed. For example,
automatic control devices, enabling automatic inspection
of parts in process and finished parts. TQM proposes a
new methodology for the management process, from the
aspect of quality management. Particularly effective use
of on-line, real-time data for management and analysis
process. TQM is open for development and application of
new statistical methods, such as for example time series.
Methodology for solving various problems. In applying
the model of quality management, there are several
problems that need to be addressed. "The QC Story" is the
most famous scientific method suitable for solving the
problem, which is based on the structure of the "cause -
consequence" and a detailed analysis of the problem.
Therefore, in the field of TQM, must give the following
reply: how different types of problems identified and to
establish their solution? The solution to this problem is
the standard procedure for identifying and solving any
type of problem or task.

Employed to support changes in production. As a rule,
managers and executives in the direct production, more
are required for specific knowledge in the field of
manufacturing and maintenance, the aspect of
technological quality. Also today workplaces equipped
with hardware / software equipment, which provides a
"data management"”. In response to these trends, TQM
must be for these changes define the training
methodology and training of employees across various
levels of the structure of jobs.

Human resource development and encouraging
creativity. Changes in the development of society and
lead to changes in the workplace. All these changes can
be defined as requests for more respect for the man.
Management must accept the fact that change is inevitable
in this area and that TQM must provide answers to how to
further develop the quality circles (QC circle).

4. OUR RESEARCH

The last our research result is the hybrid intelligent
system (IS) model presents a generic and integrative
approach to a multiresponse process design based on
experimental data. It is composed of three stages: the
design of experiment, the factor effects approach, and the
process modelling and optimisation [24 — 31].

The objective of the developed intelligent model is to
incorporate customers’ specifications for several (possible
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correlated) responses in order to find the optimal process
parameter settings and reduce the influence of noise factors. The
effectiveness of the proposed generic knowledge-based system
is illustrated in brief with five case studies, emphasising the
possibility to use the model for solving various types of
multiresponse problems in manufacturing processes.

In order to contribute to ‘knowledge-based‘ and ‘zero-
defect’ manufacturing paradigm, an integrative, generic
and intelligent model for multiresponse process design
was developed. The presented model does not imply any
assumptions regarding the type of process or process
parameters, type of responses, type of relations between
responses and process parameters and existence of
interactions among them.

The most important feature of the developed model, in
comparison the existing artificial intelligence-based
models from the literature, are: (i) The vast majority of
GA-based approaches found in the literature are designed
to solve a particular problem and they are suitable for
general application. In contrast to this, in order to
consider the specifics of each particular problem and to
enhance the generality, several GAs with different basic
functions are tested for each problem in the proposed
model; (ii) The initial population in the GA is formed in
the neighbourhood of the potentially good solution — the
solution of the factor effects approach. This feature
significantly advances the convergence to the global
solution, which means that the probability of finding the
actual global solution in the given number of generations
is significantly improved. None of GA-based approaches
for multi-response process design found in literature
discuss the initial population at such way; and (iii) he
quality loss function is the essential part of this approach,
because it directly presents a relative financial
significance of each response, hence no assumptions or
assigned response weights are required. This significantly
improves the objectivity of the analysis and the
application of the model in a real world.

The analysis of the application of the proposed model
indicated that it showed better results, in terms of the
optimal parameter settings that yield the maximal
synthetic multiresponse performance measure, than the
other four commonly used methods. Drawing on the
above, it might be expected that the model
implementation could contribute to the transition from the
‘experience or assumption-based‘ to the ‘knowledge-
based* decision making in a multiresponse design of
manufacturing processes.

5. CONCLUSION

Today, the most popular models for improving quality:
ISO 9000, TQM and re-TQM [1 - 5]. Their comparison,
by type of improvement and Deming applied model, we
get the following facts - ISO 9000 provides quality
control, which is realized through the SDCA cycle. In this
way it creates a basis for improvement of TQM, which
are carried out incrementally, through the PDCA cycle.
Finally, discontinuous improvement is a hallmark of RE-
TQM model, which is realized through the SECI cycle.

Therefore, TQM is a model of quality improvement,
which gave the best results in improvement of the world,



while the RE-TQM can say that he is a research approach
to improving quality.
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Humankind's way of life depends on technology since the very first tool was used by the unknown.
Statements like ,, civilization began when humans first used technologies” have been argued in different
occasions. Technologies have been thought, applied, tested and improved by experience gained through
time. Through time technologies have been designed with the same methodology the artefacts which
resulted as benefits of those technologies have been designed. Everything around us is designed. Design
enabled us to go beyond mere existence, to take advantage of intellectual capital, to design a way of life
we know.

Over the past 30 years, engineering designers have witnessed revolutionary change in desigh methods—
from pen and paper to two-dimensional software and now to 3-D computer-aided design, from dedicated
problem oriented programming to nowadays simulation software. New technologies and skills change the
profession as it seeks to fit to changes. The definition of engineering design and designers profession has
stretched over the disciplinary boundaries. Mechanical engineers have actively participated in analyzing
the workings of biomechanical systems, creating virtual reality environments, building nanomachines or
medical nanodiagnostics. A significant part of today’s CAD, CAE tools have been coded by mechanical
engineers. Today, projects combine mechanical with electronic, materials, chemical, and biomechanical
engineering.

The cycle of technological change grows faster than ever before. Successful engineering has always been
on the leading edge of technology thus forcing beyond the dominant designs of the moment. In the
moment when the bubble of unrealistic expectations has exploded we will have to rethink the way that we
live to be more sustainable. In a whole all aspects of our civilisation will be redesigned the
transportation systems, food processing, energy management, buildings, office and household equipment
and manufacturing facilities that are less polluting and less demanding of natural resources.

Engineers will continue to improve existing and develop new technologies. The challenge to rebuild the
world we know will promote a need for creativity and new thinking to generate new ideas. Design was
and will continue to be the bridge between the world we know and the world that will be. Building that
bridge is an engineering design issue which we need to address by new research.
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Abstract: This plenary paper presents general information about the Program of National Technology
Platforms of Serbia (NTPS), which is initiated and implemented by Academy of Engineering Sciences of
Serbia. This program is based on European Technology Platforms (ETP) which was developed ten years
ago by European Commission as new political instrument focused on three main targets: 1) Provide a
framework for stakeholders, led by industry, to define research and development priorities, 2) Ensuring
an adequate focus of research funding on areas with a high degree of industrial relevance, and 3)
Address technological challenges that can potentially contribute to a number of key policy objectives
which are essential for Europe's future competitiveness. Following the ETP approach AINS was
developed an original program of National Technology Platforms of Serbia which is closely related to
specific situation of Serbian industry, national research and technology priorities, as well as the
European integration processes of Serbia. This paper covers general information about NTPS program,
its structure, organization and implementation plan, and in particular, development of network of
individual platforms carefully designed to optimally support industry recovery process and its future

sustainable development.
Key words: Industry, Technology, Development

1. INTRODUCTION

Serbian industry is facing serious problems that last
almost two decades. The new industry policy [1], as well
as the strategy for growth and economical development of
Serbia (Serbia 2020 document, [2]) are both focusing on
industrial development, recognizing industry as a vital
element of the national economy. In the past decade
Serbia has adopted market economy and privatization
process is almost finished. The key element of the current
industrial development practice is providing the ambient,
almost exclusively dedicated to the foreign investors,
which is based on low wages, financial stimulations for
every newly opened workplace as well as other types of
financial measures that stimulate business. However this
approach has not shown its effectiveness in practice as
expected. Even more, deeper analysis shows that this
approach is not sustainable on a long-term basis. Focusing
only on the financial supporting instruments is necessary
but not sufficient.

As Serbia cannot compete on the costs alone, knowledge
has a central role to play in helping industry to recover,
especially to recover its technological and structural
foundations and adjust to the pressures of globalization, in
all sectors regardless of their technology intensity,
including low-technology sectors where traditional
industry is located mainly. In this context, fostering
innovation and retaining and developing highly skilled
human resources are essential.

Economic globalization refers to increasing economic
interdependence of national economies across the world
through a rapid increase in cross-border movement of
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goods, service, technology and capital. It is paradox that
in a globalised economy location remains a crucial factor
for research and innovation. This is the chance for Serbia,
especially for Serbia in future when it becomes a part of
European community.

At the Lisbon European Council on 23 and 24 March
2000, the Heads of State or Government resolved to make
Europe’s economy the most competitive knowledge-
based economy in the world, working on increasing jobs,
greater social cohesion, and on economic growth until
2010. Following the Lisbon agenda, and later stated
Barcelona target of 3% GERD (Gross Domestic
Expenditure on R&D) by 2010, European Commission
has developed new instrument with the mandate of
helping to further mobilize private and public R&D
investments in research and innovation. This instrument is
named European Technology Platforms (ETPs).

This paper starts with general information about European
technology platforms. Then the text is focused to the
Program of National Technology Platforms of Serbia
(NTPS), providing the information on its general concept,
its rationale as well as its roadmap for the future actions,
together with pilot actions which are already initiated or
which should be started in close future. In particular, in
this paper is presented the first individual national
platform NTPS-Production, which is focused on recovery
of Serbian industry and make it ready, in technological
sense, for European integration processes. The paper is
structured as follows: 1) General notes on European
Technology platforms, 2) National Technology Platforms
of Serbia, 3) NTPS-Production and 4) Concluding
remarks.



2. EUROPEAN TECHNOLOGY PLATFORMS

ETPs were first introduced officially in the EC
Communication “Industrial Policy in an enlarged Europe”
[3] in December 2002. In this document is exactly stated:
“Technological platforms could be considered to foster
marketplaces for cooperation among stakeholders and
work out a long-term strategic plan for R&D for specific
technologies involving major economic or societal
challenges, such as the advent of hydrogen as a new
source of energy. They would ensure synergy among
public authorities, users, regulators, industry, consumers,
and poles of excellence viewed as places where basic
research and technology transfer are closely linked. There
is a need for coherence between research, which can
create new opportunities, and the downstream regulatory
framework in which these technologies can be developed
and marketed.”

The ambition was to bring together R&D-relevant
stakeholders with various backgrounds (e.g. regulatory
bodies at various geo-political levels, industry, public
authorities, research institutes and the academic
community, the financial world and civil society) who
would develop a long-term R&D strategy in areas of
interest to Europe. The set up of an ETP follows a
bottom-up approach in which the stakeholders take the
initiative and where the European Commission evaluates
and guides the process, [4].

After almost then years of existence, and systematically
collected experience from development of respective
number of individual platforms, each of them targeted to
specific EU societal challenges, the concept of ETP that
was outlined in its very beginning has been largely
confirmed, [5], [7], [8]. Recent development activities are
focused into two directions, both straightening the role of
ETP concept, [8], [9]:

1. Tackling the grand societal challenges — ETP and
European research community must focus on the
challenges (such as global warming, tightening
supplies of energy, water and food, ageing societies,
public health, pandemics and security, as well as the
overarching challenge of turning Europe into an eco-
efficient economy) that European society faces in the
21st century, moving beyond currently present rigid
RTD thematic approaches, and

Straightening  interaction  between  European
Technology Platforms and national research actors.

The later one is of high importance for Serbia, because it
makes a room for setting-up a comprehensive national
program of establishing technology platforms that is well
concentrated on Serbian societal challenges and well
aligned with national specificities, starting from historical
and geographical aspects, up to the current economy
situation as well as adopted priorities within actual
research and industry policies.

2.1. Bottom-up three stage process

European Technology Platforms are an effective means of
defining research and development priorities, timeframes
and action plans on a number of strategically important
issues where achieving future growth, competitiveness
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and sustainability objectives is dependent on major
research and technological advances in the medium to
long term. ETPs focus on areas of significant economic
impact and high societal relevance where there is high
public interest. EPTs are focused on three main targets:

1. Provide a framework for stakeholders, led by
industry, to define research and development
priorities, timeframes and action plans on a number
of strategically important issues where achieving
Europe's future growth, competitiveness and
sustainability objectives is dependent upon major
research and technological advances in the medium
to long term,

Ensuring an adequate focus of research funding on
areas with a high degree of industrial relevance, by
covering the whole economic value chain and by
mobilizing public authorities at national and regional
levels,

Address technological challenges that can potentially
contribute to a number of key policy objectives
which are essential for Europe's future
competitiveness.

The development of European Technology Platforms is
essentially a “bottom-up” process, [4]. Hence, it is the
stakeholders themselves who take the initiative to set up a
European Technology Platform, with the support and
guidance of the European Commission, as appropriate.

In practice, the ETP concept is performing as a set of
individual technology platforms. Each individual platform
has its own origins and approach and its own particular
way of working. In most cases individual technology
platforms follow a three-stage process and that successful
completion of each is a prerequisite for effective
implementation of the subsequent stages (Figure 1).

Stakeholders,
define a
Strategic
Research
Agenda setting

Stakeholders,
implement the
Strategic
Research
Agenda with the
mobilisation of
significant
human and
financial
resources.

Stage 3

Stakeholders,
led by industry,
come together to

out the
necessary
medium-to long-
term objectives
for the
technology.

Time horizon

agree a
common vision
for the
technology.

>
>

Fig.1. Evolution stages in setting-up individual
technology platforms, [6]

Stage 1: Emergence and Setting Up: In this stage,
stakeholders are brought together. Industry plays an
initiating role in this regard with the aim of achieving
consensus on the way forward. The main deliverable is a
strategic vision document reflecting this consensus and
endorsed by top executives from leading companies in the
sector. The vision document explains the strategic
importance of the activity and gives an outline of the
desired medium and long term development objectives of
the platform. It also explains why action at European level



is required. At this stage, the main principles for the
governance of the platform have to be established.

Stage 2: Definition of a Strategic Research Agenda: The
Strategic Research Agenda is the key deliverable of a
technology platform. It should set out research and
technological development priorities for the medium to
long term, including measures for enhancing networking
and clustering of the RTD capacity and resources in
Europe. The definition of a Strategic Research Agenda is
commonly co-ordinated by an advisory council that
includes representation from a wide range of stakeholders.
In many cases, the active involvement of Member States
is channeled through a “mirror group” that reflects their
views as the Strategic Research Agenda takes shape.
Steering panels undertake the detailed work of defining
the Strategic Research Agenda, often supported by
specialized working groups.

In parallel with the definition of a Strategic Research
Agenda, European Technology Platforms begin to specify
a deployment strategy at this stage. The deployment
strategy anticipates the key elements required in order to
implement the Strategic Research Agenda effectively with
the aim of bridging the gap between the current state of
development of a given technology and its eventual
deployment. It should take into account, for example, the
need for mechanisms to mobilize private and public
investments,  strategies to  implement  optimal
demonstration activities, actions related to education and
training and the establishment of an ongoing
communication process. It should also capitalize on
possible synergies with other European Technology
Platforms and address any possible overlap or duplication
of activities across platforms.

Stage 3: Implementation of the Strategic Research
Agenda: During this phase, the Strategic Research
Agendas defined within European Technology Platforms
are implemented with the support of Community research
programs as appropriate, where they are compatible with
the objectives of European research and competitiveness
policies, together with other policies where relevant. At
the same time, the Strategic Research Agendas will make
an important contribution to the preparation of the
Commission’s proposals for future research programs. It
is, however, important to stress that the implementation of
Strategic Research Agendas is likely to involve support
from a range of sources, including the Framework
Program, other sources of European funding, national
research programs, industry funding and third-party
private finance.

As the shape of a European Technology Platform evolves
through these three stages, it remains flexible and open to
entities joining or leaving the platform as well as to the
integration of new initiatives. Thus, as it moves from the
vision and strategy phases to the implementation phase,
its character and structure can also change.

There are currently 36 individual technology platforms at
various stages of development (ref. ETP web-site):

ACARE -

ARTEMIS -
Biofuels -
ECTP -

eMobility -
ENIAC -

EPoSS -
ERRAC -
ERTRAC -

ESTEP -
ESTP -
ETP SMR-

EuMaT -
EUROP -
FABRE TP -

Food -
Forestry -

FTC -

GAH -

ETPIS -

ISI -
Manufuture -
NanoMedicine -

NEM -
NESSI -

Photonics21 -
Photovoltaics -

Plants -
RHC -
SmartGrids -

SNETP -
SusChem -
TPWind -

Waterborne -

Advisory Council for Aeronautics
Research in Europe

Embedded Computing Systems
European Biofuels Technology Platform

European Construction Technology
Platform

Mobile and Wireless Communications

European Nanoelectronics Initiative
Advisory Council

European Technology Platform on
Smart Systems Integration

European Rail Research Advisory
Council

European Road Transport Research
Advisory Council

European Steel Technology Platform
European Space Technology Platform

European Technology Platform on
Sustainable Mineral Resources

Advanced Engineering Materials and
Technologies

European Robotics Technology
Platform

Farm Animal Breeding and
Reproduction Technology Platform

Food for Life

Forest based sector Technology
Platform

Future Textiles and Clothing - FTC
Global Animal Health

Industrial Safety ETP

Integral Satcom Initiative

Future Manufacturing Technologies

Nanotechnologies for Medical
Applications

Networked and Electronic Media

Networked European Software and
Services Initiative

European Technology Platform for
Photonics

European Photovoltaic Technology
Platform

Plants for the Future

Renewable Heating & Cooling
European Technology Platform for the
Electricity Networks of the Future
Sustainable Nuclear Energy Technology
Platform

European Technology Platform for
Sustainable Chemistry

European Technology Platform for
Wind Energy

Waterborne European Technology
Platform
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WSSTP - Water Supply and Sanitation
Technology Platform
ZEP - Zero Emission Fossil Fuel Power Plants

2.2.  The role of European commission

In the course of the development of the technology
platforms, the European Commission has the role which
is defined by following clarifications [11]:

The Commission is not the owner of technology
platforms, nor is it directing the way in which they are
undertaking their activities.

The Commission is however encouraging bottom-up,
industry-led approach to defining medium to long-
term research needs through:

Its active participation as an observer in many of
the platforms;

Playing a guiding role where necessary;

Providing limited Community financial support
for operational entities (for example a
Secretariat) to some of the platforms where their
objectives and activities correspond closely with
the thematic areas of actual research programs;
and

o

Maintaining the Community’s sponsoring role
through the continued  funding, where
appropriate, of collaborative research projects in
many of the areas concerned.

Whilst not bound by the views of technology
platforms, the Commission services are closely co-
ordinating their activities in this area, monitoring
developments on an ongoing basis and, where
appropriate, using their deliverables in the course of
developing research policy.

2.3. Openness and transparency

The issue of openness and transparency has been
identified as of crucial importance for the successful
development of technology platforms. At a seminar held
on 15, December 2004 in Brussels, the industrial leaders
of the existing and emerging platforms committed
themselves to respect a voluntary code of conduct on
openness and transparency. For their individual platforms,
they will set and make public clear and transparent rules
of participation (including rotation of members in key
bodies) and ensure full transparency (web-site,
conferences, reports and other documentation).

Each platform is free to decide for itself how to
implement these principles and a range of initiatives have
been taken in this respect.

An open and transparent platform is one which respects
three key principles [10]:

Openness refers to the degree to which a European
Technology Platform encourages and allows the
participation of a broad range of stakeholders in its
activities. It also relates to the level of cooperation with
national and regional public authorities, as well as with
other platforms.

Accountability refers to the existence and clarity of rules
and procedures within the European Technology Platform
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structure, as well as to the process for monitoring and
adapting platforms’ activities according to changing
priorities and circumstances.

Transparency refers to the measures taken by European
Technology Platforms to communicate openly with their
target audiences, including the general public, and to
provide full and up-to-date information about their current
status and activities.

Openness and transparency are key to the success of
European Technology Platforms. The involvement of a
broad range of stakeholders in defining their common
vision and research agendas will increase commitment to
these objectives and, hence, the platforms’ effectiveness.

2.4. National and regional dimension

Using Mirror Groups instrument, ETP concept was
extended to the national level. Member States deployed
Mirror Groups widely. Mirror Groups are normally
composed of experts nominated by the Member States
and aim to facilitate coordination and provide an effective
two-way interface between ETPs and complementary
activities at a national level. Parallel to the Mirror groups,
national platforms started to emerge based on NRTP
mechanism, typically focusing on a part of the research
agenda of interest to national research players. Currently,
national TPs exist in different forms. In most cases they
have been set up following a national call for proposals,
with varying degrees of involvement of European TPs in
the process. Some national TPs operate as national
branches of the corresponding ETP, but other are mainly
coordinated with their national government. Some
countries have a very high number of national TPs
because they have decided that the concept serves them
well for national policy purposes. Other countries,
however, have chosen a limited number of research and
social priorities and have promoted the establishment of
the corresponding TPs. In this way, public authorities are
actively involved in ETPs in their roles as policy-makers
and funding agencies, and as promoters and consumers of
technologies, focusing on those ETPs which are more
relevant for their national industries, research
organizations and academia..

3. NATIONAL TECHNOLOGY PLATFORMS
OF SERBIA

The program of the national technology platforms was
initiated and developed by the Serbian Academy of
Engineering Sciences with the aim of introducing
technological dimensions and engineering to the process
of recovery and development of Serbian industry, as a
vital element of the national economy. This process is
planned to be achieved through comprehensive and
interdisciplinary set of activities within the development
triangle consisting of industry, research and investment.

The development triangle (Figure 2) can actually be seen
as a special kind of a machine, with extreme complexity,
which transforms money into knowledge, knowledge into
innovation and innovation into money. This circular
mechanism of functioning is the very essence of this
machine. Full functionality of the development triangle
provides the basis for achieving industrial growth,



creating a helix of development and maintaining
sustainability of such processes on a long-term basis.
Environment, in which the nodes of this triangle are
equally developed, functional and mutually interactive,
renders the development triangle functional, i.e., the
machine which generates social welfare and prosperity.

NTPS Program is nested within the development triangle
and its mission is to harmonize its internal processes,
focusing on the engineering and technological aspects
only. At the moment, the development triangle of Serbian
economy is unbalanced and nonfunctional. Its nodes are
asymmetrically developed, and the interconnections
between them are weak or even broken. The
dysfunctionality of the development triangle is one among
the reasons for stagnation of the Serbian economy,
especially the Serbian industry, creating economic
difficulties, social problems and poverty that Serbia faces
a number of years.

*Research - Industry
interaction processes
*Projects, Strategies,

*Industry-Investment
interaction processes

Large, medium and « Public-Private-

small companies, service

Policies providers and operators Partnerships

Transformation Transformation

!(nowelgdge into INDUSTRY innovation into

innovation money
NTPS

RESEARCH

Public funds for RTD &
Science, Private banks,
Investment Fund,
Reconstruction and
Development Fund
Venture capital

Research institutes,
Universities,

Tech. incubators,
Innovation centers
Industrial research
institutes and centers

*Investment — Research
interaction processes

* Public & Private
Funding

Transformation money
into knowledge

Fig.2. Technology development triangle

NTPS Program was formally launched in the year 2010
and for its development and implementation is
responsible the AINS Committee for technology
platforms, ie. NTPS Committee, which has
multidisciplinary engineering structure, composed of
eminent professors and researchers appointed by the
Council of the Serbian Academy of Engineering Sciences.
NTPS Committee has the mandate to conceptualize the
basic framework of the NTPS program, taking into
account both national and international aspects, and also
to stimulate and monitor the implementation of this
program in the research and industrial area of Serbia.
NTPS program is generally based on the concept of
European Technology Platforms and in all aspects of its
activity is tightly focused on establishing and developing
various forms of cooperation,_especially with individual

technology platforms having strategic research agendas
complementary with research and development priorities
of Serbia. The NTPS program is a link to the European
Technology Platforms.

NTPS Program is recognized by Serbian Ministry of
Science and Education as a program of strategic
importance for technology development, technology
transfer and innovation system development. Moreover,

NTPS Program is incorporated in Serbian industrial
policy 2020 as a pillar of strategic importance for rising
high technology content in Serbian industry through
extensive cooperation between scientific institutions and
industry [1].

3.1. Basic objectives
NTPS program has four basic objectives:

e Providing a new formal framework for smart and
systemic transformation of technological basis of
Serbian industry;

e Strengthening Science - Industry interaction by
focusing of RTD programs and funding to areas of
high relevance to Serbian industry and stops the
situation in which investment in R&D often produces
fewer than expected;

e Focus on technology as important component for
European integration process;

e Recognition of technology challenges that can
potentially contribute to the realization of key societal
priorities and challenges and delivers benefits to the
Serbian citizen.

Regarding the methodological framework, NTPS program
draws its foundations from the respective national
potential for technology research and development (well
developed educational system and extensive RTD
infrastructure), the respective industrial tradition that
spreads out for nearly two centuries, and also cultural and
regional specificities. Besides previously mentioned, the
methodological framework of action of the NTPS
Program includes as follows:

1. Transfer of ETP concept into Serbian industry, ETP
scaled down to the national level;

2. Synergies with the EU level through a extensive
cooperative relationships with the individual ETPS;

3. Broad mobilization of industrial companies, industry
associations, RTD institutions and universities, public
authorities and the holders of investment capital;

4. Partnership with Government and other state
regulatory bodies in creating a stimulating
environment for industry recovery and growth -
strong political support;

3.2.  Structure and guiding principles

Although the European technology platforms are designed
as bottom-up instrument, experience shows that pure
bottom-up approach is not quite suitable for its use in the
economies of Eastern European countries (Polish
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Technology platforms for instance). To make it really
effective it is necessary to ensure sizeable participation of
state regulatory bodies and other state institutions. That is
the essential difference and this difference is very
important. Therefore, from the beginning, when AINS
started to consider how to establish the program of
national technology platforms which will be truly
functional and capable to generate benefit to Serbian
industry and research community, decision was made that
this program should be a compromise, combination
between top-down and bottom-up approach. It means that
the program must have one strong central entity which
will define the general framework and later on
continuously supervise implementation of this framework,
ready to react immediately if the development of the
program starts to decline from its general principles.
However, it doesn’t mean that the bottom-up approach is
not still dominant and top-down activities hinder the
freedom of stakeholders to play an essential role and act
autonomously.

Individual technology platforms

Chie orihie NTPS - Production  [KUl
|NTPS - Food [ 02 |

NTPS jNTPS - Energy [ 03]
Program ~— NTPS=Construction | 04 |
\ InTPS -1CT [05 |

|NTPS - Transport | 06 |

.................................

Fig.3. NTPS organizational structure

As a result of such approach, the NTPS program was
conceptualized as a structure that is composed of two
hierarchical levels: NTPS Core, which is located in the
Serbian Academy of Engineering Sciences and governed
by NTPS Committee, and NTPS Individual Platforms, a
set of up to 10 individual platforms (in order to maintain a
critical mass of resources to be representative) that
emerges from NTPS Core as a network of mutually
complementary, highly networked and interacting entities.
These individual platforms are in their construction and
principles of operation very similar to European
individual technology platforms. Figure 3 shows the
general functional structure of NTPS Program.

There are five guiding principles which are adopted by
NTPS program that should be used to decide whether an
individual platform should be established or not. These
guiding priciples are of equal importance for stakeholders,
i.e.,, industry, reserch and educational institutions,
investors, but also for national regulatory bodies that are
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in some way responsible for the issue of technological
development, research, education and other aspects
related to industrial development. Any of the NTPS
individual technology platform should be:

1. A Response to Major National Challenges: The
Platforms are mission oriented and address major
national economic — environmental — technical —
social challenges. NTPS is not a short-term, problem
solving instrument.

A Strategic National Initiative: Platforms should be
set up only when there is a well-defined, national
strategic need for such an instrument, and national
added value can be clearly justified.

Politically Highly Visible: To affect change across
national, industrial, technological boundaries, the
NTPS individual platforms must create strong political
support and be highly visible at a national, European,
and even at a global level.

Industry Led: To be effective, the NTPS individual
platforms must be driven by actors from the
applications / problem end of the innovation process.
Individual platforms should not become too academic
and the most relevant stakeholders in the sector should
be included. The governing bodies of the platforms
must be lead by a person who is coming from
industrial domain.

Well planned and executed: There must be a Road
Map with a long-term vision, a sound strategy for
achieving this vision and a detailed action-plan for
carrying out the necessary activities. The platform
must be big enough to be representative.

The NTPS program in whole is not and in any case or
under any circumstances should not become a new
vehicle for personal promotion of any scientist or
institution. This program also should not become isolated
from the industry in its implementation, especially in
terms of satisfying its needs and decision-making on
matters affecting the industry on any issue.

3.3. NTPS rationale — Serbian industry data

Due to the crisis that has lasted almost continuously for
two decades, Serbian industry is currently in very difficult
situation. Stagnation in all sectors has been present since
the nineties, and this process is associated with the
aftermath of the disintegration of former socialist
Yugoslavia and all related causes that have had serious
impact on the overall economy, especially industry.

Quantification of this process can be achieved based on
the analysis of three main indicators: 1) The index of
industrial production, 2) The number of industrial
workers, and 3) The share of industry in GDP creation.
The Index of Production (loP) measures the volume of
production of the manufacturing, mining and quarrying,
and energy supply industries. The IoP is a major
contributor to the National Accounts. GDP measures the
sum of the value added created through the production of
goods and services within the economy.

Contrary to common practice to analyze above mentioned
indicators quarterly, yearly or for a short period of several
years, in a study which was carried out by the NTPS



Committee, a significantly broader time period of fifty
years was considered. This approach stems from the fact
that all industrial processes are very complex, mostly
asynchronous, and inherently slow. Industry is
intrinsically very inert system. Therefore, for their full
understanding it is necessary to consider very broad time
frames. Such standpoint holds even in the case of new and
emerging technologies. Time dependences of considered
industry indicators are shown graphically in Figure 4
(source: Republic Development Bureau, Republic of
Serbia).

Statistical trends given in Figure 4 show the evidence for
sudden collapse of industry output, huge loss of human
resources, and marginalization of the role of industry. In
fact, the crisis from the nineties has triggered the process
of intensive deindustrialization of Serbian economy. To
figure out these graphs objectively it is important to
consider the information related to the socio-political
ambient in which the industry was operated. In the period
of five decades, it is possible to identify three
characteristic stages:

1960 - 1990 The context before the crisis: Serbia in
the former socialist Yugoslavia; Stable
industry development; Rapid industrial
development, average growth rate for 3
decades: 7.8% per year.

Basic data: IoP_1990 =
workers, 28.6 % GDP;

Collapse of former Yugoslavia: Massive
disintegration  processes and ethnic
conflicts; Severe economic downturn,
enormous inflation and collapse of
national ~ fiscal  system, extensive
fragmentation of the industrial system,
UN economic sanctions, etc., all together
was created serious consequences and
severely damaged the industry.

Basic data: IoP_1990 = 43.3, 643.000
workers, 24.7 % GDP;

Democratic changes: Emerging Republic
of Serbia; Economic liberalization process
/ market economy; Extensive privatization
process (almost completed); Openness for

100, 998.000

1990 - 2000

2000 - 2010

foreign  direct investments;  Global
economy crisis in 2008.
Basic data: loP_1990 = 45.9, 312.000

workers, 15.9 % GDP;

For more comprehensive insight in the industry condition
it is necessary to introduce another indicator that refers to
the quantification of industry sectoral technology content,
i.e., industry technological profile. Industry technological
profile is defined by the sectoral classification of
investment intensity in research and development
(products, processes and / or business systems), i.e., R&D
expenditure as defined in [12] and [13]. This indicator is
not systematically monitored in Serbia, but it can be
derived from the industry statistical data that are collected
regularly. Figure 4 shows the sectoral technological

profile of Serbian industry for year 2008 (source:
Republic Development Bureau, Republic of Serbia). For
comparison, in Figure 5 are also given the sectoral
technological profiles for two leading world economies,
the U.S. and EU, expressed through R&D investment of
industrial companies (the investment funded by the
companies themselves and for their own technological
development, [14]). The differences are almost dramatic,
and clearly show high degree of technological erosion taht
was occurred. It is clear that in past two decades the
process of technological development had inverse
character, i.e., downward development helix that has
transformed former highly dynamic and technology
intensive industry into recourse based and low adding
value industry.
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Fig.4. The index of production (indexed to 1990),
industrial workers, and total industry share in GDP
creation within the past five decades

3.4. NTPS-Production

NTPS-Production is the first individual platform that is
derived from NTPS program and put into operation. It is
an industry-lead voluntary association of stakeholders in
the field of industrial production in Serbia.

The NTPS-Production platform was launched in May
2011 as a pilot action with the twofold mission: 1) to
constitute a functional system, i.e., association, composed
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of referent national actors in the field of manufacturing
industry and production engineering (leading industrial
companies and systems, leading RTD institutions in the
field of production engineering, and investors) that should
provide strategic support to the national regulatory bodies
in facing with the one of the most important and the most
urgent grand societal challenges of Serbia, i.e., industry
recovery and systematic revitalization / reinforcement of
its technological foundations, and 2) to prove practical
applicability of the NTPS concept in general and improve
it if necessary.

Technological profile of Serbian industry

5%
10%
LOWTECH
Medium LOW TECH
= Medium HIGH TECH
= HIGH TECH

25%
60%

EU RTD Expediture USA RTD Expediture
EUR 122.3 bn EUR 159.2 bn

1% 3%

Fig.5. Sectoral profile of Serbian industry in accordance

to technology intensity for the year 2008 (up), and RTD

technology investment profile of industrial companies in
EU and USA (down)

The overall mission of the NTPS-Production platform is
the concerted strategic planning, the coordination and the
facilitation of pre-competitive industrial and research
activities in the field of production technologies,
encompassing education, basic research, applied /
industrial research and development. To this end, NTPS-
Production platform will discuss industrial, scientific,
technical, political, social and economic objectives.

Referring to the ETP implementation model, development
of the NTPS-Production platform is planned as three-
stage process:

Stage I: Action plan for year 2011

e  Set-up a stakeholders consortia and associated
Business Interest Groups (BIG)

e Consultation process and preparing the Platform
Vision document,

e  Constitution of the Platform structure and
governance bodies,

e  Setting up NTPS Production WEB Portal,

e  Promotion activities, Community support,
Industry support,

e Official contacts with relevant ETPs at EU level
+ Regional collaboration,

o Cooperative actions with industry; focus on the
priorities stated in the Serbian industry policy
2020 document.

e Formal Launch of NTPS Production and clear
political visibility.

Stage I1: Action plan for year 2012

e Producing Strategic Research Agenda document:
Methodology, Time lines, Targets / Priorities /
Strategic pillars, Collaboration with relevant
ETP SRAs, Establishing or confirmation of the
Platform Working Groups, Wide industry and
research Consensus / consultations, ....

e Financing and budgeting issues,

e Involvement of interested Public Authorities and
Government, Political visibility,

e Communication, NTPS Production WEB Portal,

e Promotion activities, Community support,
Industry support,

e Dissemination and similar issues,

e  Cooperative actions with industry; focus on the
priorities stated in the Serbian industry policy
2020 document.

Stage I11: Action plan for year 2013
e Implementation of SRA,

e Rising Commitment and effective involvement
of stakeholders and members of the associated
Business Interest Groups (BIG);

¢ Building a long-term public-private partnership
models and cooperative actions / initiatives,

Cooperative actions with industry; focus on the
priorities stated in the Serbian industry policy
2020 document.

In addition to activities that are planned to be carried out
at the national level, intensive cooperation activities are
also planned at the regional and EU level. A key activity
is to establish synergistic relationships with relevant
individual technology platforms at EU level, including
membership and close collaboration. This vertical action
is of highest importance to the NTPS Program in general.
For NTPS Production platform of special importance is
the cooperation with the following ETPs:

e ManuFuture: Future Manufacturing
Technologies, [18],

e EUROP: European Robotics Platform,

o  MINAM: European Platform on Micro- and
Nanomanufacturing,

o ARTEMIS: The European Technology Platform
for Advanced Research and Technology for
Embedded Intelligence and Systems,

e EPO0SS: European Platform on Smart Systems
integration.

The organizational model of the NTPS-Production
platform is shown in Figure 6. This model has four
hierarchical strata:
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e Level 1 - Stakeholders / members level,
e Level 2 - Operational core level,

e Level 3 - Decision-making level, and

e Level 4 - Managing level of TP.

The stakeholder level in form of General Assembly
composed of representatives of the platform member
organizations and associated representatives of Business
Interest Groups (BOS) forms the basis of the technology
platform. Business Interest Groups are composed of
partner organizations with goals synergistic with the goals
of the NTPS-Production platform or representatives of
public bodies, organizations or initiatives whose activities
have a bearing on meeting the goals of NTPS-Production
but who are not members of NTPS-Production platform.

INCO
EU level
ETP Mirror gr.
Regional
cooperation

External representation

T Eil Platform Chair

Level 4

——> | Secretariat Executive Board
Contact point
Level 3
S
Level 2 immmem————— -
— Working Groups
[l WG _01-Processes
WG 02-Machines
[ WG_03-Cybernetics, Mechatronics & Cognitive Sys.
H WG_04-Dissemination, Training and Education
1
[ WG_N-Future WGs
Level 1

Fig.6. Organizational structure of NTPS-Production
individual technology platform

Membership in NTPS-Production platform is open to all
organizations or entities concerned with industrial or
research activities in the field of the production, in
particular:  manufacturing and associated services,
robotics, automation, ICT supporting production
including mechatronics, Web and Internet-based services,
and cognitive systems enabling the concept of Factories
of Future — FoF (launched under the European Economic
Recovery Plan in November 2008), [16], [17].
Particularly important in this respect are those activities
that have a great potential to affect innovation in many
different industrial sectors and fields of application, i.e.,
key enabling technologies (KETs) that include a high
demand for RTD, skills and capital expenditure, a

multidisciplinary  approach  cutting across many
technology areas, and long time horizons between basic
research results and implementable innovations, [15],
[17].

Members shall contribute to the mission and to the
activities of the technology platform, participating
actively in the Working Groups (each member is assigned
to at least one Working Group according to his/her
preference). A complete list of the NTPS-Production
membership will be publicly available on the official
NTPS-Production platform website.

The operational core level is composed of the NTPS-
Production Working Groups (WGs) that are the main
centres of activities within the technology platform. They
are focused on domain-specific or cross-disciplinary,
technological or application-oriented issues, or on specific
tasks related to production technologies, including various
forms of dissemination outcomes produced by Platform
activities. The following issues are related to the Platform
operational core level:

e Working Groups can be established or discontinued
by the Board of Stakeholders on request of the
Working Group itself, NTPS-Production
Stakeholders, or the associated Business Interest
Groups (BIG);

e The Working Group Chairs (WG Chairs) are elected
within the Working Group from NTPS-Production
Members participating in the Working Group;

e The composition of a Working Group will be
established under the responsibility of its
Chairperson, who will represent the Working Group
at the Executive Board and report annually and upon
request to the Executive Board.

e  Working Group Chairs become members of the EB
and become BoS members, unless his/her election is
opposed by the NTPS-Production General Assembly.

At the current stage of the Platform development the
Executive Board has been adopted initial set of working
groups that should be constituted and put in operation
immediately. This set of working groups consists of:

WG_00 - Technology advisory working group;
WG_01 - Production Processes working group;
WG_02 — Machines and Equipment working group;

WG_03 — Cybernetics, Mechatronic and Cognitive
Systems working group;

WG_04 — Dissemination, Training and Education
working group.

This is the initial set of working groups and is subject to
modifications if the need for different solutions arises
through its implementation in practice.

The decision making level consists of Board of
Stakeholders (BoS) that is the main decision-making body
of the platform. In particular, the BoS bears responsibility
for:
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The determination of all matters related to NTPS-
Production platform, unless otherwise stated within
the Platform constitutive documents;

Defining, pursuing and implementing the objectives
of NTPS-Production according to its mission;

Establishing or discontinuing Working Groups;

The BoS will appoint an organization to establish a
platform office, i.e., the NTPS-Production Secretariat,
which shall provide organizational and operational
support to the BoS, to the EB and to the WGs. The NTPS-
Production Secretariat acts on behalf of, and reports to,
the EB.

The managing level consists of Executive Board (EB)
that is the main managing body of the platform. The EB is
responsible for the coordination and execution of the
platform operations, for the preparation and the
implementation of the decisions of the BoS and for the
external representation of the platform (national end
international collaborative actions and initiatives). The
EB is composed of the Chair, the Working Group (WG)
Chairs and the SME representative. The EB Chair will be
elected by the BoS from amongst its own members. At
least one representative of the Secretariat will be
delegated as non-voting member of the EB.

With minor variations, this model should be applied in
future for other individual platforms that emerges within
the NTPS Program.

4. CONCLUDING REMARKS

In this paper are presented basic aspects of European
technology platforms, as a new instrument that was
established by the European Commission with the aim to
strengthen interaction of industry and research area which
was recognized as the key factor for the creation and
development of knowledge-based society. European
technological platform has demonstrated their full
effectiveness and potential in practice.

Serbian economy is faced with crisis that lasts almost two
decades. Its excessive length hardly destroyed the national
economy, especially industry. Industry data show
horrifying  consequences.  Industrial growth and
technological development that existed in the period
before the crisis were almost completely stopped. The
industrial production volume has been reduced to the
level of the seventies, the contribution of industry to
national GDP was halved, and the number of industrial
workers has been reduced to 1/3. The way out of the crisis
requires economic growth, but the economic growth is
impossible without a strong, productive and competitive
industry. The strong industry requires a strong and
dynamic technological base. Recognizing these needs, the
Academy of Engineering Sciences of Serbia has
conceptualized and developed a program of national
technology platforms, i.e., NTPS Program. In its basis,
NTPS Program is derived from the concept of European
technology platforms. Although it is in its beginning,
significance of the NTPS Program was recognized by the
relevant public authorities and embedded in the industrial
policy 2020 as one of strategic pillars, dedicated for
recovering of technological basis of Serbian industry and
for rising high technology content in all industrial
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activities. The NTPS Program was started its
implementation stage by launching the first individual
technology platform NTPS-Production as a pilot action,
aimed to show practical value of the NTPS concept and to
prove potential of the NTPS Program in whole under the
real industrial scenario.
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Abstract: The original contribution of the research is the developed monitoring system that can detect
tool breakage in real time by using a combination of neural decision system and ANFIS tool wear
predictor. The ANFIS method uses the relationship between flank wear and the resultant cutting force to
estimate tool wear. Therefore, the ANFIS method is used to extract the features of tool states from cutting
force signals. A neural network is used in tool condition monitoring system (TCM) as a decision making
system to discriminate different malfunction states from measured signal. A series of experiments were
conducted to determine the relationship between flank wear and cutting force as well as cutting
parameters. The forces were measured using a piezoelectric dynamometer and data acquisition system.
Simultaneously flank wear at the cutting edge was monitored by using a tool maker’s microscope. The
experimental force and wear data were utilized to train the developed simulation environment based on
ANFIS modelling. By developed tool condition monitoring system (TCM) the machining process can be
on-line monitored and stopped for tool change based on a pre-set tool-wear limit.

Key words: END-milling, tool condition monitoring (TCM), wear estimation

1. INTRODUCTION

The main goal of development of tool condition
monitoring systems (TCM) is to increase productivity and
hence competitiveness by maximizing tool life,
minimising down time, reducing scrappage and
preventing damage. The traditional ability of the operator
to determine the condition of the tool based on his
experiences and senses is now the expected role of the
monitoring system. Each tool condition monitoring
(TCM)  system consists of:  sensors, signal
conditioners/amplifiers and a monitor. The monitor uses a
strategy to analyse the signals from the sensors and to
provide reliable detection of tool and process failures. It
can be equipped with some signal visualisation system
and is connected to the machine control.

Many studies have been conducted on the monitoring of
malfunctions and abnormal cutting states of machine tools
[1]. With regard to the monitoring of cutting tool states,
two main factors are tool wear and failure. Tool failure
has become more important recently since hard tools are
frequently used in the cutting process.

There are two techniques for tool wear sensing: direct and
indirect. Generally direct measurements are avoided
because of difficulty of online measurements. For indirect
methods of TCM, the following steps are followed: use of
single or multiple sensors [2] to capture process
information; use of signal processing methods to extract
features from the sensor information; use of decision-
making strategy to utilise extracted featured for prediction
of tool failure. Indirect technique includes measuring of
cutting forces, torque, vibration, acoustic emission (stress
wave energy), sound, temperature variation of the cutting
tool, power or current consumption of spindle or feed
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motors and roughness of the machined surface [3]. The
recent trend in TCM is multisensory approach which is
termed as sensor fusion /sensor integration/sensor
synthesis. The idea is to gather information from several
sensors to make a comprehensive estimate of tool wear.
The application of TCM in industry have relied mostly on
robust and reliable sensor signals such force, power and
AE. They are relatively easy to install in existing or new
machines, and do not influence machine integrity and
stiffness.

The recent studies show that force signals contained the
most useful information for determining the tool
condition [4]. However, in many cases the use of force
sensors is not practical for retrofit applications and
spindle power signal is often used as an alternative.
Several different approaches have been proposed to
automate the tool monitoring function. These include
classical statistical approaches as well as fuzzy systems
and neural networks. For instance Igbal [5] developed an
approach based on the least-squares regression for
estimating tool wear in machining while. The capacity of
artificial neural networks to capture nonlinear
relationships in a relatively efficient manner has
motivated Chien and Tsai [6] to apply these networks for
developing tool wear prediction models. But in such
models, the nonlinear relationship between sensor
readings and tool wear embedded in a neural network
remains hidden and inaccessible to the user. In this
research we attempt to solve this situation by using the
Adaptive Neuro-Fuzzy Inference System (ANFIS) to
predict the flank wear of the tool in end-milling process.
This model offers ability to estimate tool wear as its
neural network based counterpart but provides an
additional level of transparency that neural networks fails



to provide. Then a neural network is used as a decision
making system to predict the condition of the tool. In this
study, the cutting forces are used as the indicator of the
tool flank wear variation.

2. PROBLEM DEFINITION

End-milling is interrupted cutting process, which means
that each cutting tooth generates a cyclic cutting force
ranging from negative to maximum force, and back to
negative. This force is graphed as a series of peaks (Fig.
1).

Normal tool

=

-

Force signal

One revolution |

b

Cutting speed=80m/min
Feedrate=0.1mm/tooth

Depth of cut=0.5mm Broken tool

Force signal

One revolution

|

Fig.1. Cutting force signal of a good and damaged cutter
Cutting parameters and tool conditions affect the
magnitude of resultant force.

herefore, the resultant force Fg, generated from X and Y
directions, is used in this experiment for detecting tool
state. If the tool condition is good, the peak measurement
of each tooth’s force should be roughly the same during
one revolution of the cutter. If a tooth is broken, it
generates a smaller peak force because it carries a smaller
chip load.

As a result, the tooth that follows a broken tooth generates
a higher peak force as it extracts the chip that the broken
tool could not. One main force principle can be used to
detect tool condition:

Maximum peak force in each revolution should differ
between good and broken tools. Maximum peak force of a
broken tool must be larger than that of a good tool;
Applying these principles, an in-process tool breakage
monitoring system was developed for end milling
operations. The cutting forces and machining parameters
were selected as input factors.

3. TCM METHODOLOGY AND STRUCTURE

The proposed approach consists of two main steps: First,
an ANFIS model of tool wear is developed from a set of
data obtained during actual machining tests performed on
a Heller milling machine using a Kistler force sensor.

The trained ANFIS model of tool wear is then
subsequently merged with a neural network for estimating
tool wear condition (fresh, worn). Fig. 2 shows the basic
architecture of the proposed system.

This is a typical TCM system where the sensor is used to
collect the signals during milling through a data
acquisition module. The signal processing module
analyses the machining signals for extracting features
sensitive to tool wear.

The features together with the machining parameters
constitute the data set to be used as input to the decision
system and estimator. The main purpose of the decision
system and estimator is to map the input features to the
current state of tool .i.e. the amount of tool wear.

A multi-layer perceptron neural network with
backpropagation algorithm is used in TCM as a decision
system due to its ability of learning, noise suppression
and parallel processing.

A random pattern classifier module divides the data into
training and testing set. The training set is used for
learning purpose while the testing set is used for testing
the decision system performance.

3.1. ANFIS Based Tool Wear Predictor

The relationship between the machining
parameters/sensor signals and flank wear is first captured
via a network and is subsequently reflected in linguistic
form with the help of a fuzzy logic based algorithm.

The estimation design process consists of a linguistic rule
construction, partition of fuzzy subsets and the definition
of the membership function shapes.

\% — -
! ) RS-232 Tool condition / Action
Rt‘ Cutting parameters CNtC| Normal 7o
AD' contro Broken / stop (f=0)
D Worn  / wg=_mm
A HMI interface
3 Control pannel
r
G
. ' - Force signals TCM
l| FuFy.F2 I Data acquisition module I ANN decision making
system
y

I Signal processing module I

| ANFIS wear predictor

Machine tool

Fig.2. Architecture of tool condition monitoring system
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It uses training examples as input and constructs the fuzzy
if-then rules and the membership functions (MF) of the
fuzzy sets involved in these rules as output. This process
is called a training phase. In this model, we adopted two
different types of membership functions for analysis in
ANFIS training and compared their differences regarding
the accuracy rate of the flank wear prediction. After
training the estimator, its performance was tested under
various cutting conditions. The performance of this
method turned out to be satisfactory for evaluating of
flank wear, within a 5% mean percentage error.

Fig. 3 shows the fuzzy rule architecture of ANFIS when
the triangular membership function is adopted. The
architectures shown in Fig. 3 consist of 31 fuzzy rules.
ANFIS applies Hybrid Learning method for updating
parameters.

v
ANFIS tool wear predictor
f
ANFIS
Ao (sugeno) |»| Flank wear
Rp 9 Wp
3l rules :
Fx
Fy
Time
ANN decision system
Tool
Condition
™ NORMAL
BROKEN
WORN

Fig.3. Components of TCM

For premise parameters that define membership functions,
ANFIS employs gradient descent to fine-tune them. For
consequent parameters that define the coefficients of each
output equations, ANFIS uses the least-squares method to
identify them. This approach is thus called Hybrid
Learning.

3.2. Neural Decision System Development

A neural decision-making system was developed in
Matlab software. The neural network used to predict the
cutting tool condition is shown in Fig. 3. It has tool-
breakage detection capability and is based on pattern
recognition. The neural network stores a number of
reference force patterns that are characteristic of tool
breakage. When a tool tooth breaks, cutting force
suddenly rises for a while, and then drops to zero. The
system continuously monitors the signal for the break
pattern. If pattern is identified, a break is declared within
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10 ms of the breakage. Four steps are required to develop
a neural decision system. In step one, network
architecture and prediction factors were selected.
Network has two hidden layers and uses a set of 5
normalized inputs for tool condition prediction: (1)
cutting speed, (2) feed rate, (3) depths of cut, (4) forces,
(5) tool wear. Output layer consist of only two neurons:
(1) normal and (2) broken/worn. In steps two the learning
rate, momentum factor and the number of hidden
layers/hidden neurons were defined. The number of
hidden neurons was set at 12, the learning rate was set at
1, and the momentum item was 0.4. The number of
training/testing cycles was 1700. In step 3 the data set was
divided into training and testing set. 200 data points were
used in this research. Good tools collected half of these
and broken tools collected the rest. In step 4 the training
and testing faze is accomplished. Finally in the last step
the trained neural network was used to predict tool
conditions

4. EXPERIMENTAL DESIGN

Monitoring experiments were performed on a HELLER
machine tool (type BEA1) with FAGOR CNC controller.
It involved an end milling process of steel parts using two
end mill cutters: normal and on tooth broken. The cutting
tool used in the machining test was a solid end-milling
cutter (R216.24-16050 1AK32P) with four cutting edges.
The tool diameter was 16 mm. Its helix angle was 10°.
The corner radius of the cutter was 4 mm. The insert had
an outer coated layer of TiN featuring low friction and
welding resistance. The workpiece material used in the
machining test was Ck 45 and Ck 45 (XM) with improved
machining properties. The workpiece was mounted in a 3
component piezoelectric dynamometer (Kistler 9255) to
monitor the cutting forces in the X and Y directions.
Force dynamometer was mounted on the machining table
and connected to a 3-channel charge amplifier. The
signals were monitored using a fast data acquisition card
(National Instruments PC-MIO-16E-4) and software
written with The National Instruments CVI programming
package. The experimental set-up is shown in Fig. 2. The
flank wear was observed during the experiments. The
cutting tool flank wear was discontinuously measured
with a tool microscope of 0.01 mm accuracy. The
machining tests were carried out in two types of end
milling operations: down milling and up milling
operations. The experiments were carried out for all
combinations of the chosen cutting parameters and tool
wear.

5. RESULTS AND DISCUSSION

In-process sensing technique in connection with decision-
making system is essential for successful working of
TCM. The neural network was capable of detecting tool
conditions accurately in real time. The accuracy of
training data was 98.1%, and the accuracy of testing data
was 94.9%. The results of neural network testing are
shown in Table 1. The output node value of a back-
propagation neural network was mapped as 0.01 for the
normal cutting state, and 0.99 for the tool breakage. When



Table 1. Partial results of TCM testing

Tool Input factors ANN outputs ANN ANFIS
condition Prediction Prediction
S F [N] N F Ap Rp ANN; ANN, W
(min) | [mm/rev] | [mm] | [mm] [mm]
Normal 427.2 440 0.17 1.2 8 0.9 0.1 Normal 0.11
Broken 777.9 440 0.17 1.2 8 0.02 0.98 Broken 0.24
Normal 433.9 440 0.13 14 8 0.3 0.7 Broken 0.17
Broken 729.6 440 0.13 1.4 8 0 1 Broken 0.26
Normal 650.5 440 0.20 14 8 0.89 0.11 Normal 0.13
Broken 925.7 440 0.20 14 8 0 1 Broken 0.27
Normal 614.4 480 0.20 14 8 0.88 0.12 Normal 0.15
Broken 751.9 480 0.20 1.4 8 0.03 0.97 Broken 0.23
Normal 904.3 360 0.22 1.6 8 0.89 0.11 Normal 0.14
Broken 991.9 360 0.22 1.6 8 0 1 Broken 0.31

the neural network outputs are over 0.9 (tool breakage), it
sends the signal “Tool broken” to the PC. When both the
neural network outputs are below 0.9, it sends the signal
“Tool condition Normal”. Figs. 4a and 4b represent the
cutting force signals for the normal and broken cutter.
Developed decision system incorporates simple fixed
limits for tool breakage detection. Limits are: L1
(collision), L2 (tool fracture), L3 (worn tool) and L4
(missing tool limit).

600
500 |
400 |

300
200

L1
L2
it JAEE

a) Normal toal

(sec)

L1

L4
Total breakage signal

ATataYad R

Monitering force

Time

Fig.4. Thrust force of normal (a) and broken (b) tool in
real time monitoring; (c)Indicative tool breakage force
pattern with limits

In future it will be appropriate to replace fixed limits with
self-adjusting limits. The detection system demonstrated a
very short response-time to tool conditions. Because tool
conditions could be monitored in a real-time, the worn
tool could be replaced immediately to prevent damage to
the product and machine.

6. CONCLUSION

We developed a system for monitoring tool condition in
real time and obtained the following result through
verification experiments:

(1) The proposed monitoring system of cutting process
may be very useful because of its parallel processing
capability;

(2) It enables monitoring of the cutting process with high
reliability; ANFIS component can estimate flank wear
progress very fast and accurately, once the maximum
cutting forces are known.

A monitoring system using a neural network is able to
classify the various cutting states such as tool breakage,
and tool wear.
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Abstract: The development and application of cutting tools made of superhard materials as a
precondition for increasing the productivity of machining requires higher costs of tools. Since tool life is
closely related to tool wear, it can be influenced by the knowledge about the tool — workpiece interaction
mechanism. Starting from the Merchant’s model of orthogonal cutting and by introducing the effects of

the tool flank wear height B, and the concentrated force on the cutting edge, it is arrived at the novel

concept of consideration of the forces acting in the chip formation process. The increase of the radial
force developed as a consequence of tool flank wear is taken for the tool wear criterion. The mentioned
concept makes possible the prediction of tool flank wear height as well as tool life under manufacturing
conditions with concrete values of cutting parameters.

Key words: Tool life, Flank wear, Orthogonal cutting

1. INTRODUCTION

Tool wear is an important factor that directly affects the
productivity and surface quality. Traditionally, at the
production environment, a tool change was based on
experience or the quality of machined surface. In the early
nineties of the last century there was a transition from
traditional to automated tool change with the idea that
implies possibility of monitoring the amount of wear on
the cutting tool edges during the cutting process. With the
development of computer this on-line monitoring of the
tool wear is gaining more importance [2].

Previous studies in the field of monitoring tool wear in a
metal cutting process where based on measurement of the:
cutting forces, stress/strain measurement, work piece
dimensions, spindle motor torque and the surface finish
quality.

The paper emphasizes the influence of the flank wear
height at the clearance face on tool life and the forces that
appear. The starting point is basic Merchants model of
chip formation in orthogonal cutting. As the cutting forces
increase with increasing of the flank wear height it is
necessary to complete Merchants model that would
include: flank wear, forces caused by flank wear,
concentrated force acting at the cutting edge and force for
chip formation. The presence of wearland has been found
to have no effect on the basic model of chip formation
and basic cutting quantities such as: shear angle, shear
stress on the shear plane and friction angle. Existence of
flank wear in the vicinity of the cutting edge resulting in
an additional force of rubbing or ploughing at the
clearance face results in increased thrust force. Based on
completed Merchant’s model and predominant adhesion
wear mechanism it is possible to define tool life using
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cutting speed, feed and flank wear height, which is the
efficient mathematical model that predicts tool life in
production environment.

Prediction of the tool life in production environment is
important because it provides good machined part in
manned factories so that a new tool may be introduced at
the instant at which the existing tool is worn out, thus
preventing any hazards occurring to the machine or
deterioration of the surface finish.

Forms of the tool wear occurring during metal cutting
When mating surfaces of the tool and workpiece are
brought together as the result of their contact the
following forms of tool wear occur: adhesion, abrasion,
diffusion and oxidant wear [2].

The more predominantly occurring forms of cutting tool
wear often identified as the principal types of tool wear in
metal turning using single-point tools are nose, flank,
notch and crater wear. Nose wear or edge rounding occurs
predominantly through the abrasion wear mechanism on
the cutting tool’s major edges. Flank wear arises due to
both adhesive and abrasive wear mechanism from the
intense rubbing action of the two surfaces in contact, i.e.
the clearance face of the cutting tool and the newly
formed surface of the workpiece. Increasing the height of
the flank wear leads to deterioration of the surface finish
and to increased heat generation [3].

2. ORTHOGONAL CUTTING ANALYSIS

Tool’s cutting wedge penetrates in the workpiece under
the influence of the resultant force F acting on the back of
the chip and opposite to the resultant force F' acting on
the shear plane (cutting resistance). In Fig. 1 is shown
orthogonal cutting-Merchants model. A single straight
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¢=Z—E(P—7) (4)

cutting edge with a plain face and flank is used to cut a
workpiece of constant width at a constant cut thickness.

NN
L~

F, - primary cutting force, F,-radial force,

F, - tangential force , F, - normal force,

F, - shearing force , F,,-normal force in the
shearing plain, F - resultant cutting force,

¥ - normal rake angle, p - friction angle,

¢ - shear angle, V - resultant cutting
velocity,
V - shearing velocity,

V, - chip flow velocity.
Fig. 1. Orthogonal cutting-Merchant’s model

Orthogonal  cutting-Merchant’s model assume the
following: perfectly sharp tool with no concentrated edge
force on the cutting edge, a continuous chip, plane strain,
uniform shear stress distribution on the shear plane, and
equilibrium of the under the action of equal and opposite
resultant force acting at the shear zone and tool-chip

interface, resultant cutting velocity V and chip flow
htcos(p—y)
F=— )
singcos(p+p—7)
velocity V, are perpendicular to the cutting edge.
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Further development to the thin shear zone analysis, in

addition to the force for chip formationR,, is the

introduction of the following forces: concentrated force

acting at the cutting edge R, and wearland force R,

representing the completed Merchant’s model, Fig.2.
Concentrated force acting at the cutting edge is
manifested by the positive force intercepts when the
measured force is extrapolated to zero cut thickness [4].

When Mercant’s model includes concentrated force R,
equations (1), (2), (3), (5) have been modified when

evaluating pand 7, i.e.
F2izm — I:2| j (6)

lizm — Fll

p=arctan i =y + arctan(

_ [(Fin = Fu) 08 ¢ = (Fyipp, — Fyy)sin g)]
B bt (7)

-sin ¢
where: |, - concentrated force component in the
direction of the primary cutting force for extrapolated
zero cutting thickness, F, - concentrated force
component in the direction of the radial force for
extrapolated zero cutting thickness, F;,,, - as measured

primary cutting force, F,,, - as measured radial force.

CHIP

Shear 4
plane s

WORKPICECE
21 2h
Fig. 2. Completed Merchant’s model of orthogonal
cutting [4]

Total cutting force can be represented by
htcos(p—y)
singcos(¢+ p—y)

Fl = Fls + I:1| = + klb (8)
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where: F, - chip formation force component in primary

cutting force direction, F, - chip formation force

component in radial force direction, kli

concentrated edge force intensity factors.

Equations (6) and (7) describe correlation between
friction angle and shear stress considering concentrated
edge force. Since the cutting edge is perfectly sharp only
at the very beginning of the cutting process the question
posed on the trend of the basic cutting quantities such as:
friction angle, shear stress and shear angle when
completed Merchant’s model would include wear land

height B, . It has been suggested by many researchers that

since the cutting edge is not perfectly sharp, a rubbing or
ploughing process could occur in the vicinity of the
cutting edge increasing total cutting force, in addition to
the force for chip formation and the concentrated edge

force. If the tool wear land height B, does not affect the

basic cutting quantities: friction angle, shear stress, shear
angle etc., its effect on the cutting process will be an
additional ploughing or rubbing forces that can be
introduced in a similar way as the edge force and the
force for chip formation.

k, are

Wang’s experimental results have proved that the wear
land height does not affect the values of the basic cutting
quantities (shear stress, friction angle and shear angle) [4].
During the turning of carbon steel with cutting tool grade
P20 carbide flat-top insert on CNC lathe machine at
various cutting parameters (depth of cut, cutting speed,
tool geometry and flank wear height)  cutting force
components, friction angle and shear angle were
measured considering depth of cut a, Fig. 3.
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Fig. 3. Experimental trends in orthogonal cutting with
tool wear (V =200m/min, B, =0.6mm) [4]

Figure 3. shows that increase of rake angle y results in a
decrease of two force components, while the shear angle
¢ and friction angle o are independent of the cutting

depth a. Fig. 4. shows the measured force components
with respect to the depth of cut at different wearland sizes

B, . Flank wear results in a substantial increase in two

force components F, and F,because of the increased
ploughing or rubbing action on the wearland.
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Fig. 4. Influence of tool flank wear height on the force
components (V =100m/min, & =5°) [4]

Experimental results show that there is no effect of the
wearland height B, and depth of cut a on the shear

angle ¢ and friction angle o which means that the forces

generated by increase of the flank wear can be treated in
the same way as the concentrated edge force and force for
chip formation.

From the previous considerations, the overall cutting
force for cutting with tool flank wear may be a result of
the forces required for chip formation in the shear zone
and tool-chip interface, the concentrated edge force and
the rubbing forces on the wearland generated due to
friction between the clearance face of the cutting tool and
the newly formed surface of the workpiece. Based on the
completed Merchant’s model, the overall cutting force
components can be established based on Egs. (8) and (9),
i.e.

tcos(o—y)

F=F,+F +F; =

singcos(p+ p—y) (10)
+k,b+Fy
F, = Fzs +F + k) == wtsin( ~7)
singcos(p+ p—y) (11)

+k,b+F,,

where: F,, - rubbing force between the clearance face of
the cutting tool and the newly formed surface of the
workpiece in the primary cutting force direction, F,, -

rubbing force between the clearance face of the cutting
tool and the newly formed surface of the workpiece in the
radial force direction.

Completed Merchant’s model includes force analysis
occurring in orthogonal cutting with special reference to
rubbing forces generated between the clearance face of
the cutting tool and the newly formed surface of the
workpiece which is typical for adhesion wear model.
According to the fundamental law of adhesion wear,
adhesion flank wear volume per unit length is
proportional to the rubbing force between the clearance
face of the cutting tool and the newly formed surface of
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the workpiece in the radial force direction
leads to the following equations [1]:

F,, .which

F, =Kvis"B® ; F, =KV3s"B’ (12)
1
B (13)
K,v*s”

where: a,b,c,a,b,c,a, 3,7,K, K, are constants to
be evaluated by the experiment; V - cutting velocity ; S -
feed, B, - flank wear height, t - tool life.

According to 1SO3685 tool is worn when flank wear
height reaches threshold criterion B, =0.6mm. Based

on equation (13) tool life can be determined in production
environment.

3. CONCLUSION

The paper emphasizes the influence of the flank wear
height at the clearance face on tool life and the forces that
appear in two ways. The first one represents the
completed Merchant’s model of orthogonal cutting which,
in addition to force for chip formation, comprises
concentrated edge force and rubbing or ploughing force
generated by increase of the flank wear or rubbing
between clearance face of the cutting tool and the newly
formed surface of the workpiece. The second way
represents mathematical model that defines the correlation
between tool life, cutting velocity, feed and flank wear
height. Mathematical model is based on the fundamental
law of adhesion wear. This leads to efficient prediction of
tool life in production environment which is very
important because it provides good machined part in
manned factories so that a new tool may be introduced at
the instant at which the existing tool has been worn out,
thus preventing any hazards occurring to the machine or
deterioration of the surface finish.
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Abstract: Being one of their prominent exploitative characteristics, cutting tools durability depends on
the character, intensity and the speed of wearing. Identification of tool wearing is of great significance
for the purpose of avoiding sooner or later replacement of tools. The parameters of tool wearing can be
measured by out-process and in-process-measuring systems. Given the extremely limiting role of the
former in modern production lines, development of the latter (the indirect measuring systems) has gained
prominence. The basis of indirect measuring systems comprises a set of various signals originating from
the units of the system under treatment which stand in certain correlations with the wearing parameters.
The paper presents mathematical models of axial force designed on the basis of experimental research in
drilling tempered steel by twist drills made of high-speed steel manufactured by powder metallurgy.

Key words: tool, durability, wear, cutting force, mathematical model

1. INTRODUCTION

Identification of cutting elements wear is of high practical
importance because, apart from allowing for timely
replacement of tools, it also allows for management of
wearing processes as well as for automation of treatment
and technological processes. Production lines, in
particular those of mass and large scale automated
production benefit from timely replacement of cutting
tools as it eliminates the low quality of final products and
reduces production costs arising from sooner and later
replacement of tools.

As in modern production lines the out-process methods of
measuring tool wear have become a significantly limiting
factor, development of online process measuring systems
are gaining prominence. The process methods most
frequently applied are the indirect ones whose basis
comprises a set of various signals originating from the
units of the system under treatment which stand in certain
correlations with the wear parameters. The information
bearers (signals) of tools wear in cutting process that are
most often used by researchers are cutting force and
resistance. Thus, J. Sheikh-Ahmad and R. Yadav [1]
designed a force model at milling composite materials by
applying regression analysis. B. Lotfi, Z. W. Zhong and
L. P. Khoo [2] designed a model to predict cutting force
at milling dependent on tool orbit. J. T. Lin, D.
Bhattacharyya and V. Kecman [3] showed that measuring
cutting force enables for tool wear to be monitored
without interruption of cutting process. Based on the
comparative analysis of the assessment of wear of a 8 mm
diameter twist drill, C. Sanjay, M. L. Neema and C. W.
Chin [4] showed that modified regression equations could
be used to asses the value of tool wear.
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2. AXIAL CUTTING FORCE IN DRILLING

Axial cutting force in drilling (the auxiliary movement
resistance), Fs, along with other conditions unaltered, is in
the function of cutting regime (the twist drill nominal
diameter, the spindle speed and feed):

F=f(D,n,s) D).

By way of experimental-analytical method, i.e. the theory
of experiment planning and the theory of regression
analysis, the cutting force can be expressed in the form of
a degree function:

F=C.- DPr . yPer . gPsr

),

where:

Cr, byr, bor, bsr — are the constants dependent on the type
of material,

D [mm] — is the drill nominal diameter,

n [rev/min] — is the spindle speed, and

s [mm/rev] — is the feed.

3. EXPERIMENT PLANNING

With the aim to design a mathematical model of axial
force as the information bearer on the wear phenomenon,
the paper contains experimental research on the basis of
which the constants Cg, bye, boe, bse were determined
within the assumed mathematical model (2). Given that
the axial force is in the function of three parameters (D, n,
s), the experiment was conducted in line with the
complete three-factor orthogonal first-order plan, i.e. the
Box-Wilson’s plan, repeating the experiment four times in
the central plan point (ny=4) as illustrated in Table 1.
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Table 1. The three-factor plan matrix

Experi- Coded values Real values The output
mental o e o s D x| ke | xoxe | xoxox d n S vector
points | 7O | Tt | 72| 78| A2 AAs ) AR AR Imm) | [rev/min] | [mm/rev] | [mm/min] [F]
1 +1 | -1 | -1 -1 | +1 +1 +1 -1 6.0 250 0.027 6.67 Fy
2 +1 |+1 | -1 | -1 | -1 -1 +1 +1 10.0 250 0.027 6.67 F,
3 +1 | -1 [+1 | -1 | -1 +1 -1 +1 6.0 500 0.027 13.33 Fs
4 +1 | +1 [+1 | -1 | +1 -1 -1 -1 10.0 500 0.027 13.33 F,
5 +1 | -1 | -1 | +1 | +1 -1 -1 +1 6.00 250 0.107 26.67 Fs
6 +1 | +1 | -1 | +1 | -1 +1 -1 -1 10.0 250 0.107 26.67 Fs
7 +1 | -1 [+1 | +1 | -1 -1 +1 -1 6.0 500 0.107 53.33 F;
8 +1 | +1 [+1 | +1 | +1 +1 +1 +1 10.0 500 0.107 53.33 Fg
9 +1 0 0 0 0 0 0 0 7.75 355 0.053 18.67 Fo
10 +1 0 0 0 0 0 0 0 7.75 355 0.053 18.67 Fio
11 +1 0 0 0 0 0 0 0 7.75 355 0.053 18.67 Fu
12 +1 0 0 0 0 0 0 0 7.75 355 0.053 18.67 Fi,
3.1. Experiment conditions from 100 to 900 kHZ, integrated with the universal

The experiment was conducted by means of twist drills
(TD) DIN 338, nominal diameter @6.0; @7.75 and &10.0
mm, made of high-speed steel with 8% of Co,
manufactured by powder metallurgy, used for drilling
blind hole in tubes made of chrome-molybdenum alloy
steel for enhancement, C.4732, thermally treated to 43-45
HRc hardness.

The chemical composition, thermal treatment conditions
and microstructure of the TD steel and test tubes are
shown in References [5].

Construction of twist drills followed the recommendations
in References pertaining to drilling hard treatable
materials (tempered steel) as well as previous experience.
The drills were manufactured by grinding technology.
The geometrical elements of TD are shown in References
[5].

The experiment was conducted using test tubes, @60 mm
in diameter, with the thickness adjusted to the blind hole
drilling depth 1=3xd.

Test tubes’ hardness was evenly distributed along
longitudinal and cross cut and within the prescribed
limits.

Cutting regimes were defined in line with the
recommendations stated in References [5], adhering to the
interval limits of wvariations of influential factors
(N2 =npin-Nmax , @Nd s2=s_...s ) and are shown in the

min
three-factor plan matrix (Table 1).

The experiment was conducted in the laboratory of the
Faculty of Mechanical Engineering in Podgorica,
University of Montenegro, on the universal milling
machine Typ: FGU-32. Integrated with the milling
machine was the equipment for measuring axial force and
torque manufactured by KISTLER.

During the experiment, the 8% solution of Teolin H/VR
in the quantity of 1 I/min was used for cooling and
lubrication.

3.2. Axial force measuring

Axial force measuring was conducted by means of a
three-component ~ dynamometer  manufactured by
“Kistler, TYP 8152B2, with the measurement range
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milling machine and Global Lab software.

For the data acquisition during the experiment, the
KISTLER high-frequency amplifier, type AE-Piezotron
Coupler 5125B was used while a two-channel DAQ
Scope PCI-5102 was used as an AD convertor. The
acquired signals were processed by means of a virtual
instrument, aided by Global Lab software. The data
acquisition schema is illustrated in Figure 1.

1
|
|
l

| e

The main Lyt
. =1 |
spindle™| | : Cj DAQ Scope
Trwist f NERCr—y PCI-5102
driti—! T
Test = Force and AE-Piezotron
tube — -%' torque sensor ::> Coupler
| 1
L |

Figure 1. Data acquisition schema during the experiment
4. EXPERIMENT RESULTS

Measurement of axial force was conducted in line with
the stated Plan matrix in five measuring points. The first
measurement was conducted during drilling of a blind
hole, 1=3d, with sharp twist drills while the fifth (the last)
measurement was conducted subsequent to the achieved
lengths of drilling (in mm) during which the twist drills
wear reached the following maximally allowed (defined
in advance) values:

for TD @6.0 mm — 0.25 mm

for TD @7.75 mm — 0.30 mm

for TD @10.0 mm — 0.35 mm

The mean value of the wear band width of the back
surfaces was taken to represent the maximum wear value
(B =~ 0.04D), at the edge of regular area which is at
0.025mm distance from outer fibres (Figure 2).

At different cutting regimes (the nominal diameter, the
spindle speed and the feed), TD reached the maximally



Figure 2. Twist drill wear

allowed wear value at different drilling lengths. The
measured axial force value at maximal wear is shown in
Table 2.

Table 2. Axial force values at maximal TD wear

Exp. | D n S | max Frnax

points|[mm]|[rev/min] |[mm/rev]| [mm] [N]
1. | 6.0 250 0.027 |1265.40] 956.50
2. 110.0 250 0.027 |2700.00] 594.50
3. 160 500 0.027 |1533.00] 1090.50
4. 110.0 500 0.027 |2340.00] 1139.00
5. ] 6.0 250 0.107 999.00] 955.50
6. [10.0 250 0.107 |4800.00] 638.50
7.1 6.0 500 0.107 |1800.00] 1925.50
8. 110.0 500 0.107 756.00] 1579.70
9. |7.75 355 0.053 |2569.13] 783.30
10. | 7.75 355 0.053 |2336.63] 682.90
11. |7.75 355 0.053 |2569.13] 655.50
12. | 7.75 355 0.053 |2801.63] 754.80

5. MATHEMATICAL MODELLING OF

AXIAL FORCE

The pattern of axial cutting force (2) subsequent to
linearisation can be expressed in the following form:

©F

y =bg +byX; +b,%, +0b5X%4

where:

y = InF, by = InCg, X, =In(D), X, =In(n) and x5 =In(s).

The orthogonal first-order plan with constant members
can be applied to the above pattern with coding performed
by means of the equations of transformation:

InN(D)-In(Dypay )
IN(Dynax ) 1N (D)
In(n)-In(n
e P ™
IN(S)-IN(Spax )
IN (Sax ) 1N (Sin ) 4).
By applying regression analysis, the parameter of the

model by is determined on the basis of results of all N = 2
+ ny plan points, in line with the pattern [6]:

1= +1s

2=

3= +1

N

1,
bo=—a Xoi Vi
Nl

(5),
while parameters b; are determined on the basis of results
of N = 2¥ points arranged along the vertexes of hypercube
according to the pattern:

N
a Xy (i=123)
i~0

1

by = (6).
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Assessment of the significance of the first-order model
was done by means of application of F-criteria, for the
adopted level of significance g=0.05, according to the
pattern:

2

F.=N—L, (j=123
g (1=123)

y]

).

Dispersion of experiment results in the multi-factor space

is as follows:

No

a
E i=0

S2 =0.007,

1

St=28 (Yo-Yo) ®)

where:

fe = ng-1 = 3 — is the degree of freedom of experimental
error.

The degrees of freedom of parameters b, (j = 0, 1, 2, 3)
are:

fyj = 1, which results in the tabled value of the dispersion
relation F1.q1, 3 = 10.10 [7].

The parameters of the model and assesments of
significance are listed in Table 3, which shows that all
parameters of the first-order model (bg, by, by i b3) are
significant.

Table 3. Model parameters

Model parameters |Disper. relations (F,;) |Assesments
bo 6.820 Fro 76831.617 | sign.
b, 0.121 Fo1 16.813 | sign.
b, -0.129 Fo2 19.112 | sign.
bs 0.298 Fo3 102.457 | sign.
by, -0.021 Fp12 0.575 | not sign.
b3 0.103 Fp13 12.214 | sign.
b,s3 0.091 Fios 9.484 not Sign.
b123 -0.039 Fbi123 1.724 not Sign.

On the basis of listed parameters the empirical model was
deduced of axial force at maximal TD wear:

§ =6.820+0.1215x, —0.121X, + 0612X4 9.

Revisiting the original coordinates by means of the
equations of transformation (4) provided for deduction of
a concrete empirical axial force model:

_ 5.358. D082 0432

n0.372

F (10).

Testing of adequacy of the defined model was done
according to Fisher’s criterium [6]:

St
Fir=—3 (12).
r Sé
F.r =15.061

Dispersion of experiment results in the multi-factor space
is as follows:

N

)

LF | u=1

No

2.

u=1

2
1 « —
s% = [yﬁ =N b7 = (Vou —yo)J (12).
0



S2; =0.1048..

The degree of freedom of model adequacy is:
fLr=N-k-1-(no-1)=5, thus entailing the tabled value of
dispersion relation of Fyges.3) = 9.0 [7].

Given the Fi g > Fyses:3 the mathematical model fails to
describe the correctly observed function of response,
which implies existence of effects of mutual action among
the model parameters.

Three-factor orthogonal first-order plans allow for
assessment of basic effects as well as the effects of mutual
action of the first and second order on the empirical
model of the response function. Should the complete
three-factor first-order model be applied, the pattern to
describe the (axial force) response function becomes non-
linear and can be expressed in the form of the equation:

Yy = bg +h1X1+boXo+b3Xa+D1oX X+ 01X X g+

D23 XoX3+D123 X1XoX3 (13).

On the basis of values of the model parameters
corresponding to mutual action effects (see Table 4) and
taking into account the assessment of significance, while
also revisting the original coordinates by means of the
equations of transformation (4), the following non-linear
empirical model of axial force is deduced:

InF = 6.82+2.187-In(D)+0737-In(n)-2.994-In(s)+
0.586In(D)-In(s)+0.38 In(n)-In(s)-7.536 (14).

Given that the dispersion relation value of the parameter
by3 (9.484) is approximate to the tabled value (10.10), its
influence has been included in the model. The modelled
values of axial force, as well as the relative error in
relation to the experimental results are shown in Table 4.

Table 4. Modelled values of axial force

Exp. |Modelled| Error | Exp. |Modelled| Error
points| values % points| values %
1 830.47 | -13.19 5 1024.26 | -6.07
2 860.2 -9.97 6 1602.63 | -16.75
3 535.15 -9.98 7 948.21 | -16.75
4 554.3 | -13.19 8 1483.64 | -6.08
9-12 | 907.81 | 26.24

If we compare the modelled and experimental values of
axial force in the experimental points, we can see that
maximal deviation of experimental points from modulled
surface is 16.75%, thus providing for the model (14) to be
considered a mathematical interpretation of the goal
function. However, in the central plan point the deviation
of modulled results from the experimental ones is
26.24%, which means that mathematical model fails to
properly descibe the response function within the
boundaries of the covered multi-factor space. Therefore,
the null hypothesis that the effects of squared elements in
the model equal zero must be jettisoned.

For the purpose of designing a mathematical model in
order to properly decribe axial force within the boundaries
of the covered multi-factor space it is necessary to apply
the second-order polynomial model which necessitates
additional amount of information on the diffusion system,
i.e. additional number of experiments.
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6. CONCLUSION

The mathematical models designed by means of
orthogonal first-order plan and regression analysis fail to
properly describe the response function, i.e., axial cutting
force within the boundaries of the covered multi-factor
space due to mutual action of the model parameters, the
squared elements action effects, as well as the action of a
series of parameters whose source, nature and span of
action are unknown.

This points to the fact that highly complex processes that
take place in the zone of drilling tempered steel and which
are conditioned by actions of numerous influential and
mutually collinear factors, cause difficulties for
mathematical models to be applied so as to describe the
behaviour of mechanical, thermo-dynamical, tribological,
chemical and other phenomena in the cutting zone.
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Abstract: The paper presents the results of to date investigations in the field of ornamental stone micro-
cutting using the examples of granite and marble originating from the stone varieties of Serbian location.
The diamond grain - machined stone (the ‘Josanica’ granite and the ‘Plavi tok’ marble) interaction was
analyzed. The analysis also embraced the changes of the normal cutting force as a function of cutting
speed and grain penetration depth in the chosen stone. Based on grain traces (cracks) that occurred on
the surface of the machined stone, the critical cutting depths, at which brittle cutting occurs, were
established for the mentioned stones. The presented analysis is to be used for the grinding process
optimization as a dominant ornamental stone machining technology with the aim of obtaining quality
machined surfaces and preserving the stone surface structure and color.

Key words: micro-cutting, grinding, diamond grain, granite, marble

1. INTRODUCTION

Rock materials are widely used in construction industry
for lining the aesthetic surfaces. Of all the materials, the
most used rocks are granite and marble that high quality
surface finish is required from, however, the accuracy of
measures and shapes to a lesser degree. Considering the
stone surface finish technologies, the most utilized are
grinding and polishing technologies that enable
preservation of the structure and high gloss surface. The
rock structure characteristics depend on the conditions of
its formation, and they are defined by textural and
structural properties. The structure is determined by the
crystallinity degree and grain size, but also by the shape
and mutual relations of the breed components. By the
grain size, rocks can be distinguished as: coarse-grained,
medium-grained and fine-grained. The texture, the totality
of attributes, defines the location and distribution of the
one rock components relative to another within the space
they cover. The specificity of surface finish technology

demands a good knowledge of all the rock’s
characteristics including its structural-textural
(continuum, homogeneity and isotropy), physico-

mechanical (specific gravity, porosity, moisture, water-
permeability, hardness, toughness and abrasiveness) and
mineralogical-petrography (grain size, type and content of
colored components, etc) properties. It is well-known that
tool wear intensity, as the consequence of granite and
marble abrasiveness, is related to friction and cutting
speed and cutting resistance, respectively.
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2. OVERVIEW OF CHIP
MECHANISMS

FORMATION

Machining by grinding occurs as the sum of effects of all
abrasive grains, expressed through the development of
deformation and fracturing. However, the mechanisms of
micro-deformation and micro-fracturing in the grinding
zone differ, depending on the grinding parameters and
non-homogeneity of the machining material. A large
number of researchers dealing with the development of
model for deformations and fracturing regarded the
cutting action of a diamond grain in the grinding wheel as
being identical to the indentation effects caused by a
diamond indenter during hardness measurements.
Considering the investigations on brittle materials, they
go into two directions: by how the force acts during the
indentation (dynamic and static) and by the shape of the
indenter. Lawn and Wilshaw [1] think that fracture
patterns in brittle materials, under blunt indenters of a
larger radius, usually occur as a result of cracks’ presence
immediately outside the contact zone. By increasing the
normal load, these surface cracks evolve into the so-called
Hertzian cone cracks. Anton and Subhash [2], unlike the
traditional static indentation models, which do not capture
the strain rate effects, consider that the current dynamic
indentation can provide a more realistic picture of the
influence of loading rate on the material removal
mechanisms during a dynamic process. Conway and
Kirchner [3] analyzed the mechanics of crack initiation
and propagation beneath a moving of sharp indenter. A
fracture mechanics solution for a single embedded penny-
shaped crack was used to predict the propagation depth of
pre-existing defects. The second group of researchers,
though to a lesser extent, performed the cutting process in



a variety of brittle materials by a single diamond grain.
Mishnaevsky [4] performed the real cutting process in
brittle materials and observed different physical
mechanisms  involved in  material  destruction
(deformation, crushing, cracking and spalling). He
considers that neither Hertzian cone cracks nor
circumferential cracks are formed. Instead, penny-shaped
cracks in the cutting force vector direction are formed.
Chiaia [5] provides a system analysis for the current
approaches to the issues of micro-cutting processes in
brittle and quasi-brittle materials. It was shown that
various interaction mechanisms beneath the tools during
the penetration process are essentially reduced to plastic
deformation and brittle fracturing. The third group of
researchers analyzed the crack formation and
development in brittle materials. Labuz et al. [6] studied
crack propagation in granite and concluded that a large
number of micro-cracks occur around the crack tip
covering the fracture process zone and together with the
fracture free length defines the effective crack length.
Germanovitch et al. [7] investigated brittle material
fracturing in uniaxial compression which is manifested
through spalling or shearing (oblique fracture) as the
consequence of a multitude of existing cracks. Abe et al.
[8] investigated the formation and proliferation of cracks
in the granite and their effects on the fracture process
zone. The fourth group of researchers performed the real
cutting and grinding processes in brittle materials and
analyzed the crack propagation and chip brittle fracturing
mechanisms. They measured the cutting forces, and the
cutting strength and tool wear in ceramics and granite
with the aim to recommend the efficient abrasive
machining [9-15].

3. MICRO-CUTTING EXPERIMENTAL
SCHEMES

The cutting ability of a single diamond grain in the
process of its acting upon the machined material (granite
and marble) is primarily determined by the physico-
mechanical properties and geometrical parameters,
conditions and strength of its gracing into the bond and
also by the kinematic and thermodynamic conditions of
the grain’s operation. The grain strength characteristics,
as opposed to the action of forces and temperature effects,
cause significant differences in tool cutting properties.
The diamond grain shape influences the basic parameters
of the grinding wheel cutting properties: tool life,
productivity, cutting forces, grinding temperature, surface
layer state, etc. Unlike the tools with geometrically
defined cutters, the geometry and shape of diamond
grains is complex and undefined to some extent. The
analysis of work of such grains includes experimental
determination of the size, shape and geometry with the
aim of replacing such non-defined grains, in the final
calculations, with the grains of equivalent shape. The
micro-cutting process was performed in two modes:

The first model (Fig. 1): cone shaped diamond grain, a
120° tip angle, a 0.1 mm tip radius, was placed and rigidly
fastened to an aluminium disc 150 mm in diameter that
was statically and dynamically balanced. On a cutting
table of a HMC 500 machine, a dynamometer was
mounted with a fixture for clamping the stone specimens

(granite, marble). The fixture enables the rotation of the
stone specimens (granite and marble) under an inclination
relative to the axial motion of the cutting grain (vy),
thereby achieving varying depth of cut. The 1:200
inclination enables achieving varying grain penetration
depth up to 0.28 mm.

Abrasive grain

g pa

L
O
Vw ‘a" " ' Ductile mode
<+ W orkpiece A
@O0,
itions .
L2 Brittle mode
L

Fig. 1 Micro-cutting with diamond grain rotary and
radial motion — scheme 1

The second model of the cutting process is reduced to the
principle of the peripheral milling with a single grain,
with the grain penetration depth adjustment by moving
the disc in the z-direction (Fig. 2). The chip formed in the
process is a space between the two epicycloids.

Vw*T=pdsVw/Vs

hemah=2pdsVwiVs[alts]**1/2

A
r

Fig. 2 Micro-cutting with diamond grain rotary and
radial motion — scheme 2

4. EXPERIMENTAL RESULTS

The micro-cutting process was performed on two types of
stone: the ‘Josanica’ granite (GJ) and the ‘Plavi tok’
marble (PT) whose physico-mechanical properties were
examined and presented in Tab. 1. The values of the listed
properties were determined as mean values obtained from
a larger number of measurements, depending on the
petrography nature of the stones (granite and marble). The
measurements indicate pronounced differences in
physico-mechanical properties of the examined stones (GJ
granite and PT marble).

Table 1. Physico-mechanical properties of stones

. Granite Marble
Properties — -
JoSanica GJ | Plavi tok PT

Specific gravity, KN/m® 29.70+0,3 | 26.65+0,2
Micro-hardness , HK75/HK25 3.1 1.9
Compressive strength , MPa 185 +20 75.04+ 3.5
Ultimate strength , MPa 166+1 8.20+0.3
Cohesion , MPa 31.8 14.10
Abrasion coefficient , % 21.5-23.0 29-30.5
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Experiments were carried out using the following
measuring equipment: a two-component piezo-electric



dynamometer (Kistler 9271), a data acquisition card
ED2110-AD, a laser microscope (Carl Zeiss — LSM 510)
with an Axioscope F32. Figs. 3 and 4 show diagrams of
changes in the normal cutting force (resistance) during
machining of stones (granite and marble) as a function of
grain penetration depth at cutting speeds vs = 7.85, 11.1,
15.7 and 22 m/s.

The results presented are mean values of 40
measurements, with the standard deviation of +10% for
GJ and +5% for PT. On the basis of the dependences
obtained, it is concluded that as the grain penetration
speed increases the cutting resistance increases in both
types of stone (granite and marble), being higher in the
granite (GJ) machining than in the marble (PT)
machining, due to the granite’s higher hardness and
strength compared to the marble. If analysis is performed
of the changes of forces in both schemes of loading, it is
observable that both types of stone have approximately
identical values for the same grain penetration depth,
which confirms the correctness of the measurements
concept and the accuracy of the obtained results. The non-
linearity in the change of F, is the consequence of the
stones’ non-uniformity (granite and marble). Also, as the
grain penetration depth increases, the cutting force
increases. It can be stated that at places where the force
decreases this is the result of a soft phase presence in the
stone (granite and marble). The processing of the
experimental results makes possible to arrive at a
mathematical model of the force for a range of changes in
speed (vs) and grain penetration depth (a):

F,=52,04-v,""*.a"*" - GJ 1)

F,=157-vs"*.a""® — PT )

The analysis of the traces from the stone micro-cutting
(granite — Fig 5 and marble — Fig.6) can provide the
description of the chip formation mechanism. When
entering into the material, the diamond grain establishes
strain and deformations followed by radial and lateral
cracks that increase as the cutting depth increases. At a
certain cutting depth, the mentioned cracks become
interconnected, causing the detachment of the machined
material in the form of blocks with non-equal dimensions.
On the grain’s leaving the contact, median cracks emerge
too. At smaller cutting depths, there occurs the diamond
grain’s trace that causes elastic and afterward plastic
deformations followed by lateral, radial and median
cracks that are smaller in intensity. At larger cutting
depths, the mentioned cracks enlarge and become
interconnected, causing the fracturing of blocks of the
machined surface. In this zone, fracturing, crushing or
detachment of the entire stone grains (granite and marble)
is noticeable, which causes the non-uniform fracturing
along the channel formed by the diamond grain. Beneath
the machined surface there remain the cracks formed not
only during the stone formation process (granite and
marble) but also during the machining process, so they
can essentially influence the work piece hardness. This
indicates that cracks formed during the machining process
should be of as small dimensions as possible, because the
detachment of blocks of the machined material will be
smaller in volume and the corresponding characteristics
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of the machined surface quality (Ra, Rz, Rmax) lower,
respectively. In stone (granite and marble) micro-cutting
two regions are observable, which can be restricted by the
grain penetration depth (critical grain penetration depth)
that separates the region of plastic deformation followed
by crack formation from the region of fracture-induced
detachment of the machined material.

Schema 1

—— \V5=7,85 mis
—h— Vs=15,7 mis

-l V5=11,1 m/s
—H—Vs=22m/s

£ 35,00

& 3000

g 25,00

= 15

£ 10,00

S 500

Z 00

0,00 0,02 0,04 0,06 0,08 010 012 0,14
Depth a [mm]
Schema 2
—p\/5=7,85 M/S —i—Vs=11,1 M/s
—tr—\/5=15,7 m/s

g 30,00

e 2500

w

@ 2000

L

5 1500

K]

= 10,00

§ 5,00

Z o000

0,00 0,02 0,04 0,06 0,08 0,10 0,12
Depth a [mm]

Fig. 3. Change of the normal force as a function of grain
penetration depth in GJ granite micro-cutting:
(a) Scheme 1 (b) Scheme 2
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Fig. 4. Change of the normal force as a function of grain
penetration depth in PT marble micro-cutting:
(a) Scheme 1 (b) Scheme 2

The critical penetration depth can be used as one of the
criteria for the optimization of the grinding process. The
measurements established the critical grain penetration



depth in the GJ granite of 0.020 mm (vs = 7.85 m/s) and
that the critical depth declines to 0.015 mm as the speed
increases to 15.7 m/s. The lengths of the radial cracks at
the critical depth are 0.35 — 0.30 mm for the range of
penetration speeds given above. In the PT marble
machining as early as at grain penetration depth of 0.02
there occurs fracturing along the grain trace. In both types
of stone (granite and marble) the increase of speed leads
to the increase of radial cracks and fracturing along the
grain trace, resulting in decrease of the critical grain
penetration depth.

Lo T

lﬁ Trace without chipping presence

2 - i

Figure 5. Micro-cutting trace on GJ granite, scheme 2.
(vs=15.7 m/s, a=0.025 mm), x100

Trace of the diamond grain

Figure 6. Micro-cutting trace on PT marble, scheme 2.
(ve=7.85 m/s, a=0.1 mm), x125

5. CONCLUSION

The development and application of new diamond tools
for ornamental stone (granite and marble) machining
implies the knowledge of processes that take place at the
point of interaction between the abrasive grain-granite
and the abrasive grain-marble, respectively. The choice of
the cutting mode and tool characteristics are greatly
affected by granite and marble physico-mechanical
properties, primarily abrasiveness (wear resistance) that
directly influences tool wear. Fine-grained and medium-
grained varieties of granite and marble are more suitable
for machining, because the fracturing phenomenon is also
less pronounced than in coarse-grained structures.
Beneath the machined surface there remain cracks formed
not only in the granite formation process but also during
the machining process, so they can essentially influence
the work piece hardness. This indicates that cracks
formed during the machining process should be of as
small dimensions as possible, because the fracturing of
blocks will be smaller in volume and the corresponding
characteristics of the machined surface quality lower,
respectively. The investigations carried out provided for
establishing the critical grain penetration depth, thereby
micro-cutting at stone (granite and marble) machining as
well as the components of cutting resistance as a function
of cutting speed and grain penetration depth.
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Abstract: In this paper, the software prototype “Function Analyzer” for analyzing manufacturing process
models is presented. Based on a loaded mathematical model and possible values of inputs, the developed
prototype is able to perform the following tasks. Firstly, the prototype is able to determine extreme points
of the process model and corresponding input values. Secondly, the prototype is able to determine
optimal input values that satisfy the specified requirements for output: value and accuracy. The developed
prototype was successfully tested on a mathematical model of the turning process.
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1. INTRODUCTION

Process modeling and optimization are two important
issues in manufacturing [1]. Manufacturing processes are
characterized by a multiplicity of dynamically interacting
process variables, and usually too complicated to warrant
appropriate  analytical models [2].  Therefore
manufacturing process models are often developed
empirically using the regression analysis (RA) and in
recent years by means of artificial neural networks
(ANNs). To ensure high quality products, reduce
manufacturing costs and increase the manufacturing
effectiveness, it is very important to select the optimal
process parameters. There are numerous methods and
algorithms applied for the process optimization, such as
ANNs [1], regression analysis [3], response surface
method (RSM) [4], Taguchi method [4, 5], mathematical
iterative search methods [5], meta-heuristic algorithms
such as genetic algorithm (GA) [6], simulated annealing
(SA) [7], particle swarm optimization (PSO) [8].

Also there are hybrid approaches that integrate two or
more methods or algorithms. Most of aforementioned
methods and algorithms can handle single and multi-
objective optimization problems. However, despite
numerous optimization methods, every method has
certain advantages and disadvantages for implementation
in real-life. There exists no universal method which is the
“best” choice for optimization of all kinds of
manufacturing processes.

Above all, optimization methods can be difficult to use
for engineers, who are not experts on optimization theory
[9].

The motivation of this paper is to develop the software
prototype Function Analyzer, which can be used for
manufacturing process optimization and control. Based on
the loaded mathematical model, the prototype is able to
determine optimal input values of the process model that
satisfy the specified requirements. Figure 1 describes the
potential usage of the software for optimization and
control of manufacturing processes.

Full factorial
Taguchi design
One-factor-at-a-time

Process control

Regression analysis (RA)

Al mathematical grocess [ -
» .IFunctlon Analyzer Io—

T model

Artificial neural networks (ANN)

process contraints

Design of experiments (DOE)

Empirical modeling

Optimal combination of
process parameter settings

Optimization and control

Fig.1. Possible application of software prototype Function Analyzer
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Function Analyzer is based on iterative search of all input
values combinations, and is able to solve two types of
optimization problems: to determine input values that
correspond to output extremes (minimum or maximum)
and to determine input values that correspond to user
defined output with desired accuracy. It enables simple
and flexible way of defining lists of possible input values
and mathematical model functions. Due to user-friendly
application interface, Function Analyzer simplifies
solving engineering optimization problems and requires
no expert knowledge on optimization theory. Software
architecture is flexible and extendible, thus it can be
improved for solving multi-objective optimization
problems.

2. FUNCTION ANALYZER
2.1. Software functionalities

The software prototype Function Analyzer enables users
to define following parameters:

o lists of possible input values Vi, V,,...,V,, where
V1=(V11,V12,...,V1p),
V2:(V21,V22,...,V2q),...,Vn:(an,Vnz,...,Vnr), and

o mathematical model function F:R"—R where
neN.

Using defined parameters and defined mathematical
model function F, Function Analyzer calculates output f,
for all input combinations Cu,=(vi;,Vyj,....Vni), Where
i=1,...p,j=1,...q ,..., k=1,...,r, b=1,...p-qr. As a result
we get a list of ordered pairs Py=(f,,Cyp), b=1,....p-q'r.

By iteratively searching a list of ordered pairs Py, valuable
information about the mathematical model can be
extracted. Function Analyzer is able to extract following
information:

o for user defined number of minimums (maximums)
I, determine | ordered pairs P,=(f,C,), that
correspond to | minimal (maximal) values f,, and
for user defined output value f.r and output value
accuracy 4, determine all ordered pairs P,=(f,,C.),
where | fi-fuser| < 4.

2.2. Software architecture

ExtremesinputParams
omExtremesNo : int

‘E\\\

Matrix
fmName : string
RomRows : int
fmColumns :int

b s—
PCE— =

The architecture of the software prototype Function
Analyzer is designed to satisfy the following crucial
requirements:

0 basic functionalities described in section 2.1 are
implemented,

o simple and flexible way of defining lists of possible
values V1, Vs,...,V, is enabled,

0 matrix calculus is supported,

0 implementing new mathematical model function
requires no changes in software architecture and
minor changes in software code, and

o due to user-friendly application interface, operating

on Function Analyzer does not require a domain

expert.
Figure 2 shows UML (unified modeling language) logical
model of the developed software prototype. The
programming language used for implementation is C#.
Class MainForm implements user interface of the
software prototype. Software logic is implemented in
class MathModelOutputManager. Method
SetPossiblelnputValues() is used to load lists of possible
input values Vi, V,,...,.V, from XML (extensible markup
language) file, which is passed as a parameter of this

method. As a result, an instance of the class
PossiblelnputValues is created (attribute member
minputValues). One instance of the  class
PossiblelnputValuesltem corresponds to one list of

possible input values. Each list of possible input values
can be specified in two ways in XML file:

1. name (attribute member Name of class
PossiblelnputValuesitem), start value (StartValue),
end value (EndValue) and step (Step),

2. name (Name) and list of possible values (Values).

Method SetMatrices() is used to load matrices from text
file, if mathematical model function contains matrices in
its formula. As a result an attribute member mMatrices is
filled. Method SetNetworkOutputFunction() is used to
select one of the implemented mathematical model
functions.

AnalysisinputParams
omOutputValue : double
$MmAccuracy : double
¢mAscending : bool

#mNetworkQutputhianager

fmbData : doublell]

MathModelOutputManager

9setData()
QGetMatrixString()
QlultiplyByMatrix()

mMatrices : Dictionary<string, Matrix=
RminputCombinations : List<List=double>>
femOutputs : List=double>

SultiplyByScalar()
QAddMatrix()

$Name : string
$Values : List=double>
$UseValues : bool
$Startval : double

" @setinputvariables()

QTansig) Ssetiatrices()

9Transpose() PsethNetworkOutputFunc()
SPreprocessing()
SGetinputvariablesString()

PossiblelnputValuesitem SGetMatricesString()

GetFormulaBitmap()
GetExtremsLists()
SGetAnalysisitem()
QGetNextAnalysisitem()

#mitathModelOutput

O

$EndVal : double

$Step : double 0

IMathModelO

$# minputValues utput

TminputSet : List=double=

PossiblelnputValues

+npufvariablesList

SGetinputSet()

SGetAllCombinations()
¥GetString()

QSethatrices()
QGetBitmap()
¥CalculateOutput()

Fig. 2. Logical model of software prototype Function Analyzer
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Method Preprocessing() is wused to fill lists
minputCombinations (list of all input combinations C)
and mOutputs (corresponding list of output values f),
based on loaded parameters. List mInputCombinations is
obtained by using method GetAllCombinations() of
attribute  member mlnputVariables. List mOutputs is
obtained by using method CalculateOutput() of attribute
member mMathModelOutput, for each input combination
from  the list  minputCombinations. Method
GetExtremesList is used to determine | ordered pairs
P.=(f,,C,) for minimums and | ordered pairs P,=(f,,C,)
for maximums. A parameter of this method is an instance
of the class ExtremeslnputParams, that contains user
defined number of extremes | (attribute member
mExtremesNo). Methods GetAnalysisltem and
GetNextAnalysisltem are used to determine ordered pairs
P,=(f,,C.) for which inequality |f-fuer| < 4 is satisfied.
A parameter of this method is an instance of the class
AnalysisinputParams, that contains user defined output
value fy, (attribute member mOutputValue), output value
accuracy (mAccuracy) and search order of list of all input
combinations (mAscending).
Every mathematical model function is modelled by a class
that implements an interface IMathModelOutput (Fig. 3).
Three methods must be implemented:

0 SetMatrices() — defines matrices if necessary,

0 GetBitmap() — provides bitmap of the formula for
display in user interface, and
CalculateOutput() — calculates output f, for input
combination C,, which is passed as a parameter of
this method.

MathModelOutputFactory

CreateMathModelOutput()

o

NetworkOutpuTansig
RegressionOutput3 | il b
]

1

mMatrices : Dicfonary<string, Matix=

MathModelOutputianager |
1
|

[ |
L [

=

e

X -t
#mMathMouelomp}AO//

IMathiModelO
utput

—

e

Vsetiatrices()
SGetBitmap()
QCalculateOutput()

Fig. 3. Mathematical model functions implementation

At the moment, two mathematical model functions are
implemented, modelled by classes RegressionOutput3 and
NetworkOutputTansigl. Class MathModelOutputFactory
realizes factory pattern, and is used by the class
MathModelOutputManager to obtain one of the
implementations of interface IMathModelOutput (class
MathModelOutputManager is not aware of which
implementation of interface IMathModelOutput is
obtained). As a consequence, implementing new
mathematical model function is very simple and requires
no changes in software architecture. It only requires
adding new class that implements interface
IMathModelOutput, and minor changes in classes
MathModelOutputFactory and MainForm.
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3. ACASE STUDY

An illustrative example is used to demonstrate the ability
of Function Analyzer for machining process optimization
and control. In this paper, the process of dry turning of
cold rolled alloy steel using coated tungsten carbide
inserts is considered [3]. Three major cutting parameters
(factors, independent variables, inputs), cutting speed
(V.), feed rate (f), and depth of cut (a,) were varied in the
experiment. The average surface roughness (R.) was
chosen as a measure of surface quality and as target
function (dependent variable, response, output).

For the purposes of regression analysis, coding of
independent variables by means of the transforming
equation was carried out:

X, =X

X, =21 _Zimn_ 9. (1=123)

=2 @

imax imin

where x; are coded factors, X; are natural factors, from
Ximax t0 Ximin (in the design space of interest to the
experimenter), Xjmax and Ximin are the highest and the
lowest values of the natural factors X; respectively, and i
is the index of the input factor. In this case, the following
relationships are valid: X; = V¢; X; = f; X3 = a,.

Based on experimental data and adopted non-linear
(quadratic) mathematical model, by means of the
regression analysis, the following multiple regression
equation (in coded factors) was obtained [3]:

R, =3.844—2.811-x, +1.036-x, +1.02- X, +
+0.498- x? +0.055- x5 —0.081-xZ —0.12- X, - X, +
+0.057-%, - X, —0.162-X, - X5 ; X €[l 2, 3]

()

The fitted multiple regression equation in terms of the
natural factors (V¢ f, and a,) may be obtained by
substituting the transforming equation (1) into the
equation (2). This equation is not given in the paper.

3.1. Optimization

The purpose of the optimization is to determine such a set
of the cutting conditions (V, f and a,) that satisfies the
cutting parameters ranges to minimize the R,. Within this
range, there are multiple near optimal solutions, i.e. the
combination of cutting parameter settings which software
can find and sort. With Function Analyzer, using the step
& = 0.01, the following results were obtained: X;op = 2.88
(Veopt = 136.4 m/min); Xoopt = 1 (fopt = 0.071 mmirev); Xsop:
=1 (Apopt = 0.5 mm), and Yrin = Ragminy = 1.586 pm.

An identical result was obtained in the work [3].

3.2. Process control

In the turning process, there can be various requirements
for surface finish of machined part. For example, high
quality surface finishes are often required, while rough
surface finishes are sometimes sufficient for the machined
part. Therefore, it is very important to control the turning
process, so that for the required surface finish one can
determine suitable cutting parameter settings.

The selection of cutting parameter settings (input values)
is based on control algorithm implemented in Function
Analyzer. Based on predefined input values ranges,



desired output and desired accuracy A (max. difference
between desired and computed output values) the control
algorithm iterates through all combinations of input
values until optimal input values are determined.

Consider a situation when one needs to determine cutting
parameter settings so the required surface roughness of R,
=4.77 pm is achieved. Using the A = 0.01 and starting the
iteration process from the upper limits of cutting
parameter values ranges, because this ensures high
material removal rate, the following was obtained: x; =
1.62 (Veopt = 98.64 m/min); X, = 3 (fopr = 0.321 mm/rev);
X3opt = 3 (Apopt = 2 Mm).

Figure 4 illustrates the usage of Function Analyzer for the
discussed case study. The software was run on Intel
Core2Duo T5800 with 4 GB RAM. Computational time is
given in Table 1. Note that there was 8:-10° of possible
input values combinations. Preprocessing (determination
of all combinations of input values and corresponding
outputs) enables efficient algorithms execution.

Table 1. Computational time for the case study

Preprocessing Optimization Process control
algorithm algorithm
12.06 s 0.29s 0.20s
3 Function Analyzer T e )

Dets hyos

B s e s

Use caind dt

Transher function

Regeaserd -

ouipur = 3.8443 — 2.8106 -1, + 1.0361 -1, +1.02 -1, + 04981 -u] +0.0547 -3

— 0081105 —0. 11961t 162 +0.0567 <14y 145 — 0. 1617 -5 13

Frabyse

Edrerre vduse

X : Dapavas 477
urber of etromes: 2 2 Ascarding

Cakeudate extienes

MTEI%08

Fig. 4. Function Analyzer applied to turning process
4. CONCLUSION

In this paper, the software prototype Function Analyzer
for single objective optimization of manufacturing
processes parameters is proposed. Function Analyzer is
based on iterative search of all input values combinations,
and is able to solve two types of optimization problems: to
determine input values that correspond to output extremes
(minimum or maximum) and to determine input values
that correspond to user defined output with desired
accuracy. Function Analyzer enables a simple and flexible
way of defining lists of possible input values. It provides
working with mathematical models based on RA and
ANN, but additional models can easily be implemented.
Due to user-friendly application interface, Function
Analyzer simplifies solving engineering optimization
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problems and requires no expert knowledge on
optimization theory. Although based on iterative search,
the developed software prototype is efficient even for
large possible input values sets. Additionally, setting
numerous optimization parameters and initial search
points is avoided.

The ability of Function Analyzer for optimization and
control of the turning process was demonstrated using an
illustrative example.

Future work could be directed toward solving multi-
objective optimization problems in manufacturing
processes and implementation of the software to real-time
problems.
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Abstract: The transition from traditional manufacturing with machine tools and CNC machine tools at
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Key words: traditional machine tools, CNC machine tools and high speed, conical swarf, semi swarf, SIM

analysis.

1. INTRODUCTION

Development of manufacturing with high-speed
machine tools previously claimed, the development of
techno-economic study further the research and
management chip.

In general, chip generation and management
problems have made practical activities in workshops,
which resulted in finding technical solutions and safety,
as correct.

In this respect, with the evolution of machine

tools have diversified and expanded research objectives,
as follows:
-the traditional machine tools (lathes, milling machines)
with cutting speeds of 35-70 m/min was used Merchant
model to calculate the optimum cutting conditions and
chip evacuation recommendations were included in the
STAS:

-chip-shape and characteristics;

-how to remove the chip from the workpiece;

-compression chip-evacuation and transportation

are provided by the factory.

-the NC machine tools and CNC machining centers at
speeds of 60-120 m / min was used Oxley model [7], [10]
to calculate the optimum cutting conditions and chip
evacuation is included in STAS.

-the high-speed machine tools 150-480 m /min, is used at
present, the american way [1] to calculate rough cutting
regimes. Household chips are discharged inside the car
and involves the following elements:

-detached from the workpiece chips should have

taper type I1B;

-to remove chips from the workpiece is
recommended to use 4 way chip clearance with turning
chips into each cup to get seated properly so called
conical fragment (fig. 1) and compression chip is inside
the machine frame.

Chip not detached from the workpiece, due to high speeds
necessary to make three additional tests, namely:
-determination of thickness of the resistance of semi-
chips;
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-analysis of the microstructure of white strip in the middle
section cutting;

-finding the diffusion of metallic elements (Cr, Mo, V, Ti)
on the lower surface of the chip.

Fig.1. Conical swarf

2. RESEARCH ON THE PROCESSING OF
LOW ALLOY STEELS TEMPERED

Programme of work uses a test bench from ENI Tarbes
laboratories where they planned the following actions:

2.1. Choice of workpiece material

In the last decade, most research contracts aimed at
economic reasons, the use of tempered low alloy steels,
which in case of high speed machine tools, provides:
-obtain workpiece with high strength and toughness;
-processing of these components is done with some hard
cutting regimes provides hard-schemes:

-workpieces with fine-structure (give up to
rectification);

-in the case of precision parts after cutting take
electroerosion apply to Ra = 0.2 ym.



Consequently, taking into account the provisions of the
agreement, a group of steels commonly used in cars with
high speeds (table 1), choose low-alloy steel 32CrMoV13
quality and delivered in the form of bar.

Table 1. Tempered low alloy steels

Metallurgical
Symbol Steel grade ot
mechanical and
15CrMoV6 structural steel annealed
heat treatment
32CrMoV13 nitrided steel used | hardened and

in aerospace tempered

hardened and
tempered

ferritic stainless

15CrNiTil1703
steel

hardening steel
bearings and
shafts

hardened and

16NiCrMo13
tempered

Fig.2. General appearance of the CNC lathe
Researching test equipment (fig.2.) is provided as
follows:

-normally a lathe's wondering where the gearbox was
adapted to achieve cutting speeds between 60-480 m/min;
-were chosen ceramic plates mineral ceramics type TP-
200-TNM-160412-M5;

-cooling-medium: air stationary.

-pot type samples (fig. 3) are obtained from steel bar 32Cr
MoV 13 delivered at dimensions of $100x150mm.

-it uses front turning scheme (fig.4)

-hard cutting regimes are scheduled:

-cutting speed v = 100 m/min;

-cutting thickness t; = 0.1, 0.2, 0.3 mm;

-cutting width w = 7 mm;

-rake angle y=0.

@80
@98

@68+0.2

-

105
120

100

e

Fig.3. Pot workpieces
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Fig.4. General appearance of the CNC lathe

Preparing the way for chip evacuation is taking these
measures I11B in the workspace:

Since adopting the ISO chip clearance mode 4:

-for outside the sample pot;

-advance movement in the opposite direction (fig.5).

By positioning curled cup ensure proper reception cone
chips 111B as shown in fig.6.

i

)
|
Fig.5. Working in the opposite direction of advance
movement

'Fig.6. Working cup

Results of tests on three samples pot are shown in
Table 2.



Table 2.
chip features
No v
[m/min] | t1 [t2 |At2 |h2 | hl |Cr
1 01/058|12 |26 |22 | 18.2
2 100 02107 |18 |30 |27 | 111
3 031 26 |46 |43 |7

2.2. Processing results

When processing the results through two objectives:
-processing results in photomicrography;
-processing of the results obtained with a complex
apparatus.

2.2.1. Processing results in photomicrography

To process the results using an optical microscope to Carl
Zeiss Jena type MM3 and ¢38 mm respectively three
cylindrical samples, from which:

-fragment is positioned for measurements (fig. 7);

studied portion
of chips

| Slotted to hold the
chip

Fig.7. Positioned fragment for measurements

-symbolizes the chip with a plastic paste;

-leave a hole in the center centering cylindrical sample
and measurement system.

Microphotographs obtained by consulting with hard
cutting regimes in table 2, we can determine the
characteristics of the chips from chip geometry of fig. 8,
namely:

[

oy

L2 lman i i

kB L

tzmn = tz (Merchant)

Fig.8.Geometry chip
-t2-chip thickness is calculated using the formula:

t +t

— 21max 22max
2

M)

2
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-chip-thickness resistance is on the lower At, chips and
are measured directly, knowing the scale of magnification
photomicrography (fig. 9).

Y
micrography

o

Photo

L T
TR N

Basically, the objective of the consultation paper aimed at
three photomicrography made for t1 = 0.1, 0.2, 0.3 mm
and obtaining At, values in table 2 (fig.10. a, b, ¢). With
these results demonstrate that there is a linear dependence
between the advance work using (t;) and the resistance of
the chip thickness (At,). The degree of segmentation of
chips (Gs) is measured on a peak period T by identifying
deep hole h; and h,. It uses the formula:

h, —h

a)ty = 0,1 mmv/tr - optical microscope 200 microns

¢) ty =03 mm/tr - optical microscope

200 microns

Fig.10.Microstructure with different chip advances



Finally, the characteristic features of the chips allow us to
note the following:

-thickness of chip resistance (At,) should represent an
indication that detached fragment of the piece is right in
the cup reception coils (fig. 6). Any fragment breaks
minimum thickness At, = 12 ym to stop driving the car,
which must be kept fully closed during operation;
-chip-level segmentation (Gs) highlights the instability of
the operating regimes of cutting hard and is an indicator
for evaluating the workability of the steel cutting study.

2.2.2.Processing of the results obtained with complex
equipment

The management can be demanding two more additional
analysis:

1-white middle-width strip characterization chips conical
HIB;

2-identification of metal-broadcast on the lower surface of
the chip.

Characterization of white middle band width chips:
-Chips in the middle white band width corresponds to the
secondary shear zone at the interface tool-fragment. In
this area the large amount of heat determines the chip
surface  but also deep changes in  phase
austenite/martensite.

-Interferometer is used to analyze Cr anticathode each
other as positioned. To see in depth the structure, the
lower surface of the chip is polished electrochemically, as
follows: Cr-anticathode initially be scheduled for a depth
of 6 um where noted:
y-Fe austenite existing in the 111 plane angle of 65
o-Fe martensite present in the 110 plane at the angle of
68.

-At depths greater austenite disappears almost completely
highlighting excessive hardness of the strip of white
conical fragment 11B.
Given the dependence between hardness and strength,
hardness white band offers safe technology that will not
break chip cone, even if chip thickness At, resistance is
small.

2.2.3.1dentifying running on the lower surface of the
metal chips

It’s used semi chips obtained by cutting a tough regime: v
=100 m /min, t; = 0.2mm and pleasant mineral ceramics
TNM-TP-200-160412-M5.
After crossing the interface tool-fragment in the presence
of oxygen in the air, freshly detached fragment is finding
an oxide layer of Fe, Cr, Mo, V, Ti.
SIMS depth analysis on chips made using reverse
mechanism, the underlying oxidation process, as follows:
To interface of chip at a distance of 0.1 mm from the edge
tool, breathe a jet of oxygen, under certain conditions:
-adjustable pressure-controlled;
-pressure-stabilized:;
-at certain times-blasting.
This near-interface layers of oxygen, metal ions cause
excitement Fe*, Cr*, Mo, V', Ti*, and excitation of ions
in the form of oscillations is recorded on a diagram
(fig.11)

Processing the results show the following:

elements of the charge-steel (Cr, VV, Mo) is in large
quantities on the surface of the tool-fragment interface
and decrease with depth;

Ti-derived chemical element of the tool material and
decreases in concentration, with depth.

Basically, the elements Cr, Mo, V, Ti strongly
emphasizes the tool wear in particular crater on the
surface of the recess.

Finally, knowledge of the elements Cr, Mo, V, Ti allows
taking measures that:

-use another type of plate cutting;

correcting the chemical composition of the cast-steel 32
Cr MoV13.

10 E]

_*...:...,,.L,,A.f...__.__‘:_d.__ik_

<

¥

e e e e e %m/&*}

: S L
A\
1 Y
ALl S "h‘uqu" ad_al, = - I
10 20 20 40 5Q _
Torrios ce Puberisgtiors |

- -—EO -y seve e
- -1 - O

Fig.11. Depth profile SIMS realized in fragment

3. CONCLUSION

The traditional machine tools with NC machine tools,
management of special chips not allowing it to raise a lot
of types of chips, according to STAS.

In contrast, the high-speed machine tools, the problems
are complicated because:

-the frame is required in the management of the car chip;
-tough regime to accommodate the claims cutting
conditions for obtaining a cone chips I11B;

-during processing, workspace is locked and an accidental
breaking of the chip would interfere with proper operation
of the machine;

-further analysis shows that it can take steps to increase
the lifetime of the tool, even with some tough cutting
conditions.
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Abstract: In the optimization of the process of steel valve plate grinding it is necessary to take into
consideration different processing parameters. This paper is going to describe the production of a steel
valve plate with the focus on flat-grinding. It is also going to present the method of choosing grinding
wheels and parameters, as well as their impact on the processing quality parameters (roughness, surface
flatness and seat width). The optimization of the grinding process ensures acceptable quality of the final
product applying the smallest possible changes in parameters at non-uniform quality levels of the tools.
Here we have to make sure that the machining process is acceptable in terms of processing cost as well.
We are going to use the G-factor as the efficiency indicator for different tools.
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1. INTRODUCTION

At the beginning of the planning of the grinding process it
is first of all necessary to collect the data about the
workpiece, about the available machine, processing
operations, types of grinding wheels etc. Based on these
starting points (input parameters) and on the already
known output parameters (the surface flatness and
roughness, the seat width, the process costs etc.) it is
possible to optimize the flat-grinding process to such
degree that the quality of the product is acceptable even at
minimum production costs.

In continuation the process of the high-serial production
of a steel valve plate, a part of a household compressor, is
described. A particularity of such valve plate is in the
difficulty of production both for the geometric shape and
its low hardness.

Due to the above mentioned difficulties the further focus
is set on the choice of processing parameters and grinding
tools necessary for the efficient grinding.

2. VALVE PLATE PRESENTATION

Picture 1 presents a valve plate made of steel St20,
dimensions 56 x 60 x 2,1mm.

Seat of
raw VP

Picture 1. Steel valve plate

Low hardness of 117 to 170 HV is typical for a steel valve
plate. The seat of raw material is rather inadequate for the
automatic feeding, a consequence of the pressed material
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of the seat. Due to the rapid corrosion of the raw material,
a supplier has to protect the material from corrosion,
which causes plate gluing and makes the automating
feeding difficult.

The product designing is complex both for the possibility
of the primary burr (resulting from the stamping process,
especially at the intersection of two smaller radii) and for
the secondary burr (resulting from the grinding process).
The following section discusses only those grinding
wheels and parameters which have given acceptable
results in terms of secondary burrs.

3. PRODUCTION OF STEEL VALVE PLATES

After the verification of the raw material (stamped valve
plate) in the “Incoming inspection” section the plates are
transported to the store for the flat-grinding operation.
The grinding process is performed on the machine for
two-sided flat-grinding: Diskus, Germany.

After that the grinding operator transports the valve plates
in boxes to the brushing operation. The plates travel from
the load via a conveyer belt to the magnet plates of the
machine and are brushed first from one side at the first
station Rotex 1 (a station with three brushes ¢150 mm)
and then they are rotated and brushed on the other side at
the second station Rotex 2, Switzerland. The aim of this
operation is primarily to remove the secondary, as well as
the primary, burr from the valve plates and to even the
sharp edges, especially the ones on the seats of the surface
of a valve. After the brushing process the valve plate is
rotated by 90° (vertical position) and is transported to the
washing operation.

After the washing the operator first visually inspects the
valve plates, then stacks them in cardboard boxes and puts
them onto the shelves for the finished valve plates. The
last operation includes the valve system assembly. The
operator impresses the suction valve bolts (1) and rivets
(4) the discharge valve (2) together with the stop-plate
(3), as shown in Picture 2.


mailto:dijana.nadarevic@secop.com
mailto:mirko.sokovic@fs.uni-lj.si

Picture 2. Valve plate with valve plate system

3.1 Steel valve plate grinding

Flat-grinding is a process of material subtraction, in
which a high accuracy and a high surface quality can be
achieved. The main movement is performed by two
grinding wheels rotating very fast. In this case the feeding
is performed by a wheel or a transport plate with planets,
as shown in Picture 3.

Picture 3.Movement of grinding wheels and feeding plate

Double-sided flat-surface grinding is a process in which
the material is removed from the workpiece from both
sides simultaneously. The uniformity of the removal of
material is guaranteed by setting optimal grinding
parameters.

The grinding process itself is conducted so that the
operator manually puts the valve plates onto the planets of
the transport plate which then carries them between the
grinding wheels and the grinding process begins. During
the work the operator monitors the thickness of the valve
plates (consequently also the seat width), the roughness
and the flatness of the surface. On the basis of these
control variables he decides about his further action:
changing the thickness of the raw valve plate, more
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frequent wheel dressing, changing the speed of the
wheels...

4. CHOICE OF STEEL VALVE PLATE
GRINDING PARAMETERS

In the selection of optimal parameters in flat-grinding the
major part of the problems arose from the instability of
the quality of grinding wheels. Table 1 shows the
parameters that remain mainly unchanged despite the
unstable quality of grinding wheels.

Table 1. Unchanging grinding parameters

Grinding parameters Values
Transport plate grinding speed 8000 rpm

Planet rotation speed 80 rpm

Planet rotation direction To the right (1)
Partial shift of the z-axis 0,040 mm
Spindle rotation counter direction

Besides the above given unvarying parameters we also
have the adjustable parameters, such as the wheel rotation
speed, the thickness of the raw material, the number of the
transitions in dressing, etc. The speed of the feeding plate
has no significant influence on the product quality.

The process analyses have shown that the wheel rotation
speed has a big importance in the quality of grinding.

The optimal value is determined and it is also the
maximum value permitted by the machine (32 m/s).
According to the machine manufacturer it is possible to
specify the optimal planet rotation speed (approximate
values) from the speed ratio, as shown in Table 2:

ns'ds

\'
—60-— =
ds —

v 1)
Where:
ns — the number of rotations of grinding wheels,
v — the peripheral speed of wheels in m/s,
ny — the number of rotations of the workpiece,
vy, — the peripheral speed in m/s of the workpiece

(planets with the diameter of $230 mm).

Recommended values of speed ratios are presented in
Table 2.

Table 2. Recommended values of speed ratios

Process Indicator — orientation values
Rough grinding 40 - 60
Fine grinding 25-40

Other important processing parameters include the

dressing parameters. Namely, the quality of the finished
product (especially the flatness of the valve plate)
depends on the quality of dressing. These parameters are:
the speed of dressing wheels, the number of dressing
transitions and the thickness of the raw material during
the dressing.

Based on the performed tests it was found that the quality
parameters were satisfied (the roughness and the flatness
of the surface) in terms of the material removal of 0.02
mm and at the 5 dressing wheel transitions.



The optimal processing parameters for flat-grinding have
been shown in Table 3.

Table 3. The optimal valve plate grinding parameters

Grinding parameters Values
Grinding wheel rotation speed 32/28 m/s
Thickness of raw material 0.1 mm
Number of dressing transitions 5
Dressing frequency 1h

The ratio of 32/28 m/s has been taken for the rotation
speed of grinding wheels since this combination ensures a
uniform material removal on both sides of a workpiece.
Depending on the speed of the grinding wheel wear the
frequency of the manual shift of the bottom grinding
wheel is determined.

5. CHOICE OF WHEELS FOR THE
FGRINDING OF VALVE PLATES

The suppliers of grinding wheels can only hardly ensure
equal resistance of grinding wheels, even though the
process of their production is the same for each pair with
the same specifications.

Grain size is selected on the basis of the required surface
quality of the workpiece. For the roughness of Ra < 0.3
pm, recommended by the producer, we can choose the
medium granulation of grinding grains. The tests have
shown that in the area of fine granulation better results
have been achieved, especially in the case of smaller
thickness of the raw material. Some producers also use
double marks for granularity, for example 150/2. This
code means that one third of the grain mixture has the
granulation of 150, one third has one level lower
granulation (120), and the last third of the mixture has one
level higher granulation (180).

In the choice of hardness and structure of wheels, we
considered the advice that it is necessary to choose harder
grinding wheels to grind softer material. The problem
occurred in the determination of the structure of wheels.
In a more open structure we had problems with scratches
on the valve plate. Selecting the wheels with lower
hardness and more closed structure we the grinding
wheels started "levelling”, what means that the grains
were wearing out and were not pushing, which resulted in
the loss of the cutting capacity of grinding wheels.
Experiments have shown that the medium hard and hard
wheels are the most suitable in grinding a steel valve
plate.

Ceramic bound grinding wheels are normally used at the
operating speed of 40 m/s; they maintain the form very
well and are useful for all types of grinding (from very
rough to the finest).

Bakelite has proved to be a better solution for the burr,
but there were many problems with so-called "watering of
wheels" (change of the characteristics of wheels after a
certain period of time). This phenomenon is observed
especially in the period when the space is unheated or in
case of a longer machine failure.
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It should be stressed that each analysis had to be
performed for each supplier separately since the grinding
wheels with the same marks are quite different at different
suppliers.

Experiments have shown that we get similar results with
the following grinding wheels:

58A150/1R8B25

52A150/2L.5B22

50A180J5AV217

That means that we are talking about a mixture of the
corundum of 150, 120 and 180 granulation (depending on
the specified ratio), the medium (L) or high (R) hardness,
and the closed structure with the Bakelite binder
(exceptionally ceramic).

A more detailed analysis has been made for Bakelite
wheels since they are used the most frequently. The
results of Bakelite grinding wheels with the granulation of
120 and 150 (mixture), hardness R (hard) and closed
structure (8) have been compared to the grinding wheels
with the mixture of grains with the granulation of 120,
150 and 180, medium hardness (L) and closed structure.
The dressing of grinding wheels have been performed in
all cases using the diamond dressing tool in dimensions of
$120x20x51 mm, mark 119D126-30MB02.

6. ANALYSIS OF THE RESULTS

The analysis is based on the optimal process parameters
(Table 3) for grinding wheels of two different suppliers
(supplier A and supplier B).

As a criterion for the suitability of individual tools the G-
factor has been chosen and it represents the ratio between
the volume of raw materials and the grinding wheel wear,
as shown in the equation (2):

)
Where:
V; — the volume of the grinding wheel wear and

V. — the volume of the raw material.

The volume of the grinding wheel wear is calculated
using the equation (3):

Vv _7r~!D2—d2?

Where:
D — the outer diameter of wheels,
d — the inner diameter of wheels.
The volume of the raw materials is:
V,=n-1-h-6 4)
Where:

n — the number of valve plates ground by one pair of
grinding wheels,

| — the length of the workpiece,

h — the width of the workpiece,

8 — the thickness of the raw material.



Before we check the value of the G-factor it is necessary
to verify the capability of the valve plate grinding process
for selected grinding tools and parameters. The process
capability index (Cp, Cpk) has been chosen as the
indicator of quality.

Xio3 Kup3

LSL USL

Cp 2.04@

Cok 2.68 @
I i
' .}

T

015 0 020 0 025 0 030 0 035 0 040
Flatness [mm] MD —

o~

Q I I I A T A N A A Y

Absolute frequency —

Now R O

=y

o

Picture 4 shows the process capability index for both
quality parameters: the flatness and the roughness of a
valve plate.
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Picture 4: Process capability index

According to the values obtained for both parameters (Cp
and Cpk > 1.33) we can claim that the process is capable.
The lower tolerance limit is presented by the value which
can be reached in a real process. In case the value 0 is
taken as the lower limit the process centring is worse, this
in our case can also be accepted.
In continuation we are going to compare the performance
of two different grinding wheels (GW):

- GW 1 = 58A150/1R8B25 (supplier A),

- GW 2 = 52A150/2L5B22 (supplier B).

Table 4 presents an example of the efficiency of two
wheels with different features.

Table 4: Comparison of G-factors of grinding wheels
(GW) taken from different suppliers

Type of grinding GW 1 GW 2
wheel (supp. A) (supp. B)
Outer diameter of GW 456 455

D [mm]

Inner diameter of GW 220 220

d [mm]

GW height T [mm] 45 45
Lenght x width of 60x56 60x56
workpiece | [mm]

Raw material thickness 0.1+0.03 0.1+0.03
6 [mm]

Nr. of valve plates n 40 446 32175
Volume of GW 5635509 5603428
Vs [mm~3]

Volume of raw valve 10569888 10810800
plate V,, [mm~3]

G-factor 2.41-3.13 1.93- 2.51

G-factor for hard wheels (1) is a little higher. This result
was expected since the softer wheels (2) require more
frequent measure corrections (the removal of the raw

material). Due to the manual adjustment of the quantity of
subtraction it is not possible to specify the G-factor
exactly. However, we can define the area in which it is
located.

7. CONCLUSION

Due to the unequal quality of grinding wheels the major
part of tests performed include the choice of the optimal
type of wheels.

Since the requirements included lower roughness of the
processed surface at higher material removal certain
difficulties have been encountered. An incorrect choice of
grinding wheels has also caused an increased wheel wear.
This resulted in smaller cutting capability and in fast
wheel dressing, which means that the processing costs
were higher.

The automation in setting the material removal, the
possibility to choose higher speed of grinding wheels and
the provision of stability in the quality of wheels have a
great influence on both the quality and the cost
optimization of the steel valve plate grinding process.

In case of satisfaction of the mentioned requirements the
G-factor would improve, as well, mainly due to the
decrease in the frequency of the grinding wheel dressing.
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Abstract: This paper examines the influence of cutting parameters on cutting forces in face milling when
machining hardened steel C3840 (EN 90MnCrV8). The milling parameters evaluated are cutting speed,
feed rate and depth of cut. The experiments have been carried out in accordance with a Taguchi method.
An orthogonal array, signal-to-noise (S/N) ratio and analysis of variance (ANOVA) are employed to
analyze the effect of these milling parameters. The analysis of the results shows that the optimal
combination for low cutting force are high cutting speed, low feed rate and low depth of cut. The study
shows that the Taguchi method is suitable to solve the stated problem with minimum number of trials as

compared with a full factorial design.

Key words: Taguchi method, face milling, cutting force

1. INTRODUCTION

Cutting of hardened steel is a topic of high interest for
today’s industrial production and scientific research. In
fact, hard cutting operations can seriously be regarded as
an alternative for grinding operations under certain
conditions. Hard milling is a viable alternative for
machining materials with hardness from 45 to 64 HRC.
The common disadvantages of hard milling are excessive
tool wear and high cutting forces.

Reliable prediction of milling forces is significant for the
simulation of the machinability, cutter breakage, cutter
wear, chatter and surface quality. The subject of this study
is to analyse dependence of main cutting force F, on three
cutting parameters in face milling when machining
hardened steel (cutting speed v, feed rate s and dept of cut
a). The Taguchi method, based on orthogonal arrays, has
been used for determining the influence of particular
cutting parameters.

2. TAGUCHI METHOD

Classical experimental design method, i.e. rotatable
central composite design, is too complex and not easy to
use. A large number of experiments have to carried out
especially when the number of process parameters
increases. To solve this problem, the Taguchi method uses
a special design of orthogonal arrays to study the entire
parameter space with a small number of experiments.
This is an engineering methodology for obtaining product
and process condition, which are minimally sensitive to
the various causes of variation, and which produce high-
quality  products with low development and
manufacturing costs. Signal to noise ratio and orthogonal
array are two major tools used in robust design.
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The S/N ratio characteristics can be divided into three
categories when the characteristic is continuous: nominal
is the best, smaller the better and larger is better
characteristics. For the minimal main cutting force F,, the
solution is ,,smaller is better”, and S/N ratio is determined
according to the following equation:

% =-10 Iog[%i yfj

where n is the number of replication and y; is the
measured value of output variable. The minimal F, is
achieved using the cutting parameters where S/N ratio is
maximal. The influence of each control factor can be
more clearly presented with response graphs. The
experimental layout for the machining parameters using
Lo(3* orthogonal array was used in this study. This array
consist of four control parameters and three level (fourth
parameter D was used to estimate the experimental error).
The experimental results were analyzed with Analysis of
Variance (ANOVA), which is used for identifying the
factors significantly affecting the performance measures.

@)

3. EXPERIMENTAL DETAILS

The experimental work was carried out at the Department
for Production Engineering, the Faculty of Technical
Sciences in Novi Sad. The machining was conducted on a
Vertical-spindle Milling Machine (,,Prvomajska“ FSS-
GVK-3) in dry condition. A face milling cutter with 125
mm diameter (,,Jugoalat G.717), with cemented carbide
inserts (,,Sandvik Coromant“ type SPKR 12 03 ED R-
WH 3040) with tool cutting edge angle x=75° and rake
angle »=7° was used as a tool. All of the experiments
were conducted with one insert by orthogonal arrays with
three levels (coded by:1,2 and 3), Table 1.



Table 1. Machining parameters and their levels

Levels
Symbol | Parameters 1 > 3
A | cutting speed | o780 | 353 | 43,96
v, m/min
B |Feeds 0,223 | 0,280 | 0,352
mm/rev
c Depth of cut a, 0.2 0,32 0.5
mm
Workpiece material was pre-annealed tool steel 3840

(EN  90MnCrVv8) (hardness 57 HRC). Material
composition of workpiece is as follows: C-0,9%; Si-0,3
%, Mn-2%; Cr-0,3%; V-0,15% by wt. Dimensions of
experimental probe is 200x104,7 x50 mm.

The instrumentation package includes a three-force
component dynamometer Kistler (model 9257), based on
the piezoelectric effect and PC based data acquisition
system with LabView 8.0 software. The samples were
sent to a multichannel amplifier for analogical signals for
a better integrity of F,, Fy, and F,. Then the data was
transferred to a computer with an AD card to convert the
analogical signals to digital format for analysis. The
photograph of the experimental set-up is shown in Fig. 1.
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Fig.1. Experimental s
4. EXPERIMENTAL RESULTS

Fig. 2 presents the cutting forces scheme in one-tooth face

milling.
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Fig.2. The scheme of cutting forces /1]
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To eliminate the influence of random factors on
change forces F,, F, and F, during one revolution of
cutter, requested their average value. The middle value
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was based on the values of cutting force for series of
three full revolution of cutter (Figure 3).
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Fig.3. Average value of cutting forces /1]

The measured orthogonal force components can be
converted to the instantaneous cutting force components
in the tangential direction by equation:

F, =-F-sinp+F, -cosg (2

Equation (2) is used to describe the main cutting force
on a single tooth. Experimental results, together with their
transformations into signal-to-noise ratios are given in
Table 2.

Table 2. Orthogonal array Lo(3%) with experimental
results and calculated S/N ratio

Factors
Ne AlB|C D F., N S/N

v s a EXxp.

error
1 1 1|1 0 506,58 -54,094
2 112 2 0 635,10 -56,059
3 11313 0 1218,81 | -61,741
4 2 1| 2 0 566,87 -55,071
5 212 3 0 1008,81 | -60,086
6 213 ]1 0 573,54 -55,187
7 3 1] 3 0 828,86 -58,371
8 312 |1 0 639,52 -56,125
9 3 13| 2 0 777,26 -58,169

5. ANALYSIS OF RESULTS

In this study all the analysis based on the Taguchi method
is done by Qualitek-4 software to determine the main
effects of the cutting parameters. From Table 2 it can be
determined which control factor have strong influence on
main cutting force in face milling. Optimal cutting
conditions of these control factors can be very easily
determined from the S/N response graphs in Figures 4, 5
and 6. The response graphic of main cutting force has
been shown for all three control factors. The best main



cutting force is at the higher S/N values in the response
graphs. Parameter influence on output process variable

Table 3. Optimal settings of control parameters

shows angle of inclination of the line which conects R o
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-52,00 Y;-value of results of each experiment (i=1 to 9)
-54,00 . )
The third step: Sum of squares due to parameter (A,B,C)
-56,00 2 2
E o S_tMEny (4)
V) 58,00 p‘jz_ll t n Izll ‘
-60,00 -60,07 Where:
p-some of the parameters (A, B, C)
62,00 ;
2L, t-repeating number of each level (1, 2, 3) of parameter p

Fig. 6 . S/N response graphs for depth of cut

Optimal cutting conditions are shown in Table 3. The
optimization of cutting parameters inside offered factors
levels, with regard to criterion ,,smaller is better”, gives
the combination of control factors: A=2, B=1, C=1. This
combination enables the lowest main cutting force. A
verification test has to be performed after optimal settings
of control factors have been determined with the goal to
approve the calculated value of the quality characteristic.
Difference between the calculated and yielded value of
main cutting force is very small.
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XY j-value of results of each level (1, 2, 3) of parameter p
Sum of squares due to error:
Serror:ST _SA_SB_SC 5)
The fourth step: Degree of freedom (DOE)

Degree of freedom of parameter p:

DF factor =Ne —1=3-1= 2(=DF, =DFg = DFC) (6)
Where:

ne-number of levels of parameter p

Total degree of freedom:

DFp =N-1=9-1=8 @)



Degree of freedom of error term:
DFerror = DFigtal — Z DF factor =8-6=2 (8)

The fifth step: Variance of parameter p and error term

v i 9)
P DFfactor
Verror = Serror/ DFerror (10)
The sixth step: F ratios of parameter p
oo (11)
P Verror
The seventh step: Beginning ANOVA table
Table 5. Beginning ANOVA table
S | DOF Sumof 1\ riance F-ratio
3] squares
v
DF S Vv F
A 2 7458,33 3729,17 0,288
B 2 74712,77 | 37356,38 2,886
C 2 334999,17 | 167499,58 12,941
Error 2 25887,19 | 12943,59
Total 8 558727,73

The eighth step: Pooling

The value of F-ratio for factor A is less than 1, it means
that factor is not significant and this factor is rejected.
This process is called pooling. The calculation of pooling
is determined according to the following equations:

DFerror(pooIing) = DFgpor + DFp =4 (12)

Serror(poolin@ =Serror 54 =33345,53 (13)
S .

v error(pooling —8336,38 (14)

error(pooling = DE

error(pooling

F-ratios for factors which not included in the pooling
must be re-calculated by new variance of error:

. Vo
Fp = (15)
\Y; ,
error(pooling
For these factors must be obtained pure sum of square:
Sp = Sp _(Verror(pooling x DFfaktor) (16)

Serror = Serror + ((DFtotaI - DFerror(pooIin@)Xverror(pooling)

Percentage contribution of parameter is obtained by
dividing the sum of squares (re-calculated) for each
parameter with total sum squares:

Sp
P, =| <% |x100% (18)
St
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The ninth step: Final ANOVA table
Table 6. Final ANOVA table

Sum of . F- Pure | Percent
Factor DOF Variance . 0
squares ratio | Sum %
~ [o0] —
~ 3! © =2 -
B 2 S ] < g o
~ (¥l <t o —
< N~ [°9]
~ [30] n
~ [o0] —
— Te} P < o
C 2 S S < S o
[*2)] <t o [32] —
< N~ N [o¢] ~
(3] [{e] I
o — ™
(o] (2] N
= 0 ~ 0
Error 4 B Q X =
] =] N =
[Ye) N (2]
N — [Te)
< <
‘_', ‘_',
S S 8
Total 8 2 3 S
Yo} N
[37] [37]
< <

The influence of errors in the amount of 15.05%
indicates a significant effect of all those parameters that
are not included in the experiment (old machine tool, tool
wear, cutting tool material ...).

6. CONCLUSION

This paper has discussed dependence of the main cutting
force on three cutting parameters, namely the cutting
speed, feed and depth of cut in the face milling hardened
steel. Taguchi method has been used to determine the
main effects, significant factors and optimum machining
conditions to the value of main cutting force. From the
analysis using Taguchi’s method, results indicate that
among the all-significant parameters, depth of cut is the
most significant parameter. Results obtained from
Taguchi method closely match with ANOVA.
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Abstract:

High speed machining has some differences according

to conventional milling.

The main difference is higher rotational speed of the spindle (40 000min-1 and higher). During high
speed spindle rotations more dynamic forces are rising, which are affecting bearings, frame and the
whole machine. The forces are efforting vibrations furthermore causes worse quality of machined surface
and may damage the spindle. Minimization of these forces is essential. According to that, the tool
balancing machines are used. Tool balancing should provide better mass set out around the tool axis.
Machining with balanced tool will provide better surface quality and less tool and machine wear. To
verify theoretical knowledge, an experiment was realized. Two identical tools were balanced according to
ISO 1940-1 standard at two different levels. Aluminum plate was used as an experimental part. Both
milled surfaces were scanned with3D microscope and surface roughness was evaluated. Results showed
High speed machining with balanced tool provided better surface quality than conventional milling as

well as worse balanced tool.

Key words: Tool balancing, unbalance, high-speed machining,3D microscope, surface quality

1. INTRODUCTION

The key-stone in high-speed milling is to reach higher
surface quality and removal rate with high cutting speed
and in the same way reach lower tool wear a lower cutting
forces. Large amount of heat generated at the cutting edge
is minimally transferred to a material and tool at high-
speed milling. In order to reach high surface quality,
adequate chip removing rate is an important parameter
[5]. By high-speed milling it is possible to achieve surface
roughness at level Ra 0, 2 um [6]. Important parameter
affecting achieved surface roughness is run out, caused by
unbalance of the tool, tool holder and the spindle.
Importance of run out is rising with frequency of spindle
rotation, furthermore with rising of centrifugal forces
affecting tool in high-speed milling.

2. OUT - OF - BALANCE

Unbalance of a rotational part comes from its geometric
shape depending on its functionality. Unbalance of parts
symmetrical by axe like tools and tool holders are, is
caused by inaccuracy of shape and size, non-homogeneity
of material, nonsymmetrical parts e.g. clamping screw in
some types of tool holders, clamping slot on some tool
shanks and run out of atool holder. Unbalanced tool
arrangement can be explained as a rotational part, where
momentum central axis is not identical with axis of
rotation (Fig.1). Balancing is a process of mass correction
around the central momentum axis by loading or
unloading of mass. The aim is to reach identical position
of momentum and rotational axis of the tool arrangement
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as well as it is possible. That preserves dynamic forces
and vibrations in bearings in allowed limits when required
rotations are reached [3].

~ { Rotational Axis

Central Momentum Axis
Fig.1. - Central momentum axis and rotational axis | 2]

2.1 Calculation of unbalance

In High Speed Cutting, the maximum unbalance is
characterized in ISO 1940-1 standard. This standard
presents levels of G for certain rotational frequencies and
rotational parts. For rotational tool arrangements, G level
should be at least 2,5 ms™at maximum spindle rotational
speed. According to unbalance G level, rotational speed
and tool arrangement weight, maximum allowed
unbalance can be calculated as [4]:

_ 6.9549.m
= n [gmm] (1.1)



Where: U,, is remaining unbalance [gmm],
G-level of balancing (G1,0; G2,5; G6,3) [ms™],
m- Tool arrangement weight [kg],
n— Rotational speed [min™],
9549 — Constant [-].

2.2 Ways of tool arrangement balancing

Ways of tool arrangement balancing can be divided as
following:

1. Balancing in one balancing level: static and rotational
unbalance

2. Balancing in two balancing levels: momentum and
dynamic unbalance

Balancing in one balancing level is used when gravity
center is out of rotational axis (Fig.2). The aim is to move
the gravity center of tool arrangement into rotational axis.
When rotational balancing is employed, centrifugal force
perpendicular to axis is raising. Rotational unbalance is
eliminated in one level; balancing level position is
irrelevant in this case. In practice, balancing in one level
is enough. It can be said, this is valid for rotational parts,
where the ratio of length to diameter is smaller than 0.2

(3].

Fig.2. Balancing in one level
M, unbalance rate [gmm]; r distance of unbalanced mass from
rotational axis [mm]; M weight of rotating mass [g];
e distance of gravity center of mass from rotational axis[mm],
Centrifugal force [N][1]

After balancing in one level, momentum unbalance may
remain. In momentum unbalance center of gravity is
identic with rotational axis and two unbalances are rotated
180° degrees to each other (Fig.3). This caused vibrations
characterized by swinging movement. In order to
eliminate the unbalance it is necessary to use momentum
with contradictory direction and balancing in two levels.

Fig.3. Balancing in two levels
Mu1, Myzunbalance rate [gmm]; r distance of unbalanced mass from
rotational axis [mm]; M weight of rotating mass [g]; e distance of
gravity centre of mass from rotational axisimm], F;, Fe; centrifugal
fOrce[N]; Mu= My, ; Fri=Fg, [1]
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Dynamic unbalance is caused by two unbalances with
different angle position. Dynamic unbalance can be
divided into static and moment unbalance.

3. EXPERIMENTAL

Experimental part is a plate made of aluminum according
to standard EN6061 with dimensions 80 x80 10 mm
divided into 3 areas, as is figured out in Fig.4. For
experiments DMG Sauer Ultrasonic 20 linear machine
tool was used and Seco JV 40 HEMI carbide monolith
cutting tools with diameter 8mm. Both tools were
clamped into shrink fit holders and the arrangement were
balanced by Haimer Tool Dynamic 2009 with G levels
according to Table 1.

0 Areal

Oklaee 0
Area 2

Oblast’ 3.
Area 3

Fig.4. —Experimental part

3.1 Cutting conditions

Stability of cutting process was one of the most important
conditions in cutting conditions setup. Feed fz was
considered as a constant and rotations were selected based
upon balance level G and cutting parameters were
obtained through analytical calculation (for cutting speed
and feed). Selected values for feed velocity and rotations
are in Table 2. According to selected cutting parameters
and tool diameter, standard 1SO 1940-1 were selected for
tool balancing. At nowadays machine tools and tool
shanks producers start using standard DIN 69888
especially for small diameters and weights of tools, where
ISO 1940 -1 standard is not adequate.

Table 1. Cutting conditions

G156 G 6,3
Rotations | Feed vf Rotations Feed vf
(min™) (mm. min®) | (min?) (mm.min™)
18 000 2016 6 000 672
24 000 2688 12 000 1344
30 000 3360 18 000 2016

Cutting depth ap = 0,5 mm

3.2 Experiment realization

Surface of experimental part were divided into three
areas, where each of them were machined under different
cutting conditions (different rotations and feed velocity)
according to a Table 1 with a tool arrangement balanced
to a G level of 1.6. The other side of a part was machined
under different cutting conditions with tool arrangement
balanced to a G level of 6.3. Surface quality of machined
surface was analyzed by confocal microscope LSM 700



with ZEISS optics. Results are shown in Table 3; the
cutting process is in Fig.5; the output from 3D
microscope is shown in Fig. 6.

Fig.5. Cutting process on DMG Ultrasonic 20 linear
machine tool with balanced tool arrangement by
eccentric balancing rings on shrink fit tool holder with
HSK 32 adaptor for high-speed milling.

A

Fig.6. 3D profile map of milled surface with rotations of
18 000 min™

Table.2 Measured Ra values

Surface area

Area 1. (18 000 min-1)
Area 2. (24 000 min-1)
Area 3. (30 000 min-1)
Area 4. (6 000 min-1)
Area 5. (12 000 min-1)
Area 6. (18 000 min-1)

Ra [pm]
1,031
0,945
0,76
0,882
1,03
0,979

G1,6

G6,3

4. CONCLUSION

Based upon measured values, shown in Table 2 following
charts (Chart 1, Chart 2.) were created for better
imagination according to equations written below.

For both charts creation, method of ordinary least squares
was used. The calculation for experiment with tool
arrangement balanced to a G level of 6.3 is as following:

Table 3 Ordinary Least Squares input values for G 6,3

Meas. N. |zi xi Xi2 wi yi Xi, yi
[min-1] [um]

1 6000 3,778 [14,273 |0,882 |0,054 |-0,204

2. 12000 4,079 16,638 [1,031 [0,012 |0,048

3 18000 4,255 18,105 [0,979  |-0,009 |-0,038

Sn = 3 27 = 2xi = 2xi2 = 2yi = X xi.pi=
36000  [12,11 49,016 0,051  [-0,194

(Exi)?= 12, 1122 = 146, 7; xi = log zi; yi = log wi
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Regression coefficients:
_ ZyiZxi2— Xxi, Zxiyi
N n, Exi2—(Zxi)2 -

—0,051.49,016—12,112.(—0,194)
3.49,016—146,7 a

, 43.

_ . Xxiyi—IZxi. Xyl
n. Xxi2—(Zxi)2

3.(—0,194)—12,112.(—0,051)

=0, 101
3.49,016—146,7
bo=logc — c=10"% w=c.z"
c=10"°% k=b,
c=0,37 k=0, 101

Then Ra calculation is as following:

w (Ra) = c. z (n)*** (4.1)

1,04

1,02
~—
g- 1 _______
< o098
[
X o9
(7]
(7] I
o 094 |
£
S 0,92
>
e 09 ‘—————
3
S o0s8
Y—
o
S 086
)

0 5 000 10 000 15 000 20000

Rotations n (1/min)

Chart 1 Surface roughness flow on a surface machined
with tool balanced to a G level of 6,3

Chart 1 shows relation between surface roughness
characterized by Ra and rotations where the G level of
balanced tool was 6.3. The chart may be explained as
following: surface roughness, represented by Ra was

rising until the rotations reached approximately
13 000min™, since that we can see decreasing of
roughness. This effect may be caused by the

transformation of cutting conditions from conventional to
high speed milling conditions. According to tool
manufacturer’s recommendations, rotations for selected
tool should reach a value of 19890min.

The calculation for experiment with tool arrangement
balanced to a G level of 1.6 is as following:

Table 4 Ordinary Least squares input values for G 1.6

Meas. N. |zi Xi Xi2 wi yi Xi, yi
[ min-1] [ um]
1. 18000 |4,255 [18,105 [1,031 |0,013 |0, 055
2. 24000 4,380 |19,184 0,945 |-0,024 |-0,105
3. 30000 |4,477 |20,043 0,760 |-0,119 |-0,532
n=3 2zi= Zxi= 2xi2 = 2yi= Xxi.yi=
72000 13,082 |57,332 013 |-0,582
(Exi)? = 13, 0822 = 171, 13; xi = log zi; yi = log wi



Regression coefficients:

_ Xylrxi2— Xxi. Xxi.yl
n. Exi2z—(Zxi)2

0

—0,13.57,332—13,082.(—0,582) _
3.57,332—-171,13

.18

n, Zxiyi— Zxi, Zyi _

b, =
! n. Sxi2z—(=xi)2

3.(—0,582)—13,082.(—0,13)

-0, 05
3.57,332—171,13
by=logc — c=10% w=c. z"
c=10°" k=D
c=1,51 k=-0,05
Then Ra calculation is as following:
w(Ra)=c.z(n) *%® (4.2)
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Chart 2 Surface roughness flow on a surface machined
with tool balanced to a G level of 1,6

Chart 2 Shows surface roughness flow in High speed
milling with tool balanced to a G level of 1.6. Explanation
of chart is as following: decreasing of surface roughness
is caused by cutting speed rising, where in high speed
machining, cutting conditions are changing. In High
speed machining various changes are raising especially
heat transfer and chip removing, which caused surface
roughness declination. Surface quality is one of the most
important benefits of high-speed machining.

The influence of tool balancing in possible to evaluate
according to a surface roughness characterized by Ra and
its relation to rotations at level of 18 000. This rotation
speed was used both for G level of 6.3 and G level of 1,6.
From Charts 1 and 2 or Table 2 it is clear that better G
level provided better surface quality, however the
difference at this rotation speed level is not very high. We
can assume that the difference of surface roughness will
rise with rotation speed. According to a ISO 1940 -1
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standard it is not possible to use tool arrangement with
balance level G of 6.3 for higher rotational speed like it
was used, it will produce high centrifugal and dynamic
forces and may cause breakage of spindle bearings or the
whole spindle. Due to we can only suppose that surface
quality decreasing in relation with rotational speed raising
is valid.
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Abstract: The paper presents a comparative survey of the oscillations calculated by utilizing the finite
element method (FEM) and the measured vibrations of the cutting system elements during the machining
operation. The analysis of the microscopic structure of the chip generated in the turning process is
employed to determine the chip segmentation frequency and the agreement with the measured system
vibrations. There presents a segment of research results concerned with the identification of the influence
of the chip segmentation process during the turning process and the “free” segment of the vibration
acceleration signal specter with the aim of creation and laboratory verification of the proposed method
for recognizing tool wear condition in turning. The aim of the paper is to prove that there exists a
dominant influence of the chip formation process in the high-frequency specter segment with the

neglectable participation of the proper higher frequencies of the cutting system.

Key words: FEM modeling, tool wear, chip forming frequency

1. INTRODUCTION

The sources of vibrations appearing on a tool are of
diverse origin, while their causes can be classified into
deterministic and  non-deterministic. = Among the
deterministic ones are: material deformation, friction of
the tool and workpiece and chip separation. Their main
feature is the inherent nonlinearity, having as a
consequence the appearance of self-induced vibrations in
the cutting process [1].

The increased loads lead to the pass over the material
elastic point, which can be observed in the leap into the
plastic deformation zone and material failure. In the
process, the accumulated energy that appears impulsively
each time the lamella shearing process occurs i.e. a chip is
being formed, is released. This can be explained by the
fact that in the material that has the crystal structure, the
micro crack occurs during the crystal breakage and it
rapidly moves creating the material failure i.e. breaking
the inter-crystal connections and releasing the energy.
These short-term individual events induce the elastic-
viscous element structure of the workpiece system that
generates vibrations in a wide frequency specter.

The friction on the contact areas between the tool and the
workpiece creates the “stick-slip” effect. This effect
introduces the aperiodic oscillatory induction into the
workpiece system, which, same as in the case of the
formation of chip segmentation can be observed as a set
of discrete energy impulses inducing the elements of the
workpiece system in the wide frequency specter as well.

2. CHIP SEGMENTATION

Segmented appearance of chip lamellas comprises of two
phases in which the workpiece material is plastically
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deformed in front of the tool causing the material
convexes on the free chip surface. The result of the
material deformation in the process of chip segmentation
occurrence is composed of the moderately deformed chip
segments separated by detached narrow band with the
intensive material deformation. The described model of
chip segmentation is presented in Figure 1 [2].

A

h

( work material

Fig. 1 Chip formation model [2]

)

One of the important induction mechanisms causing the
vibrations in the machining process is the creation of chip
lamellas. In their research, Cotterell and Byrne [3] have
determined the frequency of the occurrence of a lamella
feg Dy analyzing the video material with chip formation.
The frequency of chip segmentation formation linearly
increases with the increase of the cutting speed, and
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decreases with the increase in depth. Chip frequency can
occur in the range from 3.8 kHz to 250 kHz in hard
material turning [4, 1], leading to great variations in the
frequency of forces in a tool. The influence of chip
segmentation onto the tool wear and processed surface
quality has not yet been explained in detail, although it
has been determined that it influences the intensity of
force in the cutting process and the tool condition [5, 8].
Crater wear and wear band are the primary processes in
tool wear with the cutting speed in the range between 80-
800 m/min [6].

Lamella formation in the cutting process is characterized
by their occurrence frequency. The frequency of chip
segmentation formation can be calculated on the basis of
the lamella formation steps pc, cutting depth (thickness of
the undeformed chip part) h, height of the deformed chip
part he, and cutting speed v, applying the expression:

Veh
A Pe

Veh - hch
h- pe

lam —

)

Based on the expression (1), one can observe that the
increase of the thickness of the undeformed chip leads to
the decrease in the lamella formation frequency which is
directly observed in the decrease of the chip deformation
coefficient [1].

v, - f-sink
h, P

C

f

lam

O]

The relation 2 comprises parameters linked to the tool
cutting geometry and technological parameters speed,
feed and depth of cutting. On that basis, it can be
concluded that the lamella formation frequency is directly
proportional to the machining speed and feed, and
indirectly proportional to the depth. The increase in the
cutting speed directly influences the chip segmentation
formation frequency, the increase in the energy that is
reflected in the intensified heat release and the decrease in
lamella steps; in a word, the overall wear dynamics is
being increased. In the performed experimental research
with the plate made of hard metal and the cutting speed
range between 200 and 250 m/min, the frequencies of the
chip segmentation were around 8 — 100 kHz. The area of
the lamella formation frequencies, based on the
mathematical calculations following the Bahre formula,
approximates the measured frequencies of the tool holder
oscillations, i.e. its natural frequencies, between 8.5 kHz
and 88 kHz.

3. ANALYSIS OF GEOMETRICAL
PARAMETERS OF FREQUENCY CHIP
FORMATION

Most researches in material processing are directed
towards the chip formation mechanism and tool wear
characterization. Significant for the research in the tool
wear effects and chip formation morphology are also
cutting conditions. It has been observed that the alteration
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in the tool wear degree and cutting conditions alters the
shape of the occurring chip lamellas [6].

Tool wear, cutting process parameters and their influence
on the chip appearance and shape have been monitored in
the experimental research. The shape of the chip has been
measured by a microscope depending on the tool wear
degree, in diverse cutting conditions (cutting speed, feed
and cutting depth). During the processing, the vibrations
on the tool holder have also been measured, while the
segmentation frequency has been calculated on the basis
of the measured parameters for the chip cross section in
an electronic microscope.

Figure 2 presents the morphology of the sawtooth chip
with characteristic dimensions: lamella step (pg,), height
of the continual (compressed) chip part (h'c), height of
lamella shearing (d.), shearing zone band (J,), angle in
the direction of the initial crack (®g) and angle of the
free lamella part (pseg) [5].

Fig. 2 Characteristic dimensions for calculating the chip
formation frequency

Based on the processed results of the experimental
research, the following conclusions can be drawn as a
result of monitoring the chip morphology and tool wear
condition:

The medium value of the segmentation of the free
chip part (lamella step) (p.) and the height of the
free part (tooth) (pys) are increased with the
increase of tool wear.

Segmentation step, distance between lamellas (p.),
increases with the cutting speed.

Height of the continual chip part (h';) is greater
with a new tool.

Segmentation frequency increases with the
increase in the cutting speed and decreases with
the increase of tool wear degree.

The research in the chip segmentation formation
contributes to determining chip segmentation formation
mechanisms, as well as defining the most suitable
processing technology. The crater increase on a front tool
surface has a very significant influence on the chip
segmentation formation mechanism, same as on the
frequency of lamella formation and chip shape.

Crater wear directly influences the basic initial structure
of chip segmentation formation that always tends to have



the character of a continual indefinite chip. Rear chip side
in an extremely formed crater leads to the beginning of
the occurrence of layers on the tool cutting edge.

4. MODELLING THE DYNAMIC TOOL
BEHAVIOUR

4.1 Modeling tools using finite element method

Within the research, the dynamic behavior of a turning
cutting tool has been analyzed by applying the FEM -
finite element method, [8].

FEM model of cutting tool holder and tool insert had
5940 degrees of freedom (DOF) and it is formed as one
two-part model. All DOFs for the support part of the
handle have been removed, while the loads responding to
cutting loads are set as parallel to the long axis of tool
(Figure 3). Model is built by use of nine-node heterosis
thick shell FE (from steel) and special link FE in
connection between handle and cutting cutting tool (hard
material) parts.

Fig. 3 FEM model of the cutting tool device

Analysis of the dynamic behavior of a turning cutting tool
generates a very important a priory feeding set which can
be utilized for building a neural-fuzzy system for the
intelligent recognition of the tool wear condition [8]. The
presence of the tool’s natural frequencies in the upper part
of the specter, in the concrete example over 10 kHz,
presents a problem in monitoring the tool wear condition,
since this is the part of the specter where the frequencies
occurring in the process of the chip segmentation
formation are also situated. In such a “deformed figure”,
the monitoring of the chip formation process by analyzing
the adjoining frequency content will be significantly
harder, if not even disabled. Presumptive information on
the dynamic behavior of the tool can be utilized for
separating the specter part that is not contaminated and
whose monitoring can, with high precision, establish an
unambiguous correlation between tool condition and tool
vibration signal measured by an adequate sensor.

It is important to note that, due to the features of the tool
carrier and other elements of the workpiece system linked
to the mass, their influence on the dynamic behavior of
the workpiece system measured on the tool holder is not
critical. The frequencies of these elements are situated in
the lower specter part which is significantly distant from
the specter part where the frequencies generating the chip
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formation process are situated. Hence, the dynamic
behavior analysis of the mechanical structure of the
workpiece system is limited only to the tool behavior
analysis.

Vibration signals originating from the cutting process are
difficult to be measure by direct methods, and they are
technically and practically rather inaccessible for
measuring in order to define the real influence. In the
practical sense, what can be measured are the reactions of
the overall system “tool-workpiece-machine” on the tool.
In measuring, certain limitations occur in identifying and
separating the induction mechanisms and transferring
vibrations from other machine elements. It practically
means that for certain processing operations only the
phenomenological explanation is possible. Determining
the precise content of the measured vibrations from the
cutting process in the output sensor signal presents a very
important task. Dominant influences of natural tool
frequencies in the signal specter can be relatively
precisely calculated by applying certain calculation
methods.

The analysis of the dynamic behavior of the turning
cutting tool holder, utilizing the finite element method,
has an objective to determine natural frequencies and
oscillation amplitudes of the cutting tool holder in the
machining process. Furthermore, the analysis by finite
element method enables the establishment of connections
between experimental research and certain models in the
machining process linked to tool wear and cutting
geometry alteration.

The analysis of vibration signals tends to identify the
difference between natural and self-induced tool
vibrations during the cutting operation and the entire
system vibrations.

4.2 Calculation of natural tool oscillation

frequencies

The calculated natural frequencies of the cutting tool are
presented by broken lines. Within the experimental
research, apart from the turning cutting tool holder
acceleration, the simultaneous measuring of the cutting
forces has also been performed, and hence the turning
cutting tool has been fixed to a dynamometer whose
rigidity is lower than the tool carrier rigidity.

The turning has been done on the lathe ,,POTISJE Ada“,
type PH 45.

The machining is done with combination of cutting speed
and feed show in table 1. Combinations are selected in
order to achieve progressive tool wear.

Table 1: Cutting parameters

Material: 42CrMo4, SRPS CR 10260
hardened to HRC30

Workpiece diameter: | 100 mm

Cutting speed: 200 m/min

Feed: 0.25 mm/rev

Tool type: »Sandvik Coromant" PTGNL
tool holder cross-sect.
20x20

Insert coated with TNMG 110408 PGP-415

TiN: P15, PP-CORUN

Vibration alternation is measured using the accelerometer



set up at the lateral tool side and oriented towards the
longitudinal Workpiece axis.

Based on the presented results, one can observe that
almost all natural frequencies of tool oscillation are
situated in the upper domain of the frequency specter.
This confirms the feasibility of the adopted approach in
modeling and analyzing the dynamic tool behavior. In this
case, significant approximations in setting the model have
not reduced the dominant vibration effects in the
machining process.

For calculating the characteristic oscillation amplitudes of
the cutting tool holder, the method of harmonic analysis
of oscillations has also been utilized. Harmonic analysis
comprises the frequency range from 4 to 60 kHz. Figure 4
presents the amplitude frequency cutting tool
characteristics in the direction of the axes X, Y and Z.
The analysis of the obtained results can argue that the
oscillation amplitudes in the directions of the axes Y and
Z are of the same size order in the larger number of
natural frequencies, while they are significantly smaller in
the direction of X axis, even at the frequency 46.6 kHz
which presents the largest frequency in the direction of
this axis.

(l0**-3]
1.25

1.125
1
.85
WE
_B25
-5
L27E |

JES ‘
W3

¥z

(xl0**1

J125

A

400 1520
JE0 2080

b
2630 2760 a550 E000
200 G220 5340

FEEQ

Fig. 4 Amplitude frequency characteristic of the cutting
tool in the directions of X, Y and Z axes

The analysis of the experimental results and the results
obtained by the calculation from the finite element
method can be utilized to connect the oscillation modes
on calculated and measured frequencies with the
conditions of their occurrence:

1. At 14 kHz there is cutting tool oscillation in the
directions of Y and Z axes where the largest
amplitudes occur on the cutting tool top and they
are around 30 to 35 [um];

At 22.95 kHz the amplitudes of movement in the
direction of the stated axes are around 10-20 [um]
and occur on the cutting tool holder (neck);

At other frequencies 23 and 42.5 kHz the maximal
movement amplitudes also appear on the turning
cutting tool neck.

The mentioned natural frequencies entirely cover the part
of the frequency range in which there are dominant
components of induction generated by discontinuities
during the chip segmentation formation.

2.

3.
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5. CONCLUSION

In the range between 10 and 50 kHz there are a larger
number of the tool’s natural frequencies, creating a space
for the appearance of the resonance under the action of
induced force generated by chip segmentation formation.
The increase in the oscillation intensity induced by the
tool resonance on a larger number of frequencies has a
greater intensity and deforms the signal content occurring
in the process of chip segmentation formation. Vibration
output is variable, with distinctive peaks in individual
frequencies overlapping with the chip segmentation
frequency. The alteration in chip type stipulates the
appearance of new frequency components (harmonics)
which are close to lamella formation frequency, with the
occasional appearance of self-induced vibrations in the
moments when the tool is at the end of its life span.

ACKNOWLEDGEMENTS

This paper presents a segment of the research on the
project “Contemporary approaches in the development of
special solutions bearing in mechanical engineering and
medical prosthetics”, project number TR 35025. financed
by the Ministry of Education and Science of the Republic
of Serbia. University of Novi Sad, Faculty of Technical
Sciences.

REFERENCES
[1] Anti¢, A., Hodoli¢, J., Sokovi¢, M., (2006)
Development of a neutral-network tool-wear

monitoring system for a turning process, Strojniski
vjestnik - Journal of Mechanical Engineering, Vol.
52(11), pp 763-776

[2] Gente, A., Hoffmeiste, H.W., (2001) Chip formation
in machining Ti6A14V at extremely high cutting
speeds, Journal Annals of the CIRP 50(1), pp 49-52.

[3] Cotterell, M., Byrne, G., (2008) Dynamics of chip
formation during orthogonal cutting of titanium alloy
Ti—6Al-4V, CIRP Annals - Manufacturing Technology
57, pp 93-96.

[4] Calamaz, M., Coupard, D., Girot, F., (2008) A new
material model for 2D numerical simulation of
serrated chip formation when machining titanium
alloy Ti-6Al-4V, International Journal of Machine
Tools & Manufacture 48, pp 275-288.

[5] Morehead, M.D., Huang, Y., Luo, J., (2007) Chip
morphology characterization and modeling in
machining hardened 52100 Steels, Machining Science
and Technology 11, pp 335-354.

[6] Katuku, K., Koursaris, A., Sigalas, 1., (2009) Wear,
cutting forces and chip characteristics when dry
turning ASTM Grade 2 austempered ductile iron with
PcBN cutting tools under finishing conditions, Journal
of Materials Processing Technology 209, pp 2412-
2420.

[7] Kovagevi¢, D., (2006) FEM Modelling in structural
analysis (in Serbian), Gradevinska knjiga, Belgrade.

[8] Anti¢, A., Zeljkovi¢, M., Klanénik, S., Zivkovi¢, A.,
(2011) Influence tool wear condition on cuting proces
and tool vibrations, Machine Design, Vol. 3, No 4, pp
259-262.



34" INTERNATIONAL CONFERENCE ON

PRODUCTION ENGINEERING
28. - 30. September 2011, Nis, Serbia
University of Ni§, Faculty of Mechanical Engineering

PREDICTION OF MECHANICAL PROPERTIES AND MACHINABILITY OF CAST
COPPER ALLOYS USING ANN APPROACH

Milo§ MADIC, Goran RADENKOVIC, Miroslav RADOVANOVIC
Faculty of Mechanical Engineering of Ni§, University of Ni§, A. Medvedeva 14, Nis, Serbia
madic@ masfak.ni.ac.rs, rgoran@masfak.ni.ac.rs, mirado@masfak.ni.ac.rs

Abstract: Artificial neural networks (ANNs) have been used in many application areas of engineering.
Their flexibility and robustness enables them to model very complex relationships between large number
of parameters with complex interdependencies. In this paper, an ANN approach is applied to predict the
mechanical properties and machinability of Cu-Sn—Pb-Si-Ni—Fe-Zn-Al cast alloys. ANN having 8
neurons in input layer for representing alloy chemical composition (wt%), 4 neurons in hidden layer, and
3 output neurons for prediction of yield strength, ultimate tensile strength and machinability rating was
developed. For evaluating the predictive performance of the proposed ANN model the statistical methods
of mean absolute percentage error (MAPE) and correlation coefficient (R) are used. It has been shown
that the proposed ANN architecture trained with 51 data patterns and tested on 12 unknown data patterns

is capable of successful prediction.
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1. INTRODUCTION

The mechanical properties of cast alloys mainly depend
on the weight fractions of alloying elements, applied heat
treatments, microstructures, morphologies of the various
phases constituting [1]. Similarly, it has been widely
reported that machinability of selected material, besides
cutting conditions, depends on the chemical composition.
Recently, the application of artificial intelligence (Al)
methods for modeling complex relationships among a
large number of variables, confirms the validity of these
methods for developing predictive models in material
science and engineering. The application of artificial
neural network (ANN) for prediction of mechanical
properties can be found in numerous sources including [1-
3]. The prediction of machinability of steel using the
genetic programming (GP) can be found in [4].

The aim of this paper is to predict both mechanical
properties, namely, tensile strength and yield strength, and
machinability of Cu—Sn—-Pb-Si—Ni—Fe—Zn—Al cast copper
alloys on the basis of the chemical composition (wt%) of
alloying elements using the ANN approach.

2. ARTIFICIAL NEURAL NETWORKS

Artificial neural networks (ANNSs) are massive parallel
systems made up of numerous simple processing units
called neurons that are linked with weighted connections.
ANNSs are characterized by their topology, weight vectors
and biases, and activation functions that are used in
hidden and output layers of the network [5]. Among
various types of ANNs multi-layer perceptron (MLP)
with back propagation (BP) training algorithm, is the
most commonly used. The BP MLP is designed to operate
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as a multilayer fully-connected feed-forward network,
with a particular BP training algorithm for supervised
learning [6].

The feed-forward ANN is composed of many
interconnected neurons which are grouped into input,
hidden, and output layer. The number of input neurons of
the ANN is equal to the number of independent variables,
while the number of output neurons is equal to the
number of functions being approximated by the ANN.
The number of hidden layers and the number of neurons
in each of them is not defined in advance. The number of
hidden neurons can change during the ANN training until
the optimum topology is defined, namely, the one that
produces the best performances of ANN [6].

In a feed-forward architecture, information flows only in
the forward direction, i.e. from input to output neurons.
Each neuron in the ANN is interconnected with all
neurons in the preceding and following layers. There are
no interconnections within neurons of the same layer. The
input neurons are used to introduce the data in the ANN.
Through neurons interconnections each input data is
processed with weights to be used in the hidden layer.
The j-th hidden neuron receives an activation signal
which is the weighted sum from the neurons in input
layer:

hj =iji-xi +bj

where wj; is input to hidden units weights, and b; biases
(thresholds) of hidden neurons. This sum is then passed
through an activation (transfer) function (f) to produce the
neurons output (H;). The activation function introduces a
degree of nonlinearity. Transfer function in hidden layer

€]



is most commonly sigmoid function whose general form
is:

1
14e

- th)

Finally, the output neurons receive the following signals
from the hidden neurons:

Yk :Zwkj'Hj+bk
i

where w, is the weight of the connection between hidden
and output neurons, and by biases of output neurons.
These activation signals can be transformed again, using
the sigmoid transfer function to give the outputs of the
ANN. However, for prediction, it is sufficient to use
linear activation function (identity) for output neurons.
Once the ANN architecture is developed, the ANN must
be trained in order to learn the relationships between
inputs and output(s).

Before the ANN training, all the weights and biases must
be initialized. The selection of initial weights is very
important in ANN training. There are a number of method
for weights initialization but it is typical to set weights
and biases to small random numbers (e.g., between -0.5
and 0.5 or between -1 and 1). Weights initialization
according to Nguyen-Widrow method is also one of the
most popular methods and this is the default initialisation
method for the feed-forward ANNSs that are created
through the ANN toolbox of the MATLAB software
package.

In order to improve the converge speed, the input and
output data should usually be normalized (scaled). The
normalization range depends largely on the activation
function. Normalizing to [-1,1] for the hyperbolic tangent
transfer function and to [0,1] for the sigmoid transfer
function is often applied.

@

@)

3. ANN PREDICTIVE MODEL FOR
MECHANICAL PROPERTIES AND
MACHINABILITY

3.1. Data collection

Chemical compositions, mechanical properties and
machinability ratings of cast copper alloys were collected
from related standards, ASM Hand books [7], [8], and [9].
Cast copper alloys are classified into alloy groups
according to chemical composition [8]. In the present
study 63 data was collected for Cu-Sn-Pb-Si-Ni-Fe-
Zn-Al cast alloys.

Although the properties of copper materials are mainly
determined by the composition of the alloy, categorizing
materials according composition to their machinability is
unsuitable, because alloys in the same alloy group often
exhibit different machinability properties [9]. However,
ANNs have proven to be a very powerful tool in data
mining. In order to provide practitioners with a basic
overview of the machinability of the copper alloys, a
machinability rating was proposed in the literature [7],
[8]. The machinability rating of copper alloys goes from
20 (hard to machine) to 100 (excellent machinability),
with step 10. According to [9] copper and copper alloys
are classified into three main machinability groups:
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1. Machinability group I, with 70 < machinability
rating < 100,

2. Machinability group 11, with 40 < machinability
rating < 60,

3. Machinability group 111, with 20 < machinability
rating < 30.

3.2. ANN model development

The ANN model was aimed to predict the mechanical
properties (yield and tensile strength) and to classify the
alloys to above-mentioned machinability groups by
predicting the machinability ratings. The ANN model has
eight input neurons for representing Cu-Sn—Pb-Si—Ni—
Fe-Zn-Al (wt%) contents and three output neurons for
prediction of yield strength, tensile strength, and
machinability rating. In developing an ANN model, the
available data set is divided into two sets, one to be used
for training of the ANN model, and the remaining is to be
used to verify the generalization capability of the ANN
model. Therefore, 51 data patterns were used for ANN
model training, and 12 data patterns for ANN model
testing. The selection of training and testing data was
done by random method. The upper limit of number of
hidden neurons was determined knowing that the number
of weights doesn’t exceed the number of data for training.
Though the ANN can still be trained, the case is
mathematically undetermined [10]. For 51 training data
patterns available, eight inputs and three outputs, the
maximum allowed number of hidden neurons is four.
Hence, the architecture of ANN model becomes 8-4-3 as
shown in Figure 1.

Input layer

Hidden Output

Tensile
strength

. VYield
strength

Machinability
rating

Fig.1. ANN model proposed in present study

Linear transfer function and hyperbolic tangent transfer
function were used in the output and hidden layer,
respectively. In order to stabilize and enhance ANN
training the whole data was normalized between 0.1 and
0.9 using the following equation:

Yoo :O.S-W+O.l

i ()



where Xnorm and x; represent the normalized and original
(raw) data, and Xpi, and Xmax are minimum and maximum
values of the raw data.

Prior to ANN training, the initial values of weights were
set according to Nguyen-Widrow method.

The MATLAB’s Neural Network Toolbox software
package was used for training and testing the ANN
model. BP algorithm with adaptive learning rate and
momentum, “traingdx”, was used for ANN training. The
ANN’s performance during training was measured
according to the mean of squared error (MSE), Figure 2.
The training was stopped after 50000 iterations since no
further improvement in ANN performance was achieved.

MSE =0.0023472

" ) 1 L . . y
1.5 2 26 3 35 4 49 b
Epochs x 10"

Fig.2. ANN performance during training
3.3. Statistical evaluation of ANN model

In order to estimate the generalization ability of the
developed ANN model, the test data set is used. Before
estimating the performance of the ANN model all the
ANN outputs were denormalized using the equation:

_ (Oi _O'l)'(xmax_xmin)

Xdenorm - 08 + Xmin (5)

where 0; is the i-th predicted value by ANN model.
Statistical methods were used to compare the results
predicted by the ANN model on both testing and entire
data (training+testing). In adition to the correlation
coefficient (R), the statistical method of mean absolute
percent error (MAPE) has been used for estimating the
prediction errors. These values are mathematically
defined by the following equation:

N

Z(ti _t—)'(pi - 5)
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where: t is the i-th target value, p is the i-th predicted
value where the bars indicate mean values, and N is the
number of data. A comparison of the target and predicted
yield strength, tensile strength and machinability rating,
are presented in Figs. 3 and 4.
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Fig.3. Comparison of target and predicted for testing
data
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From Figs. 3 and 4 it is evident 8-4-3 ANN model trained
on 51 data patterns is capable of successful prediction of
yield strength, tensile strength and machinability.

72

4. CONCLUSION

In this paper, an ANN approach has been used to predict
the mechanical properties (namely, yield strength and
tensile strength) and machinability as a function of
chemical composition of Cu-Sn—-Pb-Si—Ni-Fe-Zn-Al
cast alloys. It has been shown that ANN having 8-4-3
architecture trained with BP algorithm is capable to
accurately predict multiple characteristics. High values of
R and MAPE around and bellow 10 % confirm the
validity of the developed ANN model.

Further improvement of the ANN model can be achieved
by using more data patterns which would enable using
additional hidden neurons, i.e. developing ANN model
with more expressive power. Similarly, one would expect
improved results by developing the ANN models for each
output characteristic separately.

Also it would be advantageous to develop ANN model for
prediction of machiniability which would include as ANN
inputs, in addition to chemical composition, mechanical
properties of the alloy.
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Abstract: Paper analyses the cavitation erosion behavior of four stainless steels used for details heavy
subjected to cavitation, such as hydraulic turbine runners and pump impellers. Those steels have the
same chromium content (12%) and variable nickel content (2...8%). According with the tendencies to
reduce the carbon content under 1%, this element was maintained at 0.036%. The experimental
researches undertaken in the Cavitation Laboratory of the Timisoara Polytechnic University used a
vibratory facility and respected the conditions of the ASTM G32-2006 Standard. The steel behavior was
evaluated both on the ground of microstructure erosion (through optic and electronic microscopy) and by
comparisons with other reference steels. One of them, symbolized OH12NDL was used in Romania and
other countries for manufacturing turbine blades and assured over 20 years of good running, with normal
repair works.

Key words: stainless steel, cavitation erosion, microstructure, characteristic curves, maximum depth of

RESEARCH ON CAVITATION EROSION BEHAVIOR OF STAINLESS STEELS WITH

erosion

1. INTRODUCTION

The damages produced by cavitation, especially to the
turbine runners, pump impellers and ship propellers,
determined the researchers to analyze the erosion causes
and to establish the materials that can give the best
resistance to this erosion. Although multiple researches
were carried out [2], [3], the best solution was not found
till now because cavitation is a complex physical
phenomenon. So, important damages continue to take
place in our days. That is way, the researchers analyses

Building “HANS BEIMLER”, Henningsdorf, Germany)
possessed by GIROM Giurgiu. The effective realized
chemical composition, shown in Table 1, was determined
using an optical emission spectrometer with sparks, of the
type “Foundry Master” produced by the German Firm
WAS at the Laboratory for Optic and Fluorescent X Ray
Emission Spectrometry (LISEOFRX) of the Center for
Special Materials (Bucharest Polytechnic University).

Table 1 Chemical Composition

damaged structures produced in laboratory conditions [4], Chemical Symbol stainless steel
[5] and look for models to estimate the cavitation Element 12/2 | 12/4 | 12/6 | 12/8
resistance [3]. Toward this purpose were directed also the 9% Chemical Element
researches presented in this paper and obtained in the C 0.036 0.036 | 0.036 | 0.036
Cavitation Laboratory of Timisoara Polytechnic Si 0.642 0510 | 0461 | 0696
University, using stainless steels with the same content of Mn 0.204 0271 | 0.028 | 0427
chromium (12%) and variable content of nickel. These Cr 11.957 | 11.840 | 12.059 | 12.206
steels were chosen similar to those used for refurbishing Ni 1.97 2.009 5597 7847
some Romanian power plants. The studies put into Mo 0036 0.029 0039 | 0.041
evidence similarities and differences for steels with Nb 0,010 0012 0,009 0018
various microstructures and found new elements for the Al 0.062 0'073 0.064 0'044
evaluation of cavitation erosion behavior on the ground of ' . - -
the rate “Equivalent Chromium/Equivalent Nickel” which C(.) 0.000 0.010 0.002 | 0035
permits to establish the types of the microstructure with Ti 0.080 0.149 0.073 | 0.024
the Schaffler diagram [2]. \Y 0.011 0.013 | 0.009 | 0.010
W 0.083 0.076 | 0.153 | 0.146
2. RESEARCHED MATERIALS Al 0062 | 0078 | 0.064 | 0.044
The researched steels were obtained as 300 g stocks in a Cu 0.046 0.075 0.077 0.09
multiple chamber melting furnace, with an EMO 80 P 0.007 0.007 0.007 | 0.009
electronic beam for melting, alloying and casting in . " S 0.013 0.015 0.012 | 0.020
e-res

vacuum, equipped with an electron gun having a power of
80 kW (producer Electric Factory for Locomotives
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The heat treatment of the steels was done with the help
of a UTTIS furnace at Bucharest Polytechnic University.
They consisted in a process annealing followed by
quenching in water from 1050 °C.

Taking into account the equivalent coefficients of
chromium (Cr)e and nickel (Ni)e obtained with the
relations (1) and using the Schéffler diagram the
microstructure constitution was determined. In Table 2
are listed the approximate proportions of constituents.

(Cr)e = %Cr +1.5x%Si + %Mo + 0.5x% (Ta+Nb) +
2x%Ti + %W + % V + % Al
@)

(Ni)e = % Ni + 3x%C + 0.5x%Mn + 0.5x%Co

Table 2 Prediction of the microstructure constitution
in conformity with the Schéffler diagram

Steel (Cre | (Ne | =M =A =F
(Cr/Ni) % % %
12/2 13,272 | 3,152 55 - 45
12/4 13,1 5,23 86 - 14
12/6 13,166 | 6,692 | 100 - -
12/8 13,548 | 9,158 90 10 -
M-Martensite, A-Austenite, F-Ferrite

Finally, the microstructure analyze of the steels was done
with a Reichert metallographic microscope and is
presented in Figure 1. The analyzed microstructure is in
agreement with the data established using the Schaffler
diagram, the steels presenting characteristics structures
for the casting procedure, with coarse grains. The steels
with controlled chromium (12%) have martensite as
major constituent (steel 12/6) at which is added either
ferrite (in equal proportion for the steel 12/2 or only 14%
for the steel 12/4) or austenite (with insular arrangement
for the steel 12/8).

& AT

d) 12/8

Fig. 1 Microstructure aspect of the used stainless steels
(attack with acid nitromuratic with glycerin, x100)
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3. TEST FACILITY AND PROCEDURE

The cavitation erosion tests were performed using the
vibratory device presented in Figure 2, realized by taking
into account the ASTM G32 Standard [7]. The device
parameters are: power 500 W; vibration frequency 20
kHz; double amplitude of vibrations 50 um; specimen
diameter 15.8 mm; supply voltage 220V/50Hz; vibratory
specimen type. The working agent was double distilled
water, having a constant temperature of 23%1°C. In
conformity with the procedure of our laboratory, the total
test exposure was 165 minutes, divided in 12 periods (one
of 5 minutes, one of 10 minutes and 10 of 15 minutes [6].
At the beginning and the end of each period each
specimen was washed successively with tap water, double

distilled water, alcohol and acetone and afterward
weighted.
During the inter-test periods the specimens were

maintained in desiccators to avoid any influence of the
environment upon the specimen surface.

From each material were tested three specimens. After the
erosion tests there were analyzed two surfaces situated in
perpendicular planes. The first was the surfaces exposed
to cavitation attack. The second was obtained by cutting
the specimen and was necessary to determine the
maximum penetration depth and the state of material
under the eroded area. In order to establish the structural
characteristics the analyzes were accomplished by: the
optic stereomicroscope OLYMPUS SZX 7 equipped with
the program quickMicrophoto 2.2 for image processing;
the REICHERT Univar metallographic microscope with
an automatic table and a video camera with adaptor and a
system for image acquisition; and the scanning electronic
microscope XL-30-ESEM TMP.

Fig. 2 T2 standard vibratory device

4. EXPERIMENTAL RESULTS

Relaying on the mass losses recorded at the end of each
testing period there were realized the time dependence of
the cumulate mass losses as well as the erosion velocities,
Fig. 3a and 3b. The values of mass losses and erosion
velocities presented in diagrams are the averages obtained
from the three specimens tested for each material. In order
to evaluate the behavior of the tested steels in the
diagrams are presented also the results for the OH12NDL



steel, used in the past, for
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Fig. 3 Cavitation erosion characteristic curves for steels
with constant chromium
a) Cumulative mass losses against time,
b) Erosion rate against time
(Steel symbols represent chromium concentration over
nickel concentration)

The cavitation erosion evolution and the comparisons of
the specific structural aspects for different microstructure
constituents was put into evidence both at the
macrostructure level with the stereomicroscope and for
the microstructure level accomplished with the
metallographic optic microscope as well as the scanning
electronic microscope. The macrostructure analyze on the
surface subjected to cavitation realized with the
stereomicroscope is presented in the Figure 4. The eroded
surfaces, regardless of the structure, have an irregular
outline and the eroded area (P) occupies between 83.1%
(for the steel 12/6) and 88.75% (for the steel 12/4) from
the whole area subjected to cavitation. The maximum
penetration depth (DPpay, determined after cutting the
specimens has values between 116.8 um (for the steel
12/4) and 267,40 um (for the steel 12/2), as can be seen in
Figure 5.

In the cut section there were put into evidence, the
damages suffered by the metal in the hardened zone,
damages produced by the repetitive actions of the
imploding bubbles [1, 5, 6] as can be seen from Figure 6.

5. RESULTS ANNALYSE. DISCUSIONS

In comparison with the OH12NDL martensitic steel (0.1
%C, 12.8 %Cr, 1.25 %Ni; 88% martensite, 12% ferrite)
[2] all the studied steels have better cavitation erosion
resistance.
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Dm =13821um;
P =83.63%
a) Steel 12/2

Dm =14051m;
P =88.75%

b) Steel 12/4

Dm =14270.3um;
P =83.01%

Dm =14172 um;
P =83.10%
c) Steel 12/6 d) Steel 12/8

Fig. 4 Stereo microstructure of specimens and
measurements of the eroded area (x8)

(x100); (x100);
DPpax = 267,40 zm DPpnax = 116,8 um
a) 12/2 b) 12/4

(X);

(x8);
DPpnax = 241m DPnax = 129 zm
c) 12/6 d) 12/8

Fig. 5 Erosion maximum penetration depth
(images at the stereomicroscope)

From the Figures 3 it can be seen that the steels 12/4,
12/6 and 12/8 have similar behavior at cavitation erosion
although the microstructure (see Table 2) is a little
dissimilar (different proportions of martensite and ferrite)
but with the martensite as the main structure constituent.
The scatter of the measured points (Figures 3b) is the
result of the coarse grains obtained through the casting
and entirely expelled during the cavitation attack. This
conclusion is sustained also by the images in Figures 5
(maximum penetration depth) and 6 (aspects of
microstructure damages).



Comparing the values of maximum erosion depth given in
Figure 5 with the characteristic curves shown in Figure 3
we can see substantial discrepancies. While the
parameters of the vibrating device were the same for all
the tests, we appreciate that the depth depends in great
measure on some local conditions, such as the expelled
grain dimension. Consequently, we believe that the
maximum penetration depth is not an adequate method to
compare the material resistance. Eventually, it can be
used to appreciate the cavitation behavior for different
manufacturing procedures. This conclusion is sustained
by the incongruities between this value and the evolution
of lost masses (Figures 3a) as well as the evolution of the
erosion velocities (Figures 3b). On the contrary, the
experience accumulated in our laboratory during forty
years of researches in the domain lead us to the
conclusion that the mean penetration erosion is an
adequate parameter for comparisons of the cavitation
erosion for various materials.

In the images presented in Figure 6 it can be seen a
narrow zone in which appear local deformations. This
situation is the effect of the phenomena created by the
implosion of bubbles [2], [3]. A more careful examination
shows that this hardened zone is greater for the steels with
austenitic structure (12/8).

Examinations by electronic microscopy put into evidence
the following aspects of the microstructure damages, see
Fig.6.

b) 12/4

c) 12/6 d) 12/8

Fig. 6 SEM image of the specimen after cavitation (x500)
a) Inter grain fragile cracks produced by cavitation;
caverns with inter grain propagation, dimensions 2-8 um.
b) Cleavage fracture with fragile aspect, with inter grain
propagation; caverns disposed between grain with great
dimensions (10-15 zm) alternating with small caverns; c)
Combinations of caverns 1...5 pm and cleavage cracks
with fine inter grain cracks; d) Minute caverns and non-
metallic inclusions; mixture of caverns and cleavages and
evident fine inter grain cracks
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6. CONCLUSIONS

1. The tested steel present good and very good behaviors
to cavitation erosion, better than the reference steel
OH12NDL. The cavitation affected area represents = 83%
till = 88% from the exposed surface and the maximum
penetration depth varies between 116.8 um and 267.4 pum.
2. All the four steels can be used for manufacturing or
repair works of the pieces heavy affected by cavitation.

3. Studies upon steels with controlled contents of
chromium and variable nickel offer the possibilities to put
into evidence the correlation of cavitation erosion
resistance with the steel structure.

4. Our opinion is that the use of the maximum depth
penetration, measured for the final testing period (see
Figure 5), being dependent on the dimension of the
expelled grains, does not represent a suitable parameter to
compare materials. This statement is sustained by the
incongruity between the maximum depth and the
evolution of material losses or erosion velocities (see
Figures 3). Eventually it can be used to appreciate some
manufacturing procedures. If necessary we recommend
the use of mean depth erosion, computed for the final
eroded volume.
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Abstract: lon beam assisted deposition was used to prepare hard TiN coatings. In order to provide
appropriate adhesion of TiN film, a titanium nano-interfacial layer was introduced between coating and
base material. The interfacial layer was produced by ion beam mixing of titanium atoms with atoms of
steel substrate. The influence of substrate surface roughness on adhesion properties of TiN coatings was

studied in this research.

Adhesive strength of the coatings was characterized by commonly used scratch test technique. Coating
adhesion and toughness were evaluated qualitatively by HRC adhesion test. Optical microscopy was
implemented in order to examine channels generated during scratch test. Atomic force microscopy was
employed to determine sample roughness prior and after the deposition of TiN films. It has been found
that critical load of coating detachment increases with increase in substrate roughness.

Key words: Adhesion strength, Roughness, TiN, IBAD

1. INTRODUCTION

Hard coatings are used to improve surface properties of
components in a great number of applications, e.g. plastic
injection moulding, die casting tools, cutting and forming
tools, and others.

The most important parameter in practical application of
coated elements is adhesion between a coating and a
substrate. Regardless of its importance, there is no widely
accepted characterization technique for quantitative
measurement of adhesion strength of thin coatings.
Adhesion is usually evaluated by generally accepted
scratch test technique. During the scratch test a diamond
tip is dragged over the surface with the normal force
increasing linearly with the traveled distance. The critical
load, the load at which the coated film is removed from
the substrate, is influenced by many factors such as film

thickness, substrate hardness, substrate roughness,
interface bonding, and intrinsic properties of the deposited
film [1-3].

Thin hard coatings can be produced by great number of
different deposition techniques. Among them ion beam
assisted deposition distinguishes as a promising to
produce highly adherent films [4,5]. This technique
combines physical vapor deposition with ion beam
bombardment of growing films. Careful selection of
process parameters such are the ion angle of incidence,
ion energy, ion current and ion to atom ratio provides a
possibility to prepare thin film with desired properties.

This article presents the study of the effect of substrate
roughness on the adhesion of TiN coatings deposited on
carburized steel substrates. The references reporting on
influence of substrate roughness on adhesion of hard
coatings are scarce. While Bromark et al [6] did not find
any significant influence several researches [7-9] have

79

shown a decrease of the critical load with increase in
substrate roughness.

2. EXPERIMENTAL

TiN coatings were produced by using the lon Beam
Assisted Deposition (IBAD) technique. The used IBAD
system is equipped with a Kaufmann ion source and an e-
beam evaporation source. All depositions were performed
in a system with a base pressure of 1.5x10° mbar. The
coatings were deposited in mixed Ar and N, atmosphere
with partial nitrogen pressure between 1.1 and 1.2¢10°
mbar, while substrate temperatures were kept at 400 °C.
Hot Work Tool Steel (X38CrMoV5-1) was used as a base
material. Substrate roughness was varied by varying
grating of the sand paper used during grinding procedure.
The studied samples were denoted as sample 400, sample
1500, and sample 2000 where substrates were prepared
using 400, 1500, and 2000 grit silicon carbide sandpaper
respectively. The sample 2000 was additionally polished
by using a 3 um diamond polishing paste. Prior to
deposition, all substrates were sputter-cleaned by using an
argon ion beam.

In order to provide appropriate adhesion a Ti interfacial
was introduced between TiN film and steel substrate. The
layer was produced by ion beam mixing of atoms of base
material with titanium atoms.

A scratch test was employed to characterize adhesion
properties of TiN coatings. During the test, the diamond
tip moved at a velocity of 10 mm/min, the load applied
was progressively increased from 1 to 100 N at rate of
100 N/min over the scratching distance of 10 mm.

Optical microscopy was used to identify failures along
scratch channels and to determine the critical loads at
which these failures occur.
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Additionally, the friction coefficient curves were used to
determine the critical load for coating detachment.

In addition to scratch test, adhesion was quantitatively
evaluated by standard HRC adhesion test. Rockwell
indentations were made by applying 140 kg force.

Atomic force microscopy (AFM) was applied to measure
sample surface roughness prior and after the deposition.
All images were acquired in contact AFM mode using a
symmetrically etched silicon-nitride probe. The scan area
was 90x90 pm? while scan rate and set point were kept at
0.5 Hz and 225 nN respectively.

3. RESULTS AND DICUSSION

Table 1. Surface roughness before and after the coating
deposition

Sample Sa (nm) Sq (nm)
Uncoated | Coated | Uncoated | Coated
400 25 38 33 48
1500 11 15 15 19
2000 3 9 4 12

The surface topography of uncoated and coated samples
has been imaged by using an atomic force microscope.

Uncoated

Sample 400

Sample 2000

The surface roughness was characterized by arithmetic
mean (Sa) and root mean square roughness (Sq). The
values of roughness parameters are given in Table 1.The
AFM images of samples with and without TiN coating are
shown in Figure 1.

It can be seen from the Table 1 that surface roughness of
all samples increases after applying TiN coating. Change
in surface roughness can be attributed to several effects
directly connected with ion bombardment, among which
are adatom mobility, sputtering and ion incorporation.
There is a great number of parameters which influence the
roughness after the deposition such as the ion beam
energy [10,11], ion to atom arrival ratio [11], film
thickness [12-14], grain size [13,14], coating texture
[12,14], and others. In this study all process parameters
were kept constant for all samples. The coating thickness
was around 1 pum for all samples; therefore it should not
have influence on surface roughness of studied coatings.
During the deposition growing film was bombarded by
argon ion beam with energy of 1keV. Such ion
bombardment induces enough energy into growing film to
enhance the mobility of the surface atoms. Increased
adatom mobility leads to aggregation of large crystal
grains which results in increased surface roughness [15].

Fig.1. AFM images of samples 400 and sample 2000

In order to find a relation between substrate roughness
and coating adhesion all samples were subjected to
scratch test. During this test a critical load which leads to
coating failure is determined. In the present study three
critical loads were identified: Lc, - is the normal load at
which the first chipping of the film occurs, Lc; - is the
normal load at which the substrate is exposed for the first
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time, and Lcs - is the normal load at which the complete
removal of the film occurs. Optical microscopy of
generated scratch channels was used to determine all three
critical loads. In addition, friction and acoustic emission
curves (Figure 2) were examined in order to evaluate the
critical load of complete coating detachment.
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Fig.2. Friction and AE curves recorded during scratch
tests a) sample 400, b) sample 2000. Vertical lines
indicate the critical loads (Lc)

Figure 3 shows critical loads Lc;, Lc, and Lcs in a
function of the substrate roughness. There was no
formation of chipping failure along the scratch channel of
the sample 400; therefore the critical load Lc; for this
sample is not presented in the Figure 3. The highest
critical load Lcs of 71 N was recorded for the coating
deposited on the roughest substrate. Decreasing trend of
the critical load with decrease in surface roughness was
observed.

6 Mlc3 Wlc? | lcl
70
60
50
40
30
20
10

400

1500 2000

Fig.3. Critical load of TiN coatings in function of
substrate roughness

Optical micrographs of generated scratch channels are
presented in Figure 4. All samples show remarkable
adhesion, with damage localized to do edge of the scratch
track. Buckling failure mode was observed for the
samples. Buckling failures appear as a result of the
compressive stress field in front of the moving slider.
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Curved, concentric, through - thickness cracks extending
to the edge of the scratch track or beyond are typical for
this type of failure [16]. Usually chipping failure occurs
around previously formed crack in the region of high
tensile stress within the coating. However, there was only
minor chipping formation on the two smoother samples,
while there was no coating chipping on the roughest
sample (sample 400). First coating delamination
(substrate exposure) occurs earlier on the smooth samples,
and is present on a much larger scale comparing to the
roughest sample.

Lcs - coating removed

Lc; - exposed substrate

Sample 400

Sample 2000

Fig.4. Optical micrographs of scratch tracks of TiN
coatings, a) sample 400, b) sample 2000

High adhesion of studied coating was confirmed by
employing standard HRC adhesion test. Optical
micrograph of produced indents is shown in Figure 5.
There was no visible coating delamination for all samples.
According to the HRC test, there are six grades of
adhesion strength quality HF1 - HF6 (HF1 being the
best). All samples were characterized by high adhesion
strength of HF2. High adhesion might be explained by the
presence of ion beam mixed layer between TiN coating
and steel substrate.

Fig.5. HRC indents made on TiN coatings applying
standard 140 kg load, a) sample 400, b) sample 2000



The increase of the critical load with an increase of
substrate roughness can be explained by different
deformation modes of samples with different surface
morphology. Rougher coating resists a greater amount of
plastic deformation before formation of the damage. As
substrate roughness increases, the amount of energy
required for plastic deformation of surface asperities
increases as well. Therefore, higher normal load is
required to develop the same type of failure on rougher
samples. The increase of roughness induces growth of
interface surface area resulting in lower shear stress
values and an apparent increase in adhesion strength [17].
The adhesion trend found in this study is contrary to the
results reported by other authors [7-9] who studied
influence of substrate roughness on coating adhesive
properties. According to cited articles, the ridges on rough
substrates generate the stress concentration which leads to
easier crack formation and to decrease in adhesion.

The different trend can be explained by the difference in
absolute roughness of studied samples. Comparing to
cited articles this study was conducted on generally
smooth substrates. Apparently, there is an upper value of
roughness after which coating adhesion starts to decrease.

4. CONCLUSION

The surface roughness of all studied samples increases
after applying TiN coating.

High scratch resistance was observed for all samples.
Evidently, the ion beam mixed interlayer introduced
between the coating and steel substrate plays important
role in increasing the adhesion of TiN coatings.

Increase of adhesion strength with increase in substrate
roughness was found. This is contrary to previous
findings from studied area. It appears that there exists a
peak roughness after which adhesion starts to decay.

In order to confirm observed adhesion trend further
investigation should be directed to other types of hard
coatings applied to samples with surface roughness from
larger domain.
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Abstract: TiN coatings were deposited on hot working steel substrates by ion beam assisted deposition
technique. The deposition process was conducted at two different temperatures 50 and 400°C. The
influence of applied deposition temperature on the mechanical properties, adhesion strength and surface
morphology of TiN coatings was studied. The mechanical properties, i.e. hardness, modulus of elasticity
and coating strength were characterized by nano-indentation technique. Adhesion strength was evaluated
by generally accepted scratch test technique. In addition, HRC adhesion test was utilized to compare
adhesion of different coatings qualitatively. Surface morphology was analyzed by atomic force
microscopy before and after the film deposition. The coating deposited at higher temperature displayed
higher hardness, and also higher critical loads were obtained during scratch test when compared to
coating deposited at lower temperature. The ion bombardment during the deposition process enhances
the adatom mobility allowing the deposition of coatings with high hardness and adhesion strength even at

low temperatures.

Key words: TiN, IBAD, deposition temperature, AFM, surface roughness

1. INTRODUCTION

Hard coatings are deposited by a large variety of PVD
deposition techniques where a lot of process parameters
are controllable in order to produce a desirable coating.
The process parameter that is distinctive for all these
techniques and withal one of the most important is the
deposition temperature. Deposition temperature is one of
the key parameters affecting the coating growth and the
one that also affects the substrate properties [1-4].
Coating mechanical properties like hardness, elastic
modulus and coating/substrate adhesion are dependent on
the deposition temperature, [1]. It is well documented that
most of the coating mechanical properties are improved as
the deposition is carried out at higher temperatures, [1].
When coatings are deposited onto heat sensitive
substrates the control of heat that is introduced by the
deposition process is crucial. Lowering the deposition
temperature raises another difficulty since the coating
grows in condition with less energy — lower adatom
mobility, [3]. The lack of energy is compensated when a
low temperature deposition process is carried out under
constant ion beam bombardment what is feasible with lon
Beam Assisted Deposition, [4, 5]. This implies that such
process conducted on a high temperature can result with
coatings exhibiting great properties.

The goal of this research was to investigate the
influence of deposition temperature on the structure and
properties of TiN coatings deposited by IBAD
technology.
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2. MATERIALS AND EXPERIMENTAL

Studied TiN coatings were produced in an lon Beam
Assisted Deposition (IBAD) chamber with a base
pressure of 1.5x10-6 mbar. The coatings were deposited
at two substrate temperatures: Sample 1 - low temperature
~ 50°C and Sample 2 - high temperature 400°C. Hot-
working steel (X27CrMoV51) disks were used as a
substrate material. Prior to coating the substrates were
carburized and prepared to the same grade of surface
roughness. Samples were grounded using a 2000 grit
paper before the process of fine-polishing with 1um grain
diamond paste. Thickness of the coatings was calculated
after abrading the coatings using CSEM “Calotest”
instrument. The coating hardness was assessed by the
Hardness Agilent Nano Indenter G200. Hardness was
calculated for the two indentation load applied, 5mN and
10mN. The Coating adhesion was evaluated by the
“Revetest” scratch tester. The tests were carried out by
sliding the diamond typ against the coatings at rate of
10mm/min and by progressive increasing the load with
100N/min rate until the full delamination of the coating
occurred. Critical loads which led to typical coating
failures were determined by light optical microscopy.
Those critical loads are denoted as followed: L.- first
crack formation, L.- more serious crack formation, Lcs-
first  chipping, Lg-coating detachment  Ls-full
delamination. Standard HRC adhesion test were carried
out by utilizing standard Vickers hardness tester. In order
to compare the coatings produced, Rockwell indents were
qualitatively analyzed by light optical microscopy
(LOM). Surface roughness of the samples was evaluated
before and after the deposition process by VEECO di-
CPIl atomic force microscope (AFM). All images were



acquired in contact AFM mode using a symmetrically
etched silicon-nitride probe. In the case of surface
roughness determination the scan size used was 90 pm?.
On the other side, in order to determine the grain size the
scans were taken on the areas of 5 um? Scan rate and set
point were kept at 1 Hz and 225 nN respectively.

3. RESULTS AND DISCUSSION

3.1

The hardness of both coatings was determined at two
different loads with respect to the penetration depth which
was kept below 10% of the coatings thickness.
Considering the hardness of commercially deposited TiN
coating both coatings examined in this study exhibited
very high hardness. Such high hardness is achieved by
additional ion bombardment during the film growth.
Argon ions deliver energy to adatoms on the growing
surface increasing their mobility thus enabling them to
achieve the state with lowest energy [4]. Additional heat
induced to the substrates, improves the deposition process
taking it closer to the thermodynamic equilibrium [5]. The
hardness results obtained for both coatings are presented
in Figl. and modulus of elasticity is depicted by Fig2.
Depositing the coating at 400°C temperature resulted with
considerably harder coating (29GPa) than the low
temperature one. It is also evident that a high temperature
coating showed less sensitivity on the indentation load
increase.

Hardness

35

= Sample L

= Samaple 2

Hardness[(Pa]

Indentation Load [ml¥] e

Fig.1. Hardness comparison of coatings deposited at
different temperatures

®3ample ]

u3Sample 2

Modulus of elasiciry[GPa]

10

3 Indetation Load [IalV]

Fig.2. Comparison between modulus of elasticity of
coatings deposited at different temperatures
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If considering that the Samplel coating grew in less
favorable conditions then the hardness achieved in this
process is outstanding.

3.2.  Adhesion

Samplel coating showed generally good adhesion
Fig.3.a), although the moments when the first cracks
formed occurred fairly earlier than in the case of Sample2.
First cracks were quickly followed by coating chipping
(Lcs) that also occurred considerably earlier than in the
case of Sample2, compare Fig.3.a) and b). Surprisingly
the coating detachment occurred somewhat earlier at the
Sample2 but this coating resisted a longer period before
full delamination, which occurred at higher forces than at
Samplel. It must be pointed out that adhesion is
dependent on the coating thickness in a way that thicker
coatings more adhere than the thinner ones, [6]. Although
the Samplel coating thickness with value of 1600nm is
larger than of Sample2 that is 1050nm it displayed lower
adhesion. Further, this proves the previous findings that
the coating deposited at lower temperature has generally
lower adhesion. As it is expected the higher adhesion is in
direct relation with coating hardness.
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Fig.3. Scratch test plots: a) Samplel - deposited at low
temperature (~50°C), b) Sample2 - deposited at 400°C

In order to depict the different behavior between two
coatings, during the scratch test, the morphology of the
wear tracks were investigated at the same scratching load
of 30N. Examination of the scratch tracks by LOM is
presented in Fig.4. a) and b). In this stage, ductile tensile
cracking along the scratch track is evident in both cases
but the extent of its appearance is different. The cracks
are more frequent and the coating chipping is much more
severe at low temperature deposited coating — Samplel.
This means that the Sample2 coating resists greater plastic
deformation before chipping formation what is
additionally proved by folded coating with fewer cracks
on the scratch track edge Fig.4. b). In both cases none of
the cracks extends outside the wear track what is a sign



that their origin is not a buckling failure in front of
indenter. Both coatings displayed ductile failure modes
during the scratch testing. The wear track morphology
undoubtedly confirms that the higher deposition
temperature enhanced the adhesion of TiN coating.
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Fig.4. Scratch tracks morphology at 30N load: a)
Samplel-deposited at low temperature (~50°C),

b) Sample2-deposited at 400°C

In Fig.5. HRC indents are presented in order to
evaluate the coatings according to HRC adhesion test
standard. Crack pattern and extent of chipping indicate
that both coatings falls into the HF2 group of adhesion
strengths quality.

Fig.5. HRC indent: a) Samplel, b) Sample2

This is a group of coatings with very good adhesion to the
substrate. Examining the HRC indents additionally proves
the conclusions drawn from the scratch test results. The
coating deposited at 400°C (Sample2) exhibited higher
adhesion. Under applied load Sample2 coating plastically
deformed what prevented chipping formation on the
folded edges of the indent, as it was not the case with
Samplel coating, presented in Fig.5a.

3.3.

After both deposition processes increase in surface
roughness was observed. The higher the deposition
temperature was the more the surface roughness
increased, see Tablel.

Coatings morphology and structure

Tablel.Surface roughness of the samples before and after
the deposition process

Ra[hm] | Rq[nm]

Samples before the deposition 3.96 3.02
Sample 1 (~°50) 9.3 7.2
Sample 2 (400°C) 12.06 9.04

ZRange: 5172 nin

2 Range: %A B2 nm

¥ Rangs. 4 pm
00323

<247

218 0.3%5 23
*Rangs 5um

Fig.6. AFM images of coatings morphology a) Samplel,
b) Sample2
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There is a great number of parameters which influence the
roughness after the deposition such as the ion beam
energy [5],[7], ion to atom arrival ratio [7], film thickness
[81.[91,[10], grain size [9],[10], coating texture [8],[10],
and others. In this study all process parameters were kept
constant except the temperature (heat) which directly
affects the adatom mobility. Increase in surface roughness
can be attributed to increased adatom mobility which
leads to aggregation of large crystal grains [11].

Different heat input during the process of deposition
resulted not only with different surface roughness but also
with different TiN grain sizes. The 5um? scan of the
coating surface revealed that Sample 1 consists of larger
grains, see Fig.6. It is well known that increase in adatom
mobility increases the grain size of the deposited coating.
However, this was not the case in this study because
exists a limit in this process. When the energy becomes
greater than the surface energy the process of desorption
appears and the adatoms are desorbed, [12]. This suggests
that there exist a maximum in temperature when the grain
size of TiN is maximal. A maximum temperature is
obviously below 400°C. Determining exact temperature is
a subject of our future research. Higher hardness and
higher adhesion strength is clearly a consequence of
denser coating structure comprised of smaller grains.

4. CONCLUSION

From the present study the following conclusions are
drawn:
The deposition process carried out at 400°C resulted
with TiN coating exhibiting very high hardness up to
28,5GPa. This coating has higher hardness than the
one deposited in the same conditions but at low
temperature (~50°C)
For both coatings ductile failure modes were
observed during scratch testing. Such behavior is
preferred in applications of highly loaded wear
resistant coatings. The coating deposited at higher
temperature displayed higher adhesion, withstanding
a greater amount of plastic deformation before
cohesive and adhesive cracking
Both deposition processes increased the surface
roughness. It was found that surface roughness
increased in a greater extent when the coatings were
deposited at high temperatures (400°C). Generally
when coatings are deposited by IBAD technology it
is expected that increase in process temperature will
result with increase in surface roughness.
AFM microscopy revealed that the higher hardness
and the higher adhesion of a high temperature
deposited coating can be attributed to the coating
finer grained structure.
A high temperature deposited TiN coating exhibited
better mechanical properties comparing to the one
deposited at low temperature. The properties of TiN
coating achieved by a low temperature deposition are
substantially better when compared to the same coatings
produced by other techniques. This makes IBAD low
temperature deposited TiN coatings favorable in a field of
wear protection of thermally sensible base materials.
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Abstract: Galvanic Zn coatings are applied to the base material surface in order to obtain some of the
characteristics: resistance to corrosion, chemical inertness, better aesthetic impression, etc. Most studies
of Zn coatings focuses on the characterization of coatings and their links to the basic material, while very
little is known about the effects of substrate on the characteristics of the coating. Surface finish has a
great influence on determination of the physical and mechanical properties and structure of the surface
layer. This paper presents the preliminary results scratch testing of the depending on the thickness of Zn
coating. The research was performed with samples of different hardness and different previous grinding.

Key words: Zn coating, galvanic coating, scratch test, athesion testing

1. INTRODUCTION

Creating metal coatings on the surface of another metal
has a dual role, corrosion protection and changing
characteristics of the metal surface, such as hardness,
electrical conductivity, decoration and so on. But when
the metal coatings are damaged, they can not simply be
fixed, that makes them different from the organic coating.

The effect of processing procedure and conditions of pre-
treatment and preparation of surfaces to which coatings
are applied, technological heritage, is very little explored.
Surface layers of machined surfaces obtained by different
treatment processes and regimes may have a different
structure, which only in the period of exploitation may be
experienced. Therefore, it can be said that the
characteristics of surface layers are formed as a result of
different processing conditions in the technological chain
of production of the finished part. The basic parameters
that are inherited through the process of technological
development can be divided into two groups. On the one
hand there are parameters related to properties of
materials: their composition, structure, stress state, etc..,
while on the other hand are parameters related to macro
and micro geometry of the surface (geometrical
parameters). This indicates the complexity of the problem
and the need for further studies [9].

Surface finish has a great influence on determining the
physical - mechanical properties and structure of the
surface layer. In this paper is investigation of the
influence of the previous surface treatment and coating
thickness on the characteristic scratch testing Zn coating.

2. GALVANIC ZN COATING

Galvanic plating and metals are crystalline in nature.
Therefore, the electrodeposition process is called
crystallization. In the crystallization process - there are
three independent processes:
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1) formation of seeds (centers) or crystal nuclei,
2) crystal growth rate,

3) increase the speed of crystals on account of their
merger.

These processes run in parallel. The creation and quality
of metal coatings are influenced by many factors: The
concentration of ions significantly affects the quality of
the coating, the composition of the electrolyte affect the
properties and appearance of the coatings. Current density
has a large impact on the formation rate of crystal nuclei,
mixing is performed to maintain constant concentration of
metal ions, the temperature plays a significant role in the
speed of chemical reactions. Metals are polycrystalline
particles, so the characteristics of the coating are affected
by the structure of the substrate [9].

Zinc _coatings are used for corrosion protection of
machinery parts, steel plates, wire, etc.. located in
different climate conditions, in closed environments with
moderate humidity, at the polluted gases areas, flue gases
area and in atmosphere containing sulfur vapor. These
coatings are used to protect pipes, tanks and other parts,
which are in contact with water at temperatures up to
700C. Color of zinc coating is usually light gray, become
dark during time, and therefore does not provide a
decorative look. Zinc also protects the iron from corrosion
when the coating is porous or damaged, because it forms
a couple in which the iron is cathodically protected [3, 4].
Life of the protective effect of the coating depends on its
thickness. For metal objects, which are used in relatively
dry air in closed rooms, sufficient thickness of zinc
coating of 10-15 um. For items that are outside the room,
in the air that is polluted by industrial gases, the thickness
increases to 20 - 25 um, and for articles intended for use
in industrial environments, in terms of enhanced effects of
moisture, sea water or water vapor, the thickness of zinc
coating moving to 50 um. Coating is more resistant if the
zinc cleaner [1, 2, 3].



The hardness of metal coatings of zinc is 45 to 120 HB.
Galvanic corrosion resistance of zinc coating can be imp-
roved by after-treatment - the application of phosphate or
various types of chromate coatings: colorless — A, bluish
— B, yellow - C, olives — D, and black - F coating.
Chromate conversion coatings should not be applied to
surfaces of elements that are in contact with flammable
and explosive environments, [6, 7].

Requirements for quality zinc coatings are contained in
the applicable standards and the most important are [6, 7]:
The external appearance of galvanized zinc coating is
defined by color.

Allowable defects of zinc coatings without post-
processing are darker color of the coating on the inside
surface elements, the presence of shiny and matte places
on the same element, the absence of coating in blind
holes, channels, and the like. at a depth of more than one
diameter and in the openings that pass through the entire
element at a depth greater than two diameters, slightly
peeling in places of weld for molded parts, color change
of coating after heating wit aim to the remove of hyd-
rogen and the existence of traces of the inflow of water.
Unacceptable defects coatings without the occurrence of
subsequent processing and dendrites and spongy coating,
dark stripes on the edges of elements, (burned sites),
uncovered places, except for points given to technical
documentation, bubbles, layer removal and peeling of
coating, appearance of grains and hard spots that interfere
with the function of element, the black points and
corrosion of zinc, traces of unwashed salts existence and
mechanical damages of the coating.

The thickness of zinc coating is usually: 5, 8, 12 and 25
um. Depending on the needs designer may define other
values of thickness, allowing a greater thickness than the
prescribed, if at the same time increasing the dimensions
of the element does not affect its function. Smaller
thickness of zinc coating is allowed on the inside surface,
in holes and hollows, where the thickness of the coating
must not be less than 60% of the prescribed level.
Adhesion. Galvanic zinc coatings shall not peel off of
base metal and chromic or phosphate conversion coatings
must not wash off from the zinc coating.

Corrosion resistance. Galvanic zinc coatings on steel
must be corrosion resistant. When examining the chamber
with a neutral salt fog 5% zinc coating without
subsequent processing, does not allow the occurrence of
red-brown dots (representing the corrosion of the base
material) visible with the naked eye.

3. EKSPERIMENTAL INVESTIGATIONS

For the purpose of testing the samples were made 15 x 6.3
x 10 mm (Figure 1). On samples from the front side were
embedded serial numbers of the sample, and through
lateral surfaces were drilled openings designed to
mounting each sample individually for coating.

Samples are made of spring steel 67SiCr5 (C4230). After
the sample design, milling, heat treatment was done by
improving the different hardness (Table 1).

Grinding of samples was carried out with two regimes, A
and B. Grinding of samples labeled A was performed with
two passes with 0.02 mm depth and speed of 11 m/s and
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two passes with 0.01 mm and the speed of 22 m/s, and
grinding of samples B was performed with two passes of
depth 0.02 mm and speed 22 m/s. In this way they
obtained different characteristics of the surface layer and
the surface topography of various samples. Application of
metal coatings was performed at the facility for
electroplating factory "Zastava Arms", Kragujevac in
production conditions, with different times in order to
obtain different thicknesses of Zn.

P
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o
e

NG}

46’3;

Fig. 1. Sample
Zinc coating was carried out as follows:
I. alkaline degreasing without
industrial detergent,
rinse with water,
pickling in diluted hydrochloric acid in a 1:1
ratio,
rinse with water,
electro-chemical coating of zinc,
temperature coating-room,
strength of current | = 3 A/dm?,
e time 8-35min,
enlightening in 2% HNO3 for a period of 50
seconds,
VII. rinse with water,
VI1II. blowing.

Table 1 shows the data on the tested samples: marking of
grinding, the hardness after heat treatment and obtained
layer of Zn. Coating thickness measurement was
performed in a laboratory galvanizing area of factory
"Zastava Arms" in Kragujevac. Samples with coatings of
Zn in which the thickness were up to 4 um were not
further analyzed.

Table 1 Hardness and thickness of Zn samples

cyanides  with

V.
V.

VI.

Sample - Time, Hardness Thickness
number Grinding min samples, um
HRC

2 A 8 47,6 2
5 A 25 46,5 12
6 A 35 33 16
8 A 25 19,1 12
9 A 35 354 15
22 A 25 20,0 10
4 B 8 35,5 4
10 B 16 35,9 9
11 B 8 48,3 2
13 B 25 45,8 14
16 B 25 36,9 12.7
17 B 35 21,7 20
31 B 16 24,2 6.5
34 B 16 21,1 6




4. EQUATIONS

After grinding the samples, before applying the coatings,
were measured hardness and surface topography
parameters and the longitudinal and transverse direction.
Measurements were taken at the surface of the sample P
(Fig. 1). The appearance of ground surface of one of the
samples before applying the coating is shown in figure 2.
The value of the basic parameters of roughness in the
longitudinal and transverse direction is approximately the
same. significant differences were observed in additional
parameters, for example, uneven steps. ra value ranges
from 0.26 to 0.4 um.

Figure 2 The appearance of ground surface of the sample
before application of coatings

Applying Zn coatings leads to a deterioration of surface
quality and roughness increases significantly. Class
roughness of Zn coating can deteriorate for one, even for
the two classes.

Fig. 4 Surface of the sample 9 with Zn coating
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Tests adhesive properties of coatings was carried out to
help Scratch Tester ST-99, Figure 5 The analysis of
measurement results in terms of traces of wear and tear of
constant increase in normal load (vFn = 10 N/min) and
constant sliding velocity (v = 10 mm/min) obtained data
on adhesive resistance or strength adhesive link between
the coating and base material. By monitoring changes in
force and the coefficient of friction with the change of the
load for the duration of contact, it is possible to determine
the “critical value of force Fyc" at which the change in
their values [5].

normal [oad
Fn

pecimen motion -

Fig. 5. Scratch tester ST-99

Track Scratch testing

0.25

VvFn = 10 N/min
v =10 mm/min
Sample 31

IS

0.20

0.15

Cofficiej

f friction
f N4
Al

b 0.05
w

2 4 6 8
Normal load Fn, N

Fig. 6. Track Scratch testing and change in the coefficient
of friction of the sample 31, thickness Zn coating 6,5 zm
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Fig. 7. Track Scratch testing and change in the coefficient
of friction of the sample 5, thickness Zn coating 12 zm
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Fig. 8. Track Scratch testing and change in the coefficient
of friction of the sample 17, thickness Zn coating 20 gm
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Performing the scratch test on the Zn coating cause
additional problems. Firstly, it was not possible to reveal
the iron substrate directly under a reflected light optical
microscope due to the absence of colour contrast. The
max. load was set to a sufficiently high value of 10 N.

Secondly, the ductile character of the Zn coatings implies
that the stylus simply ploughs through and perforates the
Zn coating at a certain normal load, into the iron the
substrate. The load at perforation of the coating was
assumed to be critical load.

However, as the observed failure mode is not related to
coating spallation events, it was concluded that the
scratch test method cannot be used to characterise the
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adhesion properties of conventional electro deposited Zn
coatings.

Analysis of signals for the friction force and coefficient of
friction have shown the existence of certain differences.
Until the advent of significant oscillation signal occurs at
different values of normal load. This value is directly
related to the hardness of the substrate and coating
thickness.

5. CONCLUSION

The main parameters that are inherited through the
technological process of making the parameters related to
properties of materials: their composition, structure, stress
state, etc.., and parameters related to macro and micro-
geometry area (geometrical parameters).

When using the Scratch test on the Zn coating, a
perforation of the coating was obtained without any
failure mode related to the adhesion. the stylus is
ploughing through the coating material. the scratch test
method thus can not be used to characterise the adhesion
properties of conventional ductile electro deposited zn
coatings. The results are consistent with [8].

Preliminary Scratch test results Zn coatings have shown
that there is a significant change in surface topography
and differences in the signals measured coefficient of
friction. In order to establish the necessary correlations
are very extensive research.
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Abstract: Perforated plates offer a very convinient combination of properties: ballistic protection,
combined with a high multi — hit resistance, making them very attractive for mounting at some distance
from the basic armour of the armoured vehicle. Although the traditional material for making perforated
plates has been the high strength steel, there are some alternatives. One of them is the ADI (Austempered
Ductile Iron) material. ADI posessed a unique microstructure — ausferrite, obtained after heat treating of
ductile iron. This material is an attractive replacement for steels for a number of reasons: adequate
mechanical properties for a number of applications and lower cost of production and machining.
Mechanical properties of ADI are similar to high strength steels, except for ductility, which is lower to
some extent, but the specific geometry of perforated plates allow the arrest of the propagated crack,
overcoming this drawback. On the other hand, ADI is cheaper to produce as well as machine than high
strength steels, due to a smaller volume of material removed and higher machinability due to the recence

of graphite nodules.

Key words: ballistic protection, add-on armour, ADI materials

1. INTRODUCTION

The end of Cold war influenced the dramatic
diminishing of military funds, leading to an ever
increasing need for modernization of various armoured
vehicles in order to keep them updated [1]. However,
their armour protection levels proved inadequate in many
occasions, which led to the wide adoption of add — on
armour protection. This type of armour is mounted on top
of the basic armour, offering a higher protection level.
Many types of add — on armour have been used, where the
majority is based on metallic or ceramic components. The
simplest way of increasing ballistic protection is to bolt a
high hardness rolled homogenous armour, however, this
type of armour although cheap, offers a less convinient
mass efficiency [2, 3]. Therefore, ceramics were used,
offering twice the hardness and mass efficiency. On the
other hand, it is well known that ceramics in general
suffer from a relatively low fracture toughness and
ductility, leading to problems regarding multi — hit
resistance. This drawback refers to all types of advanced
ceramics: although the first shot is stopped, other
subsequent shots, if hit near the first may penetrate due to
the cracked and weakened ceramic material. This
influences a careful optimization of ceramic tile size,
which, in turn, if is small enough may offer a longer
overall edge length [4 - 6]. If the projectile impacts the
edge, mass efficiency drops by the free edge effect [7].
However, free egde effect may be turned in favor of the
add — on armour, by applying a different type of armour,

91

non — homogenous armour. This comprises the use of
fences and perforated plates. Namely, when the projectile
impacts the edge, or near the edge, a non — homogenous
stess develops, which can induce yaw, or even fracture
the projectile, as projectiles or penetrating cores tend to
have relatively high hardness, but low ductility as well. A
yawed or fractured penetrating core has a dramatically
lowered penetration, in some cases lower than the basic
armour protection level [8]. To achieve this, a certain
distance between the basic and add-on armour must exist,
to allow the yaw to induce, or, in case of penetrating core
fragmentation, to allow a sufficient fragment separation to
spread their kinetic energy on a larger area of basic plate
[9].

In this paper, some results of ballistic testing
perforated plates made from steel are shown, with a
special attention to some aspects that may influence the
application of a novel generation of ADI (Austempered
Ductile Iron) materials for the same purpose.

ADI material is a heat treated ductile iron. By heat
treating, a special microstructure is obtained, called
ausferrite. Ausferrite is a mixture of ausferritic ferrite, and
carbon enriched retained austenite [10 - 12]. ADI material
posseses a wide range of mechanical properties,
combining high strength and fracture toughness similar to
high strength steels, while its ductility is notably higher
that that of other cast irons, albeit lower than high
strength steels. Furthermore, one of ADI material’s
advantages over steel is its lower density, which may
influence a higher mass efficiency, or similar mass
efficiency at lower cost, which is another benefit.
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2. PERFORATED PLATES

2.1 Ballistic testing

The basics of the free-edge-effect has been defined in the
excellent work of Chocron et.al. [8]. They proved the
existance of bending stresses as the penetrating core
impacts the add-on armour plate edge, Fig.l.
Furthermore, the minimum perforated plate thickness for
a given armour piercing ammunition was defined as
absolutely neccessary for inducing sufficient bending
stresses for core fracture in two parts. This effectively
lowers the kinetic energy approximately in half, lowering
the cores penetrating performance.

Fig.1. Penetrating core bending at edge impact —
maximum stress is marked with an arrow[8].

In Balos [9] and Balos et. al. [1, 13], where the
experimental setup shown in Fig.2 was used, it was found
that when an optimized material and geometry of an add-
on perforated plate is wused, a larger, heavy
machinegun/sniper rifle armour piercing incendiary (API)
ammunition can be defeated by the application of the
basic armour only half the usual thickness. The results for
an optimized perforated plate are shown in Table 1.

4
o

Fig.2. Ballistic testing target: add-on perforated plate
mounted on the basic plate by a frame [9].

92

The result shown in Table 1, show the influence of
perforated plate thickness, which, if sufficiently thin, may
not result in a successful induction of yaw or penetrating
core bending stresses to cause fracture. Furthermore, it
can be seen that penetrating core can fracture not only in
two, but in three, four and even five parts. Such
phenomenon is documented by the number of impacts on
the basic plate, Fig.3, dramatically lowering the kinetic
energy of the penetrating core. Although the basic plate
thickness has not been varied, it is likely that a thinner
than the used 13 mm plate would certainly stop those
fragments. This result proves that perforated plate is a
highly efective add-on armour.

Table 1 Ballisic testing results of perforated plates made
from Hardox 450 steel (0.22C-0.69Si-1.62Mn-0.8Cr),
hole diameter 9 mm, plate thickness 6 and 4 mm [9].

No. Vg [M/S] Description of basic plate
damage
6 mm peforated plate
1 867.7 Smooth bulge — core fractured
in 4 parts
2 859.2 Smooth bulge
3 881.7 Smooth bulge — core fractured i
3 parts
4 862.7 Smooth bulge — core fractured
in 5 parts
5 863.0 Smooth bulge
4 mm perforated plate
1 865.6 Hole normal
2 866.7 Hole normal
3 879.2 Hole normal
4 880.5 Hole normal
5 872.0 Cracked bulge (two cracks)

»a

-

Fig.3. Five penetrating core fragments made smooth
bulges on the basic plate [9].

2.2 Macroscopic characterization

After impact, it was noted that the damaged area near the
impact point is fairly limited. This phenomenon is in
contrast to the already menationed free-edge-effect that
degrades the protection level if used on an armour added
directly (without air gap) on top of the basic plate.



Namely, even ductile materials such as steels, after a
certain number of impacts catastrophically shatter due to
the crack propagation and linking. Although crack

nucleation in peforated plates does exist as well, their
propagation is arrested by the nearest hole, where the
crack sinks. This behavior is shown in Fig.4. The arrest of
the crack prevents a further crack propagation and crack
linking, leading to a high multi hit resistance of perforated
plates, Fig. 4.

d.
Fig.4. Perforated plate impact damage showing cracking
between holes [9].

3. ADlI MATERIALS FOR PERFORATED
PLATES

3.1 Mechanical properties of ADI

Mechanical properties of ADI make this novel material
sililar to steel in some aspects. Namely, in accordance
with ASTM A897M-03 standard [14], there are five
grades of ADI materials, Table 2.

Table 2 Standard ADI material grades according to
ASTM A897/M-03 and Hardox 450 (H450) mechanical
properties as shown in [9].

Grade Min.R, MinRy, A KO BHN
[MPa] 20 [%0] [J]
[MPa]

1 900 850 9 100 269-
341

2 1050 750 7 80 302-
375

3 1200 850 4 45 341-
444

4 1400 1100 2 25 388-
477

5 1600 1300 1 15 402-
512

H450 1450 1255 11 60* 445

*V-notch specimen (KV)

From Table 2, it can be seen that ultimate tensile stress
(Rm), yield strength (Rpo.20s) and hardness of Hardox 450
steel closely corresponds to Grade 4 ADI. On the other

hand, its elongation (A) and charpy impact strength are
higher. However, these mechanical properties may be of
secondary importance for this particular application, due
to specific geometrical characteristics of perforated plates,
where, as shown in Fig.4, crack propagation is stopped by
the nearest hole. Crack nucleation may be initiated only
by another impact, while damaged area remains relatively
limited to five or six interconnected holes [9].

3.2 Density of ADI materials

In addition to convinient key mechanical properties,
which are similar to some kind of steels, ADI materials
posess lower density. Namely, as mass percent of carbon
amounts to 3,5 — 4 % [15]. The typical microstructure of
ADI showing spgeroidal graphite is shown in Fig.5. As a
result, an ADI component will be 10 % lighter than steel,
if the geometry will be retained [16]. This means that a
perforated plate may be lighter if made from ADI, having
a higher mass effectiveness when made from steel.

"Fig.5. A typical ADI microstructure containing
spheroidal graphite and ausferrite metal matrix [17].

3.3 Technological advantages

As the ADI material is in effect a heat treated ductile iron,
it is fundamentally obtained by casting. It is well known
that per given mass of product, cast parts are cheaper [11].
Furthermore, hole shape and provile may not be
cyllindrical, but rather specially suited for various types
of ammunition. Namely, hole dimensions must be finely
tuned to various types of penetrating core dimensions to
obtain sufficient ballistic protection of the armour system
[9]. As the hole becomes smaller, the free — edge effect is
diminished or totally lost since such plate behaves like a
homogenous plate, while if the hole size is too large, the
projectile may pass through it, without contact, or with an
insufficient contact to induce bending stresses and cause
fracture. The application of cores of various shape and
dimensions (step or conical shape), may make such a
perforated plate effective against different ammunition
types and calibers. Although hole sides will nevertheless
have to be finished by machining, the volume of the
material removed is much smaller than in the case od
drilling the whole hole. In addition to this, machinability
of ADI material is higher than that of heat treated steels,



due to a lubricating effect of graphite, resulting in further
savings in time and cost [18]. This way, the machining of
ADI perforated plate may be both shorter and cheaper
compared to steel, resulting in a cheaper product. For
crankshafts, if forged steel is replaced by ADI, an overall
cost may be lowered by 30 % [19]. However, for the
purpose of perforated plates, an even higher savings may
be expected.

Testing of ADI materials for this application is already
undergone in UK [20, 21] and Serbia on the behalf of
Ministry of Defence [22].

4. FINAL REMARKS

For common engineering purposes, it can be said that
more ductile grades of ADI can compete with medium-
strength steels, while high strength grades of ADI
compete less effectively with the high-strength steels.
These high strength grades may replace high strength
steels for purposes that demand primarily high wear
resistance and moderate ductility. Furthermore, ballistic
protection in form of perforated plates may be another
attractive application of high strength ADI for a number
of reasons:

e Lower density offers higher mass effectivness,
that can be utilized in two basic ways: lowering
the weight of add-on armour and increasing
ballistic resistance.

e  Optimizing the geometry to cover more different
calibers with one perforated plate.

e Lowering cost of production due to cheaper
production process and machining.

Therefore, ADI material may be a feasible alternative to
high strength steels for production of an advanced
perforated plates for ballistic protection.
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Abstract: The thin arbitrary shaped ferromagnetic plates in the external magnetic field will be observed.
In order to determine magnetic field distribution the integral equation governing magnetic scalar
potential is formed with induced magnetic charges on the plate surface as unknowns. The obtained
integral equations will be numerically solved using Equivalent electrodes method. The basic idea of the
proposed theory is that an arbitrary shaped electrode can be replaced by a finite system of equivalent
electrodes. Application of ferromagnetic plates as biomedical implants will be observed. Also, possible
risk of interaction of these implants and medical devices is analyzed.

Key words: thin ferromagnetic plates, external magnetic field, equivalent electrodes method, biomedical
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1. INTRODUCTION

Equivalent electrodes method is a numerical method for
approximate solving of non-dynamic electromagnetic
fields and other potential fields of theoretical physics. In
recent years, this method became popular in
computational electromagnetics problem solving [1-4].
The basic idea of the proposed theory is: an arbitrary
shaped electrode can be replaced by a finite system of
equivalent electrodes (EE). Thus it is possible to reduce a
large number of complicated problems to equivalent
simple systems. Depending on the problem geometry, the
flat or oval strips (for plan-parallel field) and spherical
bodies (for three-dimensional fields), or toroidal
electrodes (for systems with axial symmetry) can be
commonly used. In contrast to the charge simulation
method [5], when the fictitious sources are placed inside
the electrodes volume, the EE are located on the body
surface. The radius of the EE is equal to the equivalent
radius of electrode part which is substituted. Also the
potential and charge of the EE and of the real electrode
part are equal. So it is possible, using boundary condition
that the electrode is equipotential, to form a system of
linear equations, with charges of the EE as unknowns. By
solving this system, the unknown charges of the EE can
be determined and, then, the necessary calculations can be
based on the standard procedures. It is convenient to use
Green's functions for some electrode, or for stratified
medium, in case when the system has several electrodes,
or when the multilayer medium exists, and after the
remaining electrodes to substitute by EE. In the formal
mathematical presentations, the proposed EEM is similar
to the moment method form [6], but very important
difference is in the physical fundaments and in the
process of matrix establishments. So it is very significant
to notice that in the application of the EEM an integration
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of any kind is not necessary. In the moment method
solutions the numerical integration is always present,
which produces some problems in the numerical solving
of nonelementar integrals having singular subintegral
functions.

One of possible application of ferromagnetic plates is as
biomedical implants. A significant risk to some patients
undergoing Magnetic resonance imaging (MRI) is the
way implanted or internal ferromagnetic material can
react to the strong magnetic field and RF impulses. When
implanted ferromagnetic material is exposed to the
magnetic field, it can be subjected to torque and
translational forces strong enough to tear surrounding
tissues. MR compatibility of these devices must be
demonstrated by manufacturer's declaration, [7].

2. SHORT THEORETICAL APPROACH

Let an ideal ferromagnetic body ( zz— o) be placed in
the external static magnetic field. H, =—grade, where
0] =q)(l‘) is the exiting magnetic scalar potential, 'Fig.1".
Then the total magnetic scalar potential,

0=9,+0 (1)

satisfies Laplace's equation, Ae=0, and boundary
condition @=C" or AxH =0 on the body surface, S.

A is unit wvector normal to the body surface,
H =—grade, is the total magnetic field strength and ¢,

denotes the perturbed component of the magnetic scalar
potential, which can be expressed as

¢, = in(f')G(f, r’jds’ @)



where m defines the unknown induced magnetic charge

surface density of the body surface and G(r,r'") is the

corresponding Green's function.
For example, Green's function of single point magnetic
charge placed in the point having radius vector r' is

1

G(r,r)Zm

@)
Using boundary condition ¢ =C" on the body surface,
r—r,, the following integral equation governing the
surface charge density distribution can be formed

9+ §n(r)6(r, r)ds'=C" )

Fig.1. Ideal ferromagnetic body in an external magnetic
field

The condition that the total magnetic charge of the body
surface is always equal to zero,

fn(rys'=o

must be added to the integral equation (4).

()

Fig.2. Application of EEM
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Although an exact solution of the integral equation (4)
does not exist in the general case of arbitrary shaped
bodies, some numerical method can be used for solving
this problem approximatively. Then is very useful the
moment method [6]. In the moment method application
the numerical integration is always present, which
produces some problems in the numerical solving of
nonelementar integrals having singular or quasi-singular
subintegral functions.

The application of EEM is more convenient, because the
numerical integration is not necessary. In the case of three
dimensional  ferromagnetic bodies the equivalent
electrodes are small perfect ferromagnetic spheres having
equivalent radius determined in respect to the electrode
surface elements which they substitute, 'Fig. 2'. Now the
perturbed component of the magnetic scalar potential (2)
can be approximatively expressed as

N

0, =>.04,6(r.r,)

n=1

(6)

where:

r is the field point radius vector,

r, is the radius vector of the electrical middle point of the
body surface element, or of the EE and

g,,n=12,...,N are the unknown magnetic charges of
the EE governing the condition (5) in the following form

>.4,=0 (7)
n=1
N is the total number of the EE.
So the resulting magnetic scalar potential is
N
p=0+> 0,6(rr). (8)

n=1

In order to determine the unknown magnetic charges of
the EE the following linear equations systern, governing
boundary condition on the electrode surface, can be put

a,

2
-r,| +a

zcte

) ©)

em™— mn

o(r, )+ i oy

m=12,...,N

where a,, denotes the EE equivalent radius and 6, is
Kronecker's symbol.

3. EXAMPLES

3.1. Example 1

The thin rectangular plate with sides a,b,c<<a,b in
homogeneous external magnetic field, H, = H X, will be

treated. Because of the existing symmetry the EE are
placed only in the region x>0 and y >0, as 'Fig.3'

shows. The approximative value of magnetic scalar
potential is



¢=—Hox+22—;[% Riz_é_'%], o
where

R, =\/(X_Xn)2 +(y-y,),

R, =\/(x—xn)2+(Y+ Yo ) (11)

Ry =(x+x, ) +(y+y, )"

In order to determine the unknown magnetic charge the
zero value of the potential of the plate is realized.
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Fig.3 - Thin square plate in homogeneous external
magnetic field

“ o
[ e S S
| N
iffﬁ‘\wf T0477¢777*
| |

Fig.4 - Equipotential lines and lines force
of thin square plate in homogeneous external magnetic
field

The EE are small spheres replacing the rectangular
elements with sides A and B. The equivalent radius is

determined using EEM [1] with the following
approximative formula

0.373B/A)*? 05A<B< A
A_ 0.404(B/A)*°,0.3A<B<0.5A (12)

0.696(B/ A)**",0< B <0.3A

For example, in the 'Fig.4' are shown equipotential lines
and lines force of thin square plate in homogeneous

external magnetic field, H, =H X. The plate with sides
having length a is placed in plane y=0, so it is
[X<al/2 and |z|<a/2.

The formula (12) gives the value A =0.373A for

equivalent radius of thin square plate with sides A. Using
moment method [6], the equivalent radius of thin square

plate with side Ais A, =0.37A, which agrees very well

with the presented results.
If the thickness of the square plate is not neglectable and

the external magnetic field is homogeneous, H, =H,Z,
'Fig. 5' shows the equipotential lines and lines force.

SRR R
TP A

T

A

1 %Ig fiﬂﬂﬁ/\ijxjj
-

Fig. 5 - Equipotential lines and lines force of
square plate in homogeneous magnetic field,
for a=b=10c

3.2.

The thin ideal ferromagnetic square plate with side a is
placed by the side of infinite linear conductor having
current I, 'Fig. 6'.

Example 2

Fig. 6 - Linear conductor by the side of thin square
ferromagnetic plate

The external magnetic scalar potential is

| y
=——-arct . 13
? 21 gX+d (13)



The ratio H/Hg , for a=0.8d, is presented in 'Fig. 7".
H is magnetic field strength on the upper half plate
surface and Hg =1/2nd . d is the distance between the
linear conductor and square plate middle point.
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Fig. 7 - Theratio H/Hg, Hg =1/2xnd , for thin
square plate (‘Fig.6") for a =0.8d

4. APPLICATION IN MEDICINE

Bioimplants are used in dentistry, orthopedics, plastic and
reconstructive surgery, ophthalmology, cardiovascular
surgery, neurosurgery, immunology, histopathology,
experimental surgery, and veterinary medicine. Various
classes of materials such as metals, alloys, polymers
ceramics and composites have been widely used to
fabricate the bioimplants [8]. Metals that are currently
being used as biomaterials are gold (Au), cobalt-
chromium (CoCr) alloys, type 316 stainless steel, titanium
(Ti), titanium-nickel alloys (TiNi -Nitinol) and silver-
mercury alloys (AgHg). These metals are chosen based on
their material properties and biocompatibility. Many
factors have to be considered before any particular
material can be chosen, fabricated and used as a
biomedical material.

For example, the aneurysm clip, placed to prevent
bleeding from an intracranial aneurysm, usually contains
ferromagnetic components. One possible use of a
ferromagnetic implant is when they are placed near an
artery to assist the collection of magnetic drug carrier
particles [9]. Also, some of orthopedic implants are made
from ferromagnetic materials.

The presence of a metallic implant in a patient or
individual in the magnetic resonance (MR) environment
may create a hazardous situation primarily due to
excessive magnetic field interactions [10]. The MR
environment may be unsafe for patients or individuals
with certain biomedical implants or devices, primarily due
to movement or dislodgment of objects made from
ferromagnetic materials [10].
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5. CONCLUSION

In order to determine magnetic field distribution by the
side of thin ferromagnetic plates in the external magnetic
field the EEM is used. Then integral equation governing
magnetic scalar potential is adopted with induced
magnetic charges on the plate surface as unknowns. The
method is very useful in practice. Thin ferromagnetic
plates in the external magnetic field can be observed like
biomedical implants in presence of medical devices (MRI
scanner), in sence of MR-compatibility.
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Resume: The objective of this research was to examine the influence of vanadium on structure, hardness and
strength of self-tempered steels. The tests were performed on steel type X160CrMo12-1. It is obvious that vanadium
affects on the process of solidification of these alloys on such a way that narrows temperature interval of crystallization
whereby from melt form V¢Cs carbides which blocking further growth of austenite dentrite and thus helps obtaining of
small-grained structure. Vanadium as an alloying element moves liquidus and solidus to higher temperatures, forms
VeCs carbides, partially is distributed between phases present in steel, carbide (Cr,Fe),C5; and austenite. The existence
of vanadium allows forming (Cr, Fe),;Cq carbides and his deposition into austenite during cooling process, in local

areas around fine carbide particles transform into martensite.

This means that vanadium reduces the amount of

retained austenite and thereby improves the hardenability of steel.
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2. INTRODUCTION

Self-hardening steels belong to the group of wear resistant
steels which, makes them usable in a wide area of
application. The basic characteristic of these steels is high
hardness, and strength, due to its high carbon content, and
relatively small impact toughness.Research carried out on
one type of these steels was aimed to investigate the effect
of some alloying elements on mechanical properties of
materials (strength). For our investigations we used high-
alloyed, high carbon steel in which chromium,
molybdenum and vanadium were the alloying elements.
Research has aimed to improve the characteristics of these
steels, through increased resistance to abrasive and
impact-fatigue wear. The main aim of this research was to
obtain appropriate structure of the metallic matrix of steel
and increase the tensile strength. Such a compromise can
be achieved by appropriate heat treatment, to obtain a
martensitic structure with lower content of retained
austenite.

3. EFFECT OF CHROMIUM AND
MOLYBDENUM ON THE STRUCTURE
AND PROPERTIES OF STEEL

Chromium is an essential alloying element in steel with
increased hardness and wear resistance. Chromium is a
carbide maker element that reacts with carbon and forms
hard, wear resistant carbides. Besides that, chromium
prevents the transformation of austenite into pearlite
during cooling, and affects the structure of the metallic
matrix of steel, closing y-area in the phase diagram. The
best structure, regarding a combination of toughness and
hardness, is the structure with carbides (Cr, Fe);Cs, which
are formed in steel that contains more than 8% of
chromium. Chromium does not increase hardenability but,
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in combination with higher carbon content, has a
beneficial effect on depth of hardened layer. The
important parameter for hardening is the ratio Cr / C and,
the higher the ratio, the higher the hardenability.
Molybdenum prevents the formation of pearlite, and the
transformation of austenite moves in bainitic and
martensitic area. For this reason, molybdenum in small
contents increases hardenability. In this way he provides
obtaining hard and solid martensitic steel matrix that
holds alloy carbides. Molybdenum builds interstitial
phase Mo,C having a hardness approximately 1800HV,
and the increased content of molybdenum forms certain
amount of this phase in the structure of steel.

3. INFLUENCE OF VANADIUM

By adding vanadium to the high alloy chromium steels,
structure becomes finer. Structure refining by adding of
vanadium is explained by the influence of vanadium on
the crystallization process. In addition, vanadium changes
the morphology of proeutectic (Cr, Fe);C; carbides. With
increasing of the vanadium content, the radial distribution
of carbides becomes dominant, but the share of long
oriented lamellas and plates does not decrease, [2].
Presence of vanadium in small percentage has a positive
effect on high-alloy Cr-Mo steels. It affects the process of
solidification of these alloys by narrowing of the
temperature interval of crystallization. Besides that,
during growth of primary austenite from the melt, V¢Cs
carbides are formed in the steel structure. They block
further growth of the austenite dendrites and so help to
obtain the fine grain structure. In high chromium steels
with the content of 12% Cr, 1.4-2.0% C and over 2.5%
vanadium, the vanadium carbide, VC type, with a BCC
lattice is formed [7]. VC-carbides have the globular shape
and are very often associated with eutectic M,C5 carbides.
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VC carbides can also appear in the form of rods, which
grow radial from the nucleus, to form spherical eutectic
cells together with the austenite grains. Higher content of
vanadium enhances the formation of (Cr, Fe),3Cg carbides
and their precipitation in the austenite grains, during the
cooling process. Austenite, in local areas, around these
fine carbide particles, transformed into martensite. In
other words, vanadium reduces the amount of retained
austenite and thus improves the hardenability of steel, [3],

[4]. [5].
4. DESCRIPTION OF EXPERIMENT

Research are based on self-hardening steel, with the
chemical composition of 12.5% Cr, 1.2% Mo, while the

content of carbon change in the range 1.4% to 2.2%, and
vanadium in the range from 0.5% to 3%.

Test samples were cast in the form of standard test
samples for testing the hardness and tensile strength.
Melting of steel, is carried out in the middle frequency,
induction furnace ABB type ITMK-500. We used wooden
patterns for mold making, and molds for casting are made
by standard CO, and Shall Molding process. After
cleaning, the castings were heat treated by hardening with
subsequent tempering at a temperature of 250°C and
400°C. For all samples period of tempering was 1 hour.
This type of heat treatment is characteristic for high-alloy
Cr-Mo steels. For each single carbon content vanadium
content is changed in the range from 0.5% to 3%. In this
work, representative samples with carbon content of 1.6%
were considered. Their chemical compositions are shown
in the Table 1.

Table 1. Chemical composition of steel samples

Numbe Group of Chemical composition
r the samples | C (%) | Cr (%) | Mo (%) | S (%) | V (%)
1 | 1,542 11,831 1,115 0,03 0,554
2 Il 1,536 11,562 1,111 0,03 1,053
3 1l 1,521 11,311 1,094 0,032 1,976
4 v 1,624 10,076 1,062 | 0,026 | 2,992
Surface of cast and heat treated samples was rough, and  5.1. Influence of vanadium on hardness and

for this reason they were machined to the standard
dimensions. Processing of samples intended for hardness
testing was carried out on mechanical grinder for flat
grinding. In order to eliminate any change in the
microstructure of the samples, they are cooled by
emulsion during grinding.Samples for tensile test are
processed with ceramic tiles for processing of the hard
metal surface, type SANDVIK CNGA, on universal lathe,
and also with emulsion cooling. Dimensions of specimens
for tensile tests are made according to the standard SRPS
ISO 10002-1 (EU 18:1979). The tests were performed on
the universal testing machine with maximum force of 200
KN.Hardness testing was performed on samples,
dimensions 10x10x50, by a Rockwell-C method on the
Otto Wolpert-Werke hardness testing machine. Testing of
microstructure of steel samples was carried out with the
light microscope Olympus GX41, equipped with a digital
camera and software for image processing.

5. RESEARCH RESULTS
The research results of heat treated samples, tempered at a

temperature of 250°C and 400°C, with different contents
of vanadium are shown in Table 2.

tensile strength

Measurement of hardness was carried out in six points in
the sample, and average value is taken as authoritative.
From the presented data it is evident that, with increasing
of the vanadium content in the alloy, hardness decreases
respectively. However, the reduction is law and the
hardness remains at a relatively high level. This decrease
of hardness clearly shows the increase in impact
toughness. Tensile test was performed on three samples
from each batch, and average value is taken as
authoritative. Table 2 shows the results of tensile strength
and hardness. For the illustration, characteristic diagram
of tensile strength alternation in elongation is presented
on the Figure 1.Analysis of the data shows that vanadium
does not affect significantly on tensile strength and it
remains approximately constant. In general, it could be
concluded that vanadium, in that content of carbon, has
no significant effect on tensile strength.

5.2. Influence of vanadium on structure

The samples are heat treated by hardening and subsequent
low temperature tempering. To complete the
austenitisation of the structure, the samples are previously
homogenized by the annealing on 1000°C. Hardening
(quenching) was performed by cooling the cold air
stream, and the rate of cooling was greater than critical.
On the Figures 2 and 3 are shown the microstructure of
samples after heat treatment.
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Table 2. Hardness and tensile strength of the samples
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Picture 1. Diagram of force change and elongation
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Picture 2. Microstructure of alloys, groub I

In general, the structures of the samples consists of
martensitic metal matrix in which are clearly visible
islands of retained austenite and dispersed carbides, type
(Cr,Fe);Cs, deployed mainly as a network on the
boundaries of metal grains. Carbide phase, formed during
solidification of eutectic, has a very oriented growth. The
proeutectic austenite has been transformed into martensite
and it can be seen as a dark field between carbide needles.
During quenching process, primary austenite crystals and
austenite from eutectic are transformed into martensite. In
the process of tempering, oversaturated martensite solid
solution has been transformed into cubic martensite, and
carbides have remained deployed in the form of network
upon the grain boundaries of metal matrix. In the Figures2
and 3 are shown the microstructure of tested samples. The
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Picture 3. Microstructure of alloys, group Il

pictures shows that with increasing of the vanadium
content up to 2%, the distribution of carbides remains the
same, but their size and stereologic shape are changed.
Namely, the vanadium affects on the refining of structure
components both, the metal matrix and the carbide
network. The increasing of vanadium content in the alloy,
also reduces the dispersion of carbide particles, and
increases the number of finer carbides in the structure,
shown on Figures 2 and 3. Vanadium is a typical carbide-
maker so that built carbide V¢Cs with the present carbon,
whose content in the structure grows with increase of
vanadium content in the alloy. In alloys that contain 3%
V, during cooling of austenite is partly transformed into
beneit, which remains unchanged during low-temperature
tempering, neither in form nor in size. After heat
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treatment, in structure are present small amounts of cubic
martensite and retained austenite. Martensite is distributed
mainly along the grain boundary of the eutectic carbide.
Distribution of carbides is changed, carbide network is no
more clearly expressed, and besides carbide VgCs, in
structure appears very hard carbide VC in a significant
percentage. Changes in the volume fraction, size and
morphology of the phases present in the microstructure of
Fe-C-Cr-V alloy, indicate that with the increase of
vanadium content, alloy composition approaches the
eutectic composition in four-component Fe-C-Cr-V
system, causing a decrease of temperature interval of
solidification.

6. POSSIBILITY OF APPLICATION

Adding 3% vanadium in steels, quality X160CrMo12-1,
forms the alloy that have very good combination of
hardness and tensile strength and thereby may have wide
area of application. Therefore, this steel with addition of
3% V can be successfully used for making parts and
components that are exposed to abrasion, corrosion-
abrasion, and impact-fatigue wear or combined type of
wear. Assortment of these parts are: construction and
mining machinery parts (excavators teeth and teeth
covers), parts of grinders and mills for stone, ore, coal and
minerals (balls, hammers, impact plates, mill linings and
separation grids), wear resistant parts in process plants
(mill rods for abrasive materials, blades of wheel-
abrators, mud pumps bodies , molds for coal and steel
scrap briquetting, tanks caterpillars etc.), [1], [6].

7. CONCLUSION

In this work were considered the effect of vanadium on
hardness, tensile strength and micro structure of steel with
1.6% of carbon, 12% chromium and 1.3% molybdenum.
With increasing vanadium content, structure becomes
finer, which affects on the mechanical properties of steel,
i.e. on the hardness and tensile strength as well as on the
impact toughness. In the tested samples content of
vanadium was increased; in first series 0.5% V, was
added, in second 1%V, in third 2%V and in fourth 3%V.
It is evident that higher vanadium content of 3% does not
lead to improved properties of this steel, and for this
reason, research with a greater percentage of vanadium
are not included in this work. Discussion of the results
given in paragraphs 5.1 and 5.2 indicates that an increased
amount of vanadium has positive influence on
characteristics of steel and its microstructure. Testing of
samples group, with 0.5% vanadium have shown great
hardness. With the increase of vanadium content up to
2.0%, the hardness slightly decreases, and tensile strength
remains approximately constant. The presence of hard
carbides type (Cr,Fe);Cs, V¢Cs and VC, their content,
favourable distribution and morphology, provides good
abrasive wear resistance, even in cases when they are in
contact with extremely abrasive materials such as silica,
feldspar and others.
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Abstract: In this paper, we have presented the results of studying the characteristics of surface layer of
mills hammer with explosion hardening. Based on metallographic analysis and testing the hardness, it
was determined that explosion hardening leads to extreme increase of surface layer hardness and
microstructure change. Results show that a hardened layer up to 10 mm depth can be obtained by this
procedure. The biggest effect of hardening (hardness up to 593 HV02) and the formation of martensitic

structure are achieved in surface layers of cast stee

Key words: wear-resistant steel, abrasion, explosion hardening, hardness, microstructure.

1. INTRODUCTION

Austenitic manganese steels have high resistance to
abrasive wear and a rather tough core. Toughness of this
steel is achieved by austenitization with subsequent rapid
cooling in water (quenching). The aim of this process is to
achieve the dissolution of carbide phase in solid austenite
solution. Resistance of these steels to abrasion is
increased with the increase of hardness, which is achieved
by the process of plastic deformation of surface layers,
where martensitic structure occurs [1, 2, 3].

In accordance with vertical cross-section of the system
diagram Fe-Mn-C, Fig. 1., steel with 1,2-1,3% C and 13%
Mn in cast condition at temperatures above 940°C has a
stable austenitic structure. Below that temperature field,
complex carbide particles (FeMn); are extracted from
solid solution, while at the temperatures below 600°C,
there is also a ferrite phase. Below 400°C, the structure
consists of ferrites and carbides (FeMn); [4].

Mechanism of these steels hardening under the impact of
cold plastic deformation is still not completely explored.
There are opinions that this mechanism is not
significantly different than the conventional deformation
mechanism. It is considered that the deformation takes
place by doubling mechanism, but there are the views
that hardening mechanism of these steels with fine grain
is based on the interaction of doubling and dislocation
changes. According to [5], with these steels exposed by
explosion, the presence of e-martensite and a-martensite
was determined.

Method of surface layer hardening of high alloy
manganese steels by explosion is a relatively new
technological procedure [2].
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Fig.1. Vertical cross-section of system diagram
Fe-Mn-C for steel with 13% Mn [4]

According to literature sources, hardened layer, up to 25
mm thickness, can be obtained. Main parameters of the
regime are type and quantity of explosives. As a result of
the explosion, there is an impact tension of order size of
tens GPa that affects the hammer surface layer.
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Process takes place at extremely high deformation rates.
Effects of explosion hardening can be quantified by
examination of mechanical properties and materials
microstructure. The same [1] can be followed during the
process itself with the assistance of very rapid cameras, as
well as after the deformation on the basis of displacement
analysis and other defects.

Mechanical systems in mining (elements of working and
walking part of the excavator, mills and other systems that
are in contact with tailing and ore) are exposed to abrasive
wear. As a rule, mechanical parts on these systems are
subject to shock loads, and in their case, in addition to
high resistance of surfaces to wear, tough core is also
required [6, 7, 8].

Hammer of the mill for grinding ore works in the
conditions that can lead to a catastrophic failure. In its
case, high resistance of the working part to impact
abrasion is required, as well as high resistance of the core
to brittle fracture. Usual solutions are the development of
the same of high alloy Mn-steel or low alloy steel with
improved core and high hardness of the working part. In
literature, there are also data about hammer development
of bimetallic materials.

The aim of this paper is the analysis of microstructure
change and hardness of surface layer of mill’s hammer of
120Mn12 (CL 3160) explosion hardened steel.

2. DATA ON MATERIAL AND EXPERIMENT
Experimental explosion hardening is done on the hammer

of the mill for grinding coal in slacked condition, Figure
2.
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Fig.2. Mill hammer of cast steel 120Mn12
1-layer of explosive

Hardened working surfaces are coated with a layer of
plastic explosive that is 5 mm thick, 1 in the Figure 2.

As a means of causing the explosion, plastic high
explosive of filled weight from 0,5 — 0,7 g/lcm®.
Detonation velocity of explosives is 7000 — 8000 m/s,
where the stresses of the size order of tens GPa are
achieved.

After explosion hardening, there was a detailed
examination of hardness in characteristic cross-sections
(directions), metallographic analysis and non-destructive
testing.

3. RESULTS AND DISCUSSION

3.1. Hardness
hardening

of 120Mnl12 after explosion

Hardness of 120Mnl12 after explosion hardening is
measured in the cross-section A-A (plane of hammer’s
longitudinal symmetry), fig.2 in selected directions | —
VII, fig. 3.

Cross-section A-A

Fig.3. Schematic view of the place of hardness
measurement (directions I-1 to VII-VII)

Results of hardness measurements, according to Vickers
method in measurement direction according to fig. 3, are
given in fig. 4.
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Fig.4. Hardness of explosion hardened surface layer of
hammer made of 120Mn12 cast steel

Based on the results, it was determined that the greatest
hardness was achieved close to the frontal area B (406
HV). Depth of hardened layer with hardness greater than
300 HV in the direction I-1 is 4,3 mm, and in the direction
I-11 - 8,2 mm.

The greatest hardness measured on lateral surface is C
(VII-VII) is 348 HV, while the depth of layer with
hardness above 300 HV is 6 mm.
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On the lateral surface D, directions IV-1V, V-V i VI-VI, a
hardness up to 366 HV was achieved. Depth of hardened
layer of hardness above 300 HV is more than 6,5 mm (IV-
1V), more than 7 mm (V-V) and about 10 mm (VI-VI).

In general, the highest hardness on working surfaces B, C
and D is achieved in zones close to angles.

Results of micro-hardness measurement in cross-section
VII, fig. 5., show that micro-hardness of surface layer is
significantly higher than the hardness determined by the
method HV 3.
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Fig.5. Microhardness of 120Mn12 after explosion
hardening in the function of distance from the surface

The results given in fig.6 show that maximum measured
hardness is 593 MHV,,, and that the hardness above
MHV,, is achieved to the depth of 0,15 mm minimum.

3.2. Examination of microstructure

Microstructure of surface layer in which there came to
explosion hardening is given in Fig. 6. Basic micro-
constituent in the structure is martensite (dark needles). In
microstructure, there is also a significant proportion of
retained austenite (fields with no martensite needles) and
carbides. The dark zones in Fig. 6 are gas pores or non-
metal inclusions.

Fig.6. Microstructure of hammer made of 120Mn12
cast steel in the explosion hardened field

Austenitic structure of hammer outside of the field where
explosion hardening occurred is given in fig. 7.
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Fig.7. Microstructure of basic material (core) of the
120Mn12 hammer

At particular samples in the core of the impact part of the
hammer, there are macroscopic defects present, such as
cracks due to shrinkage during hardening, non-metallic
inclusions in grain boundaries and grain, gas pores.
Determined macroscopic defects have occurred during the
casting in the process of hardening the central part of the
drip moulding. High presence of non-metallic inclusions,
even gas pores, in central part of drip moulding, and the
other zones to a certain extent, as well as big austenitic
grain, indicate that casting process is not optimally
performed.

4. CONCLUSION

The process of explosion hardening leads to big changes
of mechanical characteristics and microstructure of
surface layer. Main effects that lead to the increase of
hardness are cold plastic deformation and the occurrence
of martensitic structure. Due to the shape of hammer, and
with the same thickness of the explosive used, the effects
of hardening are significantly different in different zones.
Measured depths of hardened layer are, depending on
measurement zone, within the limits of 4,3 — 10 mm. The
highest micro-hardness of hardened layer of 593 HV,
was measured in surface layer of the sample. Micro-
hardness above 400 HV, is reached to the depth of 0,15
mm, minimum.

The applied process of explosion hardening has not
caused cracks in surface layer, as well as the expansion of
the existing macroscopic defects in the central part (core)
of the hammer.

5. ACKNOWLEDGEMENTS

This paper is a result of the project with the serial number
35037, founded by the Ministry of Science and
Technological Development. Writing the paper helped
Concern “Farmakom M.B.“, IKG — “Guc¢a“.

105



REFERENCES

(1]

(2]

(3]

[4]

EFSTATHIOU, C., SEHITOGLU, H. (2010) Strain
hardening and heterogeneous deformation during
twinning in Hadfield steel, Acta Materialia 58, pp
1479-1488.

ZHANG, F., LV, B., WANG, T., ZHENG, C,
ZHANG, M., LUO, H. and LIU, H. (2008)
Microstructure and Properties of Purity High
Mn Steel Crossing Explosion Hardened, Sl
International, Vol. 48, No. 12, pp. 1766—-1770.
KOPAC, J. (1982) Tezavnost obdelave obrabno
odpornih avstenitnih jekel — 12 Mn, Zbornik radova
XVI Savetovanja proizvodnog masinstva
Jugoslavije, Mostar, s. 67-70.
http://www.nbuv.gov.ua/portal/natural/Ptz/2008_50/
64-69%20Text.pdf, maj 2011.

106

[5]
6]

[7]

8]

BEPE3UMHAJ, B. H. u ap. (1981) ®usuka u xumuja
00paboTKK Marepuanos, 1, c. 60.

JUGOVIC, Z., CIRIC, R., KATANA, R. (1996) An
investigation of double layer metallic materials used
for elements that wear, Science of Sintering, 28
spec. Issue, s.197-202.

CIRIC, R., JUGOVIC, Z., RADOSEVIC, M. (2002)
Primena navarivanja u raparaturi elemenata
izlozenih  abrazivnom  habanju i  udarnim
opterecenjima, Zavarivanje i zavarene konstrukcije,
1, str.17-21.

CIRIC, R., JUGOVIC, Z., RADOSEVIC, M. (1999)
Vozmoznosti primenenija naplavki dlja
vostanovlenija detalej ispitivajuéséih  abrazivni
iznos, The 3-rd International Conference MET-99,
June 1999, Riga, Latvia.


http://www.nbuv.gov.ua/portal/natural/Ptz/2008_50/64-69%20Text.pdf
http://www.nbuv.gov.ua/portal/natural/Ptz/2008_50/64-69%20Text.pdf

34" INTERNATIONAL CONFERENCE ON PRODUCTION ENGINEERING

SECTIONC

PRODUCTION ENGINEERING — NEW TECHNOLOGIES AND GLOBALISATION OF
ENGINEERING






34" INTERNATIONAL CONFERENCE ON

PRODUCTION ENGINEERING
28. - 30. September 2011, Nis, Serbia
University of Ni§, Faculty of Mechanical Engineering

WEB-BASED COLLABORATIVE ENVIRONMENT
FOR PROCESS PLANNING

Mijodrag MILOSEVIC, Velimir TODIC, Dejan LUKIC
Department of Production Engineering, Faculty of Technical Sciences, Trg D.Obradovic¢a 6, Novi Sad, Serbia
mido@uns.ac.rs, todvel@uns.ac.rs, lukicd@uns.ac.rs

Abstract: Advances in information technologies have enabled designers to more effectively communicate,
collaborate, obtain, and exchange a wide range of design resources during development. Web-based
design environment is a new design paradigm for product development.

This paper presents a framework for distributed and collaborative environment, which could assist
manufacturing organizations to evaluate, optimize, and select process plans for groups of manufacturing
parts. The proposed system emphasizes the integration of the software tools and the resources involved in
the design process to enable collaboration of geographically dispersed design teams and process

planning experts.

Key words: Digital Manufacturing, e-Manufacturing, Collaborative Engineering,

Process planning, CAPP

1. INTRODUCTION

Shortening of product life-cycle and frequent
changes in production programs have influenced the need
for ever-faster and efficient transfer of information
between engineers and other participants in design and
manufacturing process.

In recent years, the Internet and local area
networks have greatly increased the integration of
engineering work, equipment, and other components
which are required for design and manufacture.
Introduction of digital documents has lead to a novel,
modern way of operation, vastly contributing to modern
society. Digitalization has introduced numerous
innovations into the area of product development.

Within the modern environment, manufacture of
complex products often takes place in a number of small
and medium enterprises, taking the form of distributed
manufacture. Single enterprises are specialized in partial
manufacturing processes. Complex products consisting of
a large number of parts, components, and modules, are
assembled into functional units within a single enterprise
but need not necessarily be produced under a single roof.
Therefore, better coordination is in order between
geographically dispersed teams collaborating on the same
project.

2. DIGITAL MANUFACTURING

Digital manufacturing represents a technology,
or discipline which offers strategic approach to
development, implementation, and optimization of all
elements of manufacturing process. The term ‘digital
manufacturing’ implies a network of digital models and
methods which define all aspects of manufacturing
process. Digital manufacturing environment represents a
combination of digital product and digital processes and
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resources [1]. This requires a common framework which
integrates virtual model of manufacturing with its real
physical counterpart. Digital manufacturing allows
efficient monitoring and improvement of manufacturing
process through utilization and control of data pertaining
to development, planning, and validation of
manufacturing processes. The goal is to integrate the data
from various departments in the domain of product design
and manufacture.

Exchange of information and engineering
collaborative  processes are crucial for digital
manufacturing, as well as for optimization of

manufacturing [2], Fig. 1.
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Fig. 1: Digital manufacturing's position in the
collaborative manufacturing management model [3]
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Today’s trend of accelerated advancement of
Internet technologies allows development of distributed
software applications which surpass traditional physical
and chronological limitations, helping us to connect
geographically dispersed users, systems, resources, and
services. By means of web-based collaborative systems,
designers and engineers can exchange and share tasks and



knowhow on a global level, using Internet/intranet
networks, Fig. 2.

Operations Infrastruct
Design/Engineering Ir

© - Manufacturing Node A - Design Node
Fig. 2: An example of a global manufacturing
infrastructure [4]

3. e-MANUFACTURING
3.1. The concept of e-Manufacturing

In a wider sense, electronic manufacturing (e-
Mfg) can be described as an application of Internet in
manufacturing. Electronic manufacturing integrates
buyers, systems, electronic shops, and suppliers in a
single manufacturing process, thus creating a strategic
framework for manufacture which is based on Internet
technologies. This concept is most often applied in hi-tech
industries, but is also common in companies which
integrate the Internet into their manufacturing processes
in order to boost profits. Modern companies utilize
Internet for various forms of e-Commerce and e-Business,
but also to create manufacturing environment, i.e., the e-
Manufacturing. Various Internet services allow the
transfer of information regardless of distances, as well as
the control of manufacturing processes which involves
manipulators, robots, CNC machines, and other similar
industrial equipment. The synthesis of Internet

IP/Library House

technologies an the concept of digital factory constitutes a
framework for e-Manufacturing.

From the aspect of global hierarchical levels
within e-Manufacturing one can discern between two
primary groups of activities: engineering, and
manufacturing, Fig. 3. On an inter-company level, the
engineering aspect includes a so called Engineering
Chain which allows realization of required engineering
tasks.
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Fig. 3: e-Manufacturing components [5]
3.2. Engineering Chain

The Engineering Chain on an inter-company
level, and the in-house systems of engineering equipment
represent the basic infrastructure necessary for execution
of engineering processes within e-Manufacturing. This
Engineering Chain represents a network of engineering
objects and services, Fig. 4, which allow product design
and process planning based on valid engineering data. In
addition, manufacturing process is monitored by means of
the systems of engineering equipment and executive
manufacturing systems.
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4. COLLABORATIVE PROCESS PLANNING

4.1. Collaborative design environment

Collaborative environments for integrated design
allow various groups involved in design process to work
together on the development of an efficient digital model
which pertains to a product or process. Such approach
opens new possibilities in the domain of marketing
analysis, multi-criteria product design assessment, and
manufacturing process plan variants, optimization of
product characteristics with the aim to increase quality,
reliability, productivity, easy assembly and maintenance.

Shared virtual environments allow engineers in
remote locations to analyze a virtual prototype together
and simultaneously in a center where the product is being
developed, Fig. 5. Moreover, such environments allow
engineers and designers to gain better understanding of
products, increasing the quality and providing design for
manufacture from the very beginning, thus reducing the
need for expensive re-work during later stages of
development.

Fig. 5: Global collaborative design environment

Present-day CAD/CAPP/CAM and CAE systems
incorporate Internet support for collaborative engineering.
This support allows designers to compare and harmonize
their model with those of other designers which share the
common collaborative environment.

4.2. Process planning collaborative environment

Process planning for manufacturing is one of key
tasks which need to be solved in a distributed
manufacturing environment in which various companies
and engineers take part in collaborative product
development. In such environments, the activities related
to process planning are often realized by means of CAPP
systems. Thereby, procedures are applied which take
engineering drawings, bills of materials, and other
manufacturing specifications to identify and select
apropriate machining processes, resources, sequences and
other parameters necessary to transform a blank into a
finished product. However, the knowledge implemented
into a typical CAPP system is subject to frequent updates
with newly acquired expert knowledge. Market conditions
are constantly changing, while the prices, terms of
delivery, and production volumes require modifications of
current process plans [3]. In order for these modifications
to be of high quality and as efficient as possible, expert
knowledge is required [7].

Shown in Fig. 6 is an example of a web-based
collaborative process planning environment within a
company which manufactures a group of products. Beside
various CAx systems and human resources within the
company, the collaborative environment also includes
geographically dispersed experts which are nevertheless
included in the collaborative process via Internet. External
associates cooperate in the process planning and
evaluation, on a par with in-house experts and engineers.
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Fig. 6: Workflow activities and information flow in the web-based process planning collaborative environment
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Fig. 7: Architecture of the web-based process planning collaborative system

Figure 7 shows the proposed three-tier
architecture of a process planning collaborative system. In
addition to clients, i.e., experts whose number is not
limited, also includes collaborative- and database servers.
This collaborative system provides expert analysis,
discussion, and evaluation, which results in an optimal
process plan for the given production conditions.
Furthermore, experts are not expected to use any of the
commercially available software systems for process
planning or interaction with collaborative environment,
due to the fact that the collaborative process takes place
exclusively through a web browser, Fig. 8.
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Fig. 8: Access to the online process planning
collaborative system through a web browser

5. CONCLUSION

Efficient exploitation of novel design and
manufacturing technologies is possible only within a
flexible and collaborative working environment. In
addition, the Internet technologies are rapidly and
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overwhelmingly changing the traditional way of thinking
and doing business within the manufacturing industries.
The proposed web-based environment, dedicated to
collaborative process planning for manufacturing,
represents another step in the direction of advancement of
modern distributed manufacturing.
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Abstract: Designing of modern machine tools is a procedure wich requires great effort of the designer,
and wich includes quick and detailed analysis of their kinematic and dynamic characteristics in
exploitation. Thus, in recent times, design and analysis of machine tools is performed by using a virtual
models that describe the geometric and kinematic structure of the machine.

This paper presents the kinematic analysis of the elements of machine tools in its virtual model formed in
the module of program system Matlab, SimMechanic. The analysis was done on the example of machine

tools based on parallel mechanisms.

Key words: Machine tools, paralel mechanism, virtual model, kinematic analysis, SimMechanic

1. INTRODUCTION

In the conditions imposed by a contemporary market for a
long time period, the behaviour estimation of the product
in the exploitation creates requirements for its
improvement from the very development process. In the
prior periods, physical prototypes of a product were
maximally utilized for the verification of the theoretical
exploitation characteristics. Considering the fact that their
manufacturing is rather expensive and long, virtual
prototypes originating from the integration of diverse
specialized disciplines into the engineering process for the
product’s desigh and manufacturing have been more and
more utilized with the same purpose in recent times.
Observing machine tools, the increase in market demands
from the aspects of productivity and accuracy of the
machining process makes it necessary to employ new
methods and tools during their improvement. As an
efficient means for achieving the set requirements in the
shortest time period possible, the solution proved to be a
concept of designing a virtual model, i.e. virtual
prototype, a machine tool describing the geometric and
kinematic structure of the machine itself.

Figure 1 illustrates the time saving achieved by applying
virtual prototypes in the process of machine tool design.
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Fig. 1. Shortening the machine tools design process by
applying virtual prototypes [1]

The application of a virtual model of a machine tool
during its design process greatly simplifies the testing of a
great number of proposed design solutions in the early
design phase. Likewise, it also enables: fast and detailed
analysis of kinematic and dynamic characteristics of a
machine in exploitation; estimations of functionality,
efficiency and safety of a machine tool; basic operator
training; or the presentation of the designed machine for
marketing purposes. Modelling, testing and alterations of
physical prototypes for the above mentioned purposes are
very costly and impractical.

The paper presents certain analyses of the virtual model
of a machine tool performed during the design process.

2. PROCEDURE FOR FORMING THE
VIRTUAL MODEL OF A MACHINE TOOL

A virtual model of a machine tool presents its geometric
or symbolic description that can be utilized for the
analysis of the product it represents by applying adequate
programme systems. The analysis most often implies the
simulation of the behaviour of the machine tool elements
in exploitation conditions.

This research describes the procedure for forming a
symbolic model of a machine tool by applying a
functional module of the programme system Matlab,
known as SimMechanic.

For the analysis, a machine tool with a hybrid, parallel —
serial, kinematic structure of the type biglajd has been
selected. This mechanism type has been chosen due to its
specific kinematic structure made of a planar parallel
mechanism that is translated along one axis providing a
basis for a simple three-axes machine tool (Figure 2).
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Fig. 2. Machine tool with a hybrid kinematic structure of
the type biglajd [8]

2.1. Symbolic modelling

Symbolic modelling refers to the description of a physical
model by connecting adequate symbolic blocks. Each of
the mentioned blocks contains information on the
following:

e Physical properties of the machine elements
(inertia matrices, mass matrices, coordination
systems, etc.),

e  Connections between them (joints),

e  Environment influences (stimuli), and

e Management — monitoring elements (mutual
influences and monitoring elements, feedbacks,
etc.)

In order to use a certain block to describe a physical
element of a machine tool (platform, rod, guide, etc.), it is
necessary to define its: dimensions, physical
characteristics, and spatial orientation. Connections
between elements are describes by connections that,
depending on demands, can be of guide, joint and rigid
connection types, and with them it is possible, on a virtual
model, to present any connection between two elements
of a machine tool. To obtain as authentic results as
possible, during the process of analysing a virtual model,
it is also necessary to define the environment influence on
a machine tool, friction and resistance between moveable
elements, power engines that perform stimuli, as well as
segments presenting the obtained results [5].

As an illustration, Figure 3 presents a series of blocks to
describe a simple mechanism of a physical swing type
comprising a single body that is linked to the fixed base
with a universal joint.

(e o—o +—p—d i@ s
Machine I—
Environment Ground Universal Bodyt

Fig. 3. An example of a mechanism model formed in
Matlab SimMechanic

2.2. Visualisation of a virtual model

For a better insight into the movements that the formed
model exhibits in space, there is a segment for the model
visualisation in the programme system Matlab. It can be
employed in two manners:

1. Generating the VRML model of the mechanism
in the SimMechanic. In this manner, the
geometry of individual elements of the
kinematic structure of a machine tool is
generated on the basis of information on
dimensions and moments inertia input into
individual blocks. Hence a simple VRML model
made of fundamental geometric shapes -
primitives (cylinder, sphere, slab, etc.) is
generated. Figure 4 presents a VRML model of
a biglajd mechanism formed for further analyses
in this paper.

o

Fig. 4. VRML model of a biglajd mechanism

2. Linking a detailed geometric mechanism model
formed in one of the CAD programme packages
with the adequate blocks of the virtual model
created in SimMechanic. In such a manner, one
obtains a virtual model that is geometrically
more similar to the physical model of the
machine tool with a more complete and realistic
visualisation.

3. DEFINING A VIRTUAL MODEL OF A
PARALLEL MECHANISM OF THE
BIGLAJD TYPE

For defining a model of a hybrid mechanism of the type
biglajd and for its engineering analysis, the method of
symbolic modelling with the visualisation of mechanism
elements by generating the VRML model in Matlab
SimMechanic has been applied.

The generation of the virtual model of the biglajd
mechanism is performed in such a manner that all
mechanism elements are described by appropriate blocks
forming a scheme adequate to the biglajd mechanism.
This scheme, actually, presents its virtual model
illustrated in Figure 5.

FIXED BASE

xomry

RODS

PLATFORM

Fig. 5. Virtual model of the mechanism type triglajd
formed in Matlab SimMechanic
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In the figure, one can observe three units that represent
individual complex elements of the biglajd mechanism.
These are the mechanism base made of a guide and
sliders, moveable platform, and rods connecting the base
and the moveable platform. Inside these subunits there are
also complex blocks originating from the integration of
simpler elements; e.g. rods, beside the rod itself, also have
two joints on its ends.

3.1 Realized analyses

As already stated, one can perform several types of
analyses on virtual models of machine tools (and
mechanisms in general), providing an insight into the
behaviour of individual elements, as well as the entire
mechanism in exploitation. In this case, virtual models are
used for analysing the following:

e Position and orientation of individual mechanism
elements in the entire working space of the
mechanism

e Kinematic characteristics of the vital moveable
elements

3.11

During the conducted research, one of the main goals has
been the set demand to examine the behaviour of all vital
mechanism elements (sliders, joints and rods) in the
overall working area (Fig. 6). Dimensions and the shape
of the working space of the mechanism were obtained by
analytical methods in earlier research phases, and they
were subsequently expressed in a discrete form (as an
adequate matrix) to simplify further analyses.

Working space analysis
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Fig. 6. Theoretical working space of the biglajd parallel
mechanism

The analysis of the theoretical working space has enabled
the elimination of singular points, inadequate slider
positions and joints and the formation of an efficient
useable working space of a mechanism.

Furthermore, the conducted analysis of the working space
of the virtual model is employed for determining minimal
and maximal angles occupied by rods in relation to the
base and the moveable platform.

In the concrete case, the current values of the angles of
mechanism joints at the position of connections between
rods and sliders, i.e. rods and moveable platform, have
been monitored (Fig. 7), as well as the position of sliders
at the mechanism base.
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Fig. 7. Alteration in the joint angle between the rod and
sliders, i.e. moveable platform, respectively

From the figure, it can be observed that the values of
angles in the mechanism joints during movement alter in
the total range of 70°. The determination of these values
enables a selection of adequate joints for the mechanism
of demanded dimensions and characteristics, together
with the optimization of individual elements, if necessary.

3.1.2

Apart from the analysis of the working space, to design a
certain machine tool it is necessary to perform the
analysis of kinematic factors in the process of mechanism
movement as well. In this case, it implies the analysis of
the velocities of individual mechanism elements for the
maximal values achieved by the moveable platform in the
machine tool.

On the other hand, to select guides, sliders, joints, power
elements of the machine tool and the like, it is necessary
to analyse accelerations appearing on these elements in
exploitation conditions with the maximal loading of the
moveable platform.

The kinematic analysis of the parallel mechanism has
been conducted by utilizing the inverse kinematic chain,
referring to setting the movement of a moveable platform
and monitoring the behaviour of all joint mechanism
elements. As a result, one can obtain velocities and
accelerations of transverse sliders for the movement of the
moveable platform across the theoretical working space
defined by velocity and acceleration.

In the conducted analysis, the moveable platform was
assigned the velocity of 1 m/s and the acceleration of 10
m/s with the definition of friction between sliders and the
guide, and friction in joints.

Figures 8 and 9 illustrate functional dependencies
between velocities and accelerations of mechanism sliders
and time, respectively, originating in linear movement of
the moveable platform in various positions, for the
defined movement conditions of the moveable platform.

Kinematic analysis of the mechanism
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Fig. 8. Velocity of mechanism sliders for the set values of
the platform velocity

30

15

10

-25
~20
-10

4 5 6
Time [s]

Acceleration [m/s?]
8 R

o
-
N

Acceleration [m/s?]

Fig. 9. Acceleration of mechanism sliders for the set
values of the platform acceleration

Based on the obtained results, the adequate power
engines, guide dimensions and mechanism slider
characteristics are adopted, significantly simplifying the
design process.

4. FINAL CONSIDERATIONS

As it can be observed from the presented diagrams, the
application of virtual models in this phase of the machine

tool design process enables a continual monitoring and
the analyses of all relevant movements on a machine. In
such a manner it enables, on one hand, to form a
conclusion on the possibilities of applying the mechanism
itself in machine tools and hence of determining the
feasibility of further improvements; on the other hand, it
enables the realization of individual phases of the design
by optimizing dimensions and characteristics of its
elements.

The paper presents a model of a machine tool and the
obtained results of its analyses, which is a segment of the
research being conducted at the Department for
Production Engineering, Faculty of Technical Sciences in
Novi Sad, with the objective of improving the procedures
in machine tool design and the analyses of exploitation
possibilities of the existing solutions for machine tools
based on parallel and hybrid kinematic structures.
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Abstract: The paper describes the complete procedure of mathematical modeling dynamic behavior
spindle — holder — tool assembly. Developed mathematical model includes rotational degrees of freedom
and can be used for prediction the tool point frequency response function. In order to verify the proposed
mathematical model of spindle — holder — tool assembly and method for identifying rotational degrees of
freedom, the numerical analysis of the above systems is carry out. Furthermore, the model is
experimentally verified on a free-free spindle — holder — tool system.

Key words: mathematical model, spindle, dynamics
1. INTRODUCTION

Most of the research related to machine tools are
connected to the machine tools spindle, since the
characteristics of the spindle, such as static and dynamic
behavior, strength, speed, among many others, have a
significant impact on machine tools performance.
Emphasized the importance of spindle assembly is based
on the fact that the essence of the machining process is
reduced to relative motion of the tool in relation to
workpiece, so the accuracy of the spindle movement
directly reflects the accuracy of the tool motion relative to
the workpiece, and thus the accuracy of the final product .
The most important requirements of spindle assembly
exploitation are parameters of the dynamic behavior, so
the main aim of this paper is development of
mathematical model for modeling dynamical behavior
spindle - holder — tool assembly.

2. MATHEMATICAL MODEL OF SPINDLE -
HOLDER - TOOL ASSEMBLY

Spindle — holder — tool assembly is one of a major
machine tool components, because its static, dynamic and
thermal behavior mainly characterized the behavior of the
entire mechanical system of machine tools. Components
of spindle — holder — tool assembly should be coupled
elastically due flexibility and damping introduced by the
contacts at spindle — holder and holder — tool interfaces.
Furthermore we are applying the approach [1], where the
part of the holder inside the spindle is considered as
integrated to the spindle (Figure 1). Some authors [2]
applied somewhat different approach, where the spindle
and holder are connected with a series of parallel springs.
However, the approach presented in [1] provides a more
realistic model, because only the dynamics due to the
masses of these subsystems will be included into the
model or it will be required to include their stiffness
effects with distributed springs.

Spindle

Holder

Fig.1. Elastically copupling spindle — holder system

Complex stiffness matrix, which representing the spindle
— holder interface dynamics has the following form:

k +i-@-,,C 0

VD "t VD ™t

wi { 0 K +i-o- c} (1)
VD 'r VD ™~r

where: \pk; — translational stiffness, \pc; — translational
damping, vpk, — rotational stiffness and \pc, — rotational
damping at the spindle — holder interface. Assuming that
matrix of response subsystem V (spindle with bearings)
and subsystem D (holder) are konown, then it is possible
by using method of receptive coupling to obtain the
global system response matrix VD (spindle — holder) at
the holder tip:

VDii = Dii - Dic : (Dcc +Vcc + VD K_l )71 : Dci (2)

Similarly, the part of the tool inside holder is considered
as rigidly joined to the holder, so the receptance matrix of
the tool can be coupled with the rest of the the system, as
depicted Figure 2.
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VD Spindle+holder

Spindle+holder+tool

VDA
Fig.2. Elastically coupling spindle — holder — tool system

Receptance matrix of the global system VDA (spindle —
holder — tool) at the tool tip has the following form:

VDA, =A, A, (A, +VD, + ,K*) A, 3)

In the above equation A is a subsystem of a tool and paK
is the complex stiffness of holder — tool interface
dynamics:

K=|:DAkt+i'w'DACt 0 :| @)
DA 0 onk, +i-@- 5.C,

where: pak; — translational stiffness, paC; — translational
damping,, pak; — rotational stiffness and pacr — rotational
damping at the holder — tool interface.

If equation (3) is been used to predict the frequency
response function of the tool tip we need to know
translational and rotational dynamic response each of the
components of spindle - holder — tool assembly. Response
matrix of tool and holder can be obtained by analytical
method, using some of the beam theory or through the
FEM analysis. The problem is defining the response of
the spindle, because data regarding the dimensions,
material, the manner of bearing, the number and type of
bearings, are unknown so the their modeling is critical.
On the other hand, experimentally we can only measured
translational dynamic response of the spindle, and to
complete the receptance matrices we need rotational
response. The following section presents the methodology
for identification of rotational dynamic response of the
spindle — holder — tool assembly.

2.1.  Calculation of rotational
freedom

degrees of

The second chapter emphasized the importance RDOF in
receptance coupling, as well the difficulties that
accompany their direct measurement. Silva [3] presented
a method to determine the rotational response of an
arbitrary system without their direct measurements. It is
assumed that a spindle assembly (Figure 3) consist
subsystems A and B. The objective is receptance coupling
these two subsystems with the inclusion of RDOF in
synthesis. The assumption is that a subsystem A can be
modeled using one of the FEM system, and thus
determine the complete FRF response matrix with
translational and rotational dynamic responses, while the

subsystem B can not be modeled, but only experimentally
measured. So, with FEM simulation of subsystem A we
can obtain the dynamic response sHy, aHw, aAHw, aHr tO
be completed the following FRF matrix: aHii, aHic, aHci
and aHc. For the subsystem B, the only reliable way of
experimentally measured is translational response gHy, ,
because responses gHy and gH,, are related to RDOF and
practically it is impossible to measure. The methodology
presented in [3] defines the rotational responses of only
one FRF, and in this case exist two FRF to be determined
as follows: gHy=gH,; and gH,;. In this sense, the equations
presented in this paper extend the system of two equations
with two unknowns.

Subsystem B
0ursM,

Fig.3. Substructuring spinlde assembly

After appropriate mathematical transformations and with
rotational responses of subsystems A using a finite
element method, we can derive expressions for the
rotational dynamic responses of subsystem B:

BHCr: :Bn_AchC (5)
BH:f :Brr_AH(rf (6)
where:

kfv —kug + kag — kfb + fdb —cbg
Bn= ( ) (7

(ad —ud —cb+cv)
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i ! v, [ 202 + (2kagf +bf *d -
ad —ud —cb+cv

2kugf —ec?g + decf — 2bkf * —bfcg )v —d?efu +

m

d’efa + g°ka® —decga + decgu + g*ku® + bdgfa — ®)
29%kua + bec’g —bdgfu — bdefc + 2bkugf + b’kf 2 —
2bkagf +bg*cu+b° fcg —b* f *d —bg*ca |

where: a= ,Hi, b= ,H¢ c= ,H d=,H,

ic ci cc cc cc 11
e=,Hy f=,Hi 0= ,H{ k= H+:H  u=Gg,
v=GY.

Equations (5) and (6) define calculated RDOF responses
of subsystem B, or in this case the system spindle —
holder (VD). To get response at the tip of the spindle is
necessary to use inverse receptance coupling to
substraction holder from the spindle — holder system.
Returning to the notation, in which tags VD, V and D
denote subsystems spindle — holder, spindle and holder,
respectively, we get the desired response at the top of the
spindle:

V.. =Dg +(D; = VD )71 -Di _(Dcc o Kil) 9

3. NUMERICAL SIMULATION AND
VERIFICATION OF PROPOSED MODEL

The geometry of the spindle — holder — tool assembly
used for numerical simulation is shown in Figure 4, while
the dimensions of subsystems, bearings and interface
dynamics properties are given in [4]. The material is steel
with Young’s modulus E = 2.1e** N/m?, mass density p =
7800 kg/m® and Poisson’s ratio x = 0.3. The assembly
analysis was carried out using finite element software
ANSYS. For modeling the components of assembly we
use beam element BEAM188, which is based on
Timoshenko beam theory. Additional restrictions are
given by the stiffness of supports. For representing the
dynamics of bearings and spindle — holder and holder —
tool interface we use finite elements with spring and
damping (COMBIN14).

Fig.4. Components for the FEM analysis and their
assembly

Figure 5 shows the comparison between calculated and
simulated rotational dynamic responses of the spindle —

holder system VD!, and VD! .

Fig.5. Comparsion between substructured and simulated
responses VD!, (above) i VD' (below)

As can be seen in figure 5 the simulated and substructured

FRF is identical. Error between subtracted and simulated

values of VD!, and VD!, ranges up to a maximum of 10°.

Between predicted and obtained response of the FEM
simulation are no significant differences, which lead us to
conclude that the proposed method is accurate and can
therefore be used to identify RDOF.

4. EXPERIMENTAL TESTS

In this chapter, an evaluation of the method describe
above will be done, combining real measurement with FE
data. The spindle — holder — tool assembly shown in
Figure 6. is suspended to obtain free - free end conditions
for performing impact test. First, the FRFof spindle (with
and without holder part in his cone) is measured and then
is measured FRF of spindle — holder system. Finally, it
was performed measurement of the spindle — holder — tool
assembly. Modeling dynamics of tool subsystem was
performed by using FEM.
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Fig.6. Measuring chain for the identification of dynamic
system behavior spindle - tool holder - tool

According to the presented mathematical model spindle —
holder — tool assembly, for accurate prediction of the
dynamic response it is necessary accurate knowledge of
the complex stiffness of spindle — holder and holder —
tool interface dynamics. Matrix elements are stiffness and
damping and how these values can not be experimentally
measured, it is required to define them in a another way.
Problems of identification unknown parameters of spindle
— holder — tool interface dynamics is presented in detail in
[5]. First, with Levenberg-Marquradt method we
identified complex stiffnes matrix of the spindle — holder
dynamics: vpk; = 2.971-10% N/m, ypk, = 5.811-10° Nm/rad,
voCt = 135 Ns/m, ypc, = 35 Nms/rad. Figure 7 show the
result of receptance coupling of spindle and holder with
identified spindle — holder interface dynamics. It can be
concluded that the accuracy of identified parameters is
satisfactory.

L L
o i) 1000 150 X =0 30
et

Fig.7. The measured FRF and the FRF with the identified
spindle — holder interface dynamics

Afterwards, the identification of holder — tool interface
dynamics is carried out. For a system combination of
spindle — holder — tool with a diameter of tool D = 20 mm
and tool overhang L = 40 mm, we identified the following
parameters: paki = 3.337-10" N/m, pake = 1.571-10°
Nm/rad, paC; = 63 Ns/m, paC; = 10 Nms/rad. Figure 8
show the receptance coupling results of the spindle —
holder system with tool. And in this case can be
concluded that the accuracy of identified holder — tool
interface dynamics is satisfactory.
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Fig.8. The measured FRF and the FRF with the identified

holder — tool interface dynamics

5. CONCLUSION

The research of static and dynamic behavior of spindle
assembly is a constant challenge for many researchers and
designers of modern machining systems. In exploitation

of

spindle assembly one of the most important

requirements is its dynamic behavior, so the main aim of
this study was to develop a mathematical model for
modeling dynamic behavior spindle — holder — tool
assembly. In order to verify the proposed mathematical
model numerical simulations and experimental tests of the
system spindle —holder — tool was carried out.
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Abstract: Conduct research supporting structures of machinery, it was concluded that composite materials can be
applied to a change in their composition can significantly influence the size of authoritative for the normal operation of
the machine, such as the amplitude of displacement in the horizontal and vertical direction, the rigidity of the structure
and the like.

Today, composite materials can be done in several layers, in addition to fiber and dispersion strengthened. Composite
materials from multiple layers are widely used, and to reduce vibration and amplitude of displacement can be applied
and the calculation methods of dynamic behavior. This is done by calculating the damping coefficient for different
compositions of composite materials with a graphical interpretation of results. | still damping coefficient is taken in the
calculations of the dynamic behavior of the supporting structure of the machine and thus obtain new solutions in the

construction of the supporting structure of the machine.

Key words: composite materials, amplitude of displacement, damping coefficient, vibration, supporting structure

1. INTRODUCTION

Term composite materials today refers to the narrow
range of materials that must satisfy next criterions:

1. composite materials must be product human work,
so thus no natural materials as example tree can’t be
considered such.

2. composite materials must be made of two or more
chemically dissimilar materials with clear boundaries of
separation between them.

3. integral components of the composite have their
volumetric content to form a composition, so thus in this
group of materials can not fall any layer of the
composition or sandwich materials.

4. composite materials must have qualities that do not
exhibit a single component separately.

Given the above criteria can be summarized to give a
definition:

Under the composite materials include artificially created
materials made of two or more chemically dissimilar
materials, that according to their physical - chemical and
mechanical characteristics perform new material, and in
his integrity exist clearly defined borders separate betwen
integral components /1/.

Today, composite materials can be done in several layers,
in addition to fiber and dispersion strengthened.

Conduct research supporting structures of machinery fiber
composite material of iron-concrete (reinforced concrete),
it was concluded that composite materials can be applied
to a change in their composition can significantly
influence the size of authoritative for the normal operation
of the machine, such as amplitude shift in the horizontal
and vertical direction, the rigidity of construction and the
like/2,3/.

This paper presents the calculation of the coefficient of
damping in structures that are used reinforced concrete as
a composite material. Under construction in this case
involve two or more layers of different materials / 4 /,
which is not a layered composite material, but one of the
layers of fiber reinforced concrete as a composite
material.

In addition to calculate the resulting coefficient of such
structures and such structures can be applied in the
construction of supporting structures of machines.

2. ABSORPTION LINING AND
CONSTRUCTION

Today is elaborated many different forms and

construction of absorbing lining.

2.1.Plates with simple lining

At simple lining absorbing material applied to one side of
plate whose oscillations need to weaken (fig.1). Figure 1.a
shows the unloaded plate with simple lining, and figure
1.b process of folding plate and a built absorbent

material.
h’ =% i o ’
I (5 2N 5
hf ¥ 72 77 A A

b)

Figure 1, Base plate with a simple coating
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Basic quantities at simple plates are coefficient of
damping and elasticity modules (n,) and (E;) materials of
basic plate, (n,) and (E,) absorbent material and () and
(E) resulting coefficient of damping and elasticity modul
of plate with simple lining.

Resulting coefficient of damping, depending on the
elasticity modul and lining thickness, calculated with the
help of equations:

E,-h,-s?
B
and the resulting flexion stiffness (B) by the equation:

n=r,

2
B=E112hl +E,-h,-s’

where is h;-basic plate thickness, h,-lining thickness, and

1
S= > (h, +h,) distance between neutral axis.

By introducing some simplifications, previous equations
can be written as:
N E, h, n _ E, h,
MR, == oF — ===
E, h n, E h

In the diagram fig.2 presents the relationship n / n, the
functions h,/ h; and E;/ E,.

10°

10-?

Figure 2, The dependence of damping coefficient of the
coefficient of elasticity and thickness of layers

To achieve the higher damping coefficient method simple
coating should adhere to the following guidelines:

1. For use as much damping material with a high
damping factor. Material that is commonly used is
then, =05 ...2

2. Modulus of elasticity absorbent material should
preferably higher. Materials such as rubber, felt, etc.
are not good. Modulus of elasticity absorbing
material are the order of E, = 10° - 10°, while for
example, elastic modulus steel E; ~ 2,1 x 10"
[N/m?].

3. Applied absorbing material should be as thick. On
the basis of practical experience should be 2-3 times
thicker than the thickness of which should quell
oscillations.

4. Damping coefficient, can be significantly increased
if the achieve a greater distance between the neutral
axis of the base plate and absorbing lining. This
separation is achieved by increasing the coating
thickness. For this reason absorbing material should
be applied only on one side of the board. The
distance between the neutral axis can be increased if
the base plate and put an extra layer of coating,
preferably with great strength, in the form of hollow
holders.

2.2. Plates with various and multiple linings
a) The board covered absorption materials
This coating method is shown in figure 3 it differs from
simple coverings because of absorbing material applied as
a layer of metal foil with a small coefficient of damping
13~ 0. Itis practically the same material as the base plate.

h’;
3

AR RRY n® AtTLRLLLLRR AR RN
g 7 GhC T Caary e

>

nE

3

.
h,
1

a)

b)

Figure 3, Base plate in conjunction with absorbing
material and a thin cover: 1.base plate (E;, 7,~0);
2.absorption linings ( G2, 7,); 3. cover in the form of
thin films ( E3, #3~0); 4. neutral line.

In this method, absorbing material in addition to bending
loads in addition to suffering the burden of shear. Because
the elastic properties of absrobent material characterized
by shear modulus

G, :Gz(1+ j'772)
that depending on the elastic modulus can be calculated
by the equation
E

G=———

2L+ )
The basic characteristics of this method is that the
absorption coefficient depends on the frequency.

Maximum damping coefficient (mma) oOCCUrs at a
frequency:

[ _1G1ii [B
™ 27 E, hyhy \m

and is

S

E;h, s* ,
B 2(1+\/1+ 7722)

For the base plate with a thickness h;>>h,,

12 2

Mvax =

hi>>h; i
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obtained
3 E, hs 7,

e 2 E,.h (1+1/1+7722)

Provided that the base plate and the protective cover of
the same material E; = E; and that the damping coefficient
of absorption material 7,=0,8, is obtained

h

3
h,

This analysis shows that this method is suitable for
damping noise of thick plates. It is the thickness of
absorbent material is of minor importance. Compared to
the simple trim, the maximum damping coefficient (Mmax)
does not depend on elastic modulus (E;) and shear
modulus  (G,) of absorbent material. However, it is
important that the frequency at which it can be expected
(nmax) lies in the frequency range that can be realized with
the available materials of small modules (E) and (G). In
this method uses a material with a high n.

In figure 4 are shown the comparative coefficient

obtained by theoretical analysis for simple and covered
with absorptive lining.
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Figure 4, Comparative diagram

The diagram shows that the coating covered achieved a
coefficient with soft materials whose modules

E,=10°%-10° N/m? i G,=4+10°- 4+10° N/m*.
Benefits covered in relation to simple coverings are as
follows:

1. Can be used materials with low modulus of
elasticity.

2. Effective noise reduction of thick plates.
3. Receives a large damping coefficient, and with it

the greatest noise reduction at low consumption of
material, or a small increase in weight machines.

4. Can be achieved selective noise reduction at a
particular frequency range.

For practical sizing covered absorbing coating is

recommended following the plate thickness (h) and
damping coefficient (n) (table 1).
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Table 1, Recommended panel thickness and damping
coefficients

h; h; n
0.5h, (0.05-0.1) h; 0.05
1h, (0.05-0.1) h; 0.1

For example, a thin steel sheet for car bodies for h=1mm
has m~2x102, while steel plates for ship armor have
=107,

b) Two panels of the same thickness with a thin
interlayer

Figure 5 shows the principle design solution absorption of
two plates of the same thickness, with a thin interlayer
absorption.

8770 0700090 v,
..v,:o:.:."“’.““’ .‘%‘0:0";"0:0

i
4e%%0,

'.:‘"‘ A

Figure 5, Two panels of the same thickness with a thin
interlayer

c) Arbitrary forms of plates and other structural
elements

Figure 6 shows the principal construction solutions
vibration absorption of different geometric shapes of
elements and systems.
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Figure 6, Arbitrary forms of plates and other structural
elements



3. COEFFICIENT DAMPING OF
COMPOSITE MATERIAL

Using the previous mentioned possibilities of absorption
material, as well as the possibility to change the initial
values of the mechanical properties of the base material,
which in this case reinforced concrete (a composite
material), we obtained the results shown in Figure 7.

For both variants was done by changing the thickness of
plate, which is the ratio of the image data h1/h2 (first
version) and the ratio h1/h3 (for the second variant) and
for ten different values. The highest ratio, hl: h2 = 1:10,
giving the highest value of damping coefficient and it is in
the picture numbered 1, and further reducing the ratio 1:1,
where the increase in the minimum damping coefficient
(marked by numbered 10). The same was done with the
relationship h1/h3, noting that such large differences can

not be practically used, but are less value for variant 2
(1:2, 1:3) larger than the first variant.

See that, for the variant 1, when we have only one record
get lower values of total attenuation coefficient. We can
observe the impact characteristics of reinforced concrete,
for whom he has previously proven that he can easily
modify the change in concentration of reinforcement, ie,
fibers in a matrix of concrete.

For version 2, when we have a coating of two plates of
composite materials is negligible, but the ease of
application of concrete in construction and a large
increase in damping coefficient of the whole structure is
taken as a good opportunity for the design of supporting
structures and machines in general for the construction of
any use. It should be emphasized that this variation is
good and the reason for the lower mechanical properties
of concrete are compensated by a large increase in
damping coefficient.
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Figure 7, Coefficient of damping plates, with cladding of composite material, iron - concrete

After analysis of the possibility of such changes in
material properties, it is clear that in all calculations
where the same use, we can get a wide range of results. In
the area of dynamic behavior of machine support
structure, with the balance of the amplitude of movement
of supporting structures of machines for forming / 2,3 /,
the ability to change input parameters, ie. characteristics
of the material provides great opportunities for a different
number of constructive solutions.

CONCLUSION

Looking at these examples and taking into account the
proven possibility of using composite materials in load-
bearing structure of the machine, we found results that
suggest an increasing possibility of using them.

In addition to ease of construction, there is a relatively
low price of this composite material, and ease of change
of its features is the best feature. Small changes to content
of steel fibers in a matrix of concrete, which in itself can

be stronger or weaker in mechanical terms, we get the
composite material with a very wide range of mechanical
properties and damping coefficients, which are so
essential for the absorption of vibration and dynamic
behavior of machine support structure.
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Abstract: In the previous research strong correlation was discovered between the features of the product
drawing and production time, which has resulted with 8 regression equations. They were realized using
stepwise multiple linear regressions. Since the optimization of these regression equations did not fully
define the most frequent requirements, multiobjective optimization was applied. The applied criteria
included: minimum production time, maximum work costs/total costs ratio for a group of workpieces. The
group was created using specific classifiers that defined similar workpieces. A STEP model with seven
decision variables within a group was applied, and the groups with a high index of determination were
selected. Independent values that maximize the work costs/total costs ratio and minimize production times
were determined. The obtained regression equations of time production parts and work costs/total costs
ratio are included in the objective functions to reduce production time and increasing, work costs/total
costs at the same time. The values of decision variables that minimize production time and maximize work
costs/total costs ratio were determined. As the solution of the described problem, multicriteria interactive

STEP method was applied.

Key words: stepwise multiple linear regression, multiobjective optimization, STEP method

1. INTRODUCTION

Our numerous experiences and experience of others as
well, and following of economic trends in Croatia and
wider have motivated us to start research in this area.
Since a considerable number of research works and
papers are dealing with optimization of technological
parameters, we have decided to focus our attention on the
relationship  between product features (geometry,
complexity, quantity,..) and production times and costs
[1,2,3,4]. It has been proved that it is possible to make
estimation of production time applying classification,
group technology, stepwise multiple linear regression as
the basis for accepting or rejecting of orders, based on 2D
[1, 2] drawings, and the set basis for automatic retrieval of
features from the background of 3D objects (CAD: Pro/E,
CATIA) and their transfer to regression models [5]. Of
course, certain constraints have been set: application of
standardized  production times  from  technical
documentation or estimations made using CAM software
(CATIA, PRO/E, CamWorks); type of production
equipment/technological ~ documentation  determines
whether it will be single- or low-batch production. Initial
steps have been taken regarding medium-batch, large-
batch or mass production.

It has been assumed (relying on experience) that small
companies (SMEs) in Croatia make decision about
acceptance of production (based on customer’s design

solution of the product, delivery deadlines and
manufacturing costs imposed by the customer - PICOS
concept) on the basis of free intuitive assessment due to
the lack of time and experts. This often results in wrong
estimates.

If the optimization of regression curves is to be
applied (independent variables - product features,
dependent variable — production time), it is hard to
explain what it would mean for the minimum or
maximum production time for a given group of products.
The minimum production time could mean a higher
productivity, but we do not know about the profit. The
maximum production time could suggest that a higher
occupancy of capacities may mean higher earnings,
although it may not be so. This dual meaning has led us to
introduce multiple objective optimizations for a new class
of variables that differently classify our products. A
response variable (dependent variable) can assume several
meanings: maximum profit per product, minimum
delivery time (related to production time, and also to
organizational waste of time, production balancing...),
ratio of the production cost and the costs of product
materials, ratio of the production cost and the ultimate
production cost. Thus, the problem-solving approach has
become more complex, and is no longer a mere result of
intuition and heuristics, but more exact assessment of
‘common’ optimum for more set criteria.
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2. THEORETICAL BACKGROUND

TABLE 1. Minimum and maximum values of selected variables

PRODUCT TYPE - 41113

min 2.90 0.100 1.00 11.21 0.22 0.0132 0.001 6.00 0.92
max 100.00  0.400 5.00 19.63 1250 0.3972 0.820 33.00 1.00
variable X1 Xo X3 X4 Xs Xs X7 Z1 Z,
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- 4
unit of mm mm number number  number 10 2 kg h/100  number
measure mm

Used technological documentation for conventional
machining tools (420 positions) is from INAS Company,
a successful producer of machine tools in Croatia. The
main grouping criteria were the features (geometrical,
tolerance, hardness) from technical drawings and for each
workpiece production time was used (technological and
auxiliary time).

It was found that the optimization of regression equations,
in order to obtain minimum or maximum production
times was insufficient with respect to the needs in real
production. Thus, the aim was to obtain, by considering a
series of regression equations, the optimum for
multiobjective optimization (minimal production time,
labor cost/material cost ratio or labor cost/total cost ratio
for the selected group of products. As multiobjective
optimization requires the same variables (x;, X7), it was
necessary to make new grouping of the basic set (302
workpieces) using new classifiers. New classifiers were
defined W (1-5), based on 5 basic features:

W1-material:  1(polymers)-5(alloy steel), W2-shape:
1(rotational)-5(complex), W3-  max.  workpiece
dimension: 1(mini V<120mm)-5(V>2000 mm), W4-
complexity, BA — number of dimension lines: 1(very
simple BA<5)-5(5 -very complex BA>75), Wo5-
treatment complexity: 1(very rough)-5) very fine). The
conditions were defined based on the range of data about
the number of dimension lines on the considered sample

of 415 elements. A classifier that is being developed is
based on 5 basic workpiece features. For the purpose of
the research, a group of workpieces (W1-W5) 41113 was
selected for further analysis. The code 41113 means: steel
— rotational — small — very simple — commonly complex -
workpieces. From the available database, the minimum
and maximum values for independent variables, and
dependent variable (Z;-production time), and derived
variable Z, was taken (Table 1.).

Two regression equations, Z; (production time) and Z,
(labor cost/total cost ratio), were selected. For them
multiobjective optimization was also performed. In order
to use the same types of variables, new grouping was
made using specifically adjusted classifiers. Workpiece
classification according to the criterion of complexity was
done semi-automatically by setting conditions on certain
features of drawings (basic roughness, the finest
roughness requirement, the narrowest tolerance of
measures, the narrowest tolerance of shape or position
(geometry), number of all roughness and geometry
requirements in the drawing. Each of these 6 criteria
based on its specific conditions is assigned a value
ranging from 1 to 5. The obtained result (Table 2.) is
rounded to integer (e.g. 3.49 is W=3, and 3.51 is W=4),
and this integer (in the range from 1 to 5) becomes
complexity criterion coefficient (the fifth digit in the
code).

TABLE 2. Results of stepwise multiple linear regression

Dependent .
. . . . Dependent variable- work
Regression variable -production Regression . .
S . P costs/ultimate costs ratio
Statistics time Statistics
Z Z2
Multiple R 0.92212166 Multiple R 0.99207
R Square 0.85030835 R Square 0.984202
Adjusted R 0.78481826 Adjusted R Square 0.977291
Square
Standard Error 4.09742037 Standard Error 0.002725
Observations 24.0 Observations 24.0
Z1 Coefficients Z, Coefficients
Intercept -13.490042 Intercept 0.990439
X Variable 1 0.86652065 X Variable 1 0.000238
X Variable 2 -0.1993556 X Variable 2 -0.0039
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X Variable 3 0.75343156 X Variable 3 0.00046
X Variable 4 1.41593567 X Variable 4 0.000794
X Variable 5 -1.8669075 X Variable 5 -0.00107
X Variable 6 4.83640676 X Variable 6 -0.04466
X Variable 7 -51.274031 X Variable 7 -0.08551
1
_ n 2
3. THE MULTIOBJECTIVE MODEL a, = M;\/l N {Z(CT )Z} )
k j=1

The general multiobjective optimization problem
with n decision variables, m constraints and p
objectives is [6]:

MK 2t %1% ) = 2,06 Bk )20 By, ) Zy Ol o, )]

)

St. 0;(X; ., %,..,X%,)<0,i=12,..m

. (2)
X; 20, j=1,2,..,n

where Z(x,, X2,X,) is the multiobjective objective function
and  Zy( ), Zo( ), Zy( ), are the p individual objective
functions. The step method [7] is based on a geometric
notion of best, i.e., the minimum distance from an ideal
solution, with modifications of this criterion derived from
a decision maker's (DM) reactions to a generated solution.
The method begins with the construction of a payoff
table. The table is found by optimizing each of the p
objectives individually, where the solution to the kth such
individual optimization, called x*, gives by definition the
maximum value for the k™ objective, which is called My
(i.e., Z«(x) = M,). The values of the other p - 1 objectives
implied by x, are shown in the k™ row of the payoff table.
The payoff table is used to develop weights on the
distance of a solution from the ideal solution. The step
method employs the ideal solution, which has
components M, for k = 1, 2, ..., p. The ideal solution is
generally infeasible. The A, metric is used to measure
distance from the ideal solution. The distance is scaled by
a weight based on the range of objective Z, and the
feasible region is allowed to change at each iteration of
the algorithm. The basic problem in the step method is:

Min A ©)
T[M, -2, (x)]-4<0, k=12..,p 4)
xeFl 1>0 (5)

where F/ is the feasible region at the i"" iteration
and 1 is used to indicate that the original metric
has been modified. Initially, F)=F,; i.e., at the

start of the algorithm the original feasible region is
used in Eq.5 The weights 7, in Eq.4 are defined as:

ay

11, = (6)

where n, is the minimum value for the k"
objective; i.e. it is the smallest number in the k"

column of the payoff table. The c{ are objective

function coefficients, where it is assumed that each
objective is linear.

4. RESULTS

On the basis of considerations of regression functions in
previous sections, the problem of multiobjective
optimization with minimization of the objective functions
Z, and Z, with related constraints (Eq.8 to Eq.10) is
defined.

MinZ,=-13.49004192+0.866520652%*x,
0.199355601*x,+0.753431562*X+1.415935668*x,-

1.866907529*x5+4.836406757*Xq-
51.27403107*x; (8)
Min Z= -0.990438731-
0.000238475*x,+0.003897645%X,-0.00045981*x,-
0.000794225*x,+

0.0010738*x5+0.044664232*x,+0.085514412*x;  (9)
X1 < 100; X, < 0.4; X3 < 5.0; X4 < 19.63; X5 < 12.50; X <
0.3972; X7 < 0.820 (10)

In Eq.12 and EQ.13 Z; represents variable T, and Z,
variable TU/TR. It should be mentioned that for the needs
of consistency of the objective functions Z, and Z,, for the
objective function Z, (Eq.9) the signs of the coefficients
of variables and of the free member have been changed.
The values of objective functions Z; and Z, in the extreme
points of the set of possible solutions (feasible region)
are given in Table 3. It is visible from the table that that
there is no common set of points (x;... X;) where both
functions Z; and Z, have extreme (maximum) values,
and thus the need for optimization of the given problem is
justified.

In accordance with Eq.6 and Eq.7 coefficients of
equation Eq.4 are calculated as follow: «;=0.0197,
a,=10.1974, I11,=0.0019, 11,=0.9981. The results of the
first compromise solution given in Table 4. Since in the
given problem there are two objective functions, it is
necessary to make calculation of the second compromise
solution. It has been decided that the previous value for
M; =73.1620 is to be reduced for the value of 33.1620,
and thus the new value for M;=40.

In accordance with Eq.6 and Eq.7 coefficients of
equation Eq.4 are calculated as follow: «;=0.0199,
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0,=10.1974, 11,=0.0019, 71,=0.9981. The results of the
second compromise solution given in Table 5.

5. CONCLUSION

The paper presents research on the development of a
model for the estimation of production time for unit
production or medium size batch production. As a result,
eight regression equations were obtained. They show
estimation of the production time as a function of
geometrical and technological characteristics of a
homogeneous group of products that were grouped using
logical operators. Using specifically developed 5
classifiers at 5 levels, on the sample taken from the real
production a homogenous group was formed which
resulted in a regression equation showing dependence
between production time (Z;) and 7 independent variables
(X1,...X7). After that, the dependence between the work
costs/total costs ratio (Z,) and independent variables
(X1,...X7) is shown in another regression equation. The

optimization part of the work considers the possibility of
application of standard STEP method as multiobjective
optimization approach in optimization of production
problems, where the objective functions are obtained by
regression model. The results obtained by application of
STEP method indicate that its application is possible in
the optimization of decision variables of the given
objective functions. It is evident that the results of both
objective functions are within the statistical range, i.e.
Min Z;(x3,X7) = 19.0013 and Max Z,(x;, X7) = 0.9915,
and thus it is not necessary to introduce a new payoff
table to find a new compromise (feasible) solution. The
following can be concluded: it is cost-effective to
manufacture products with minimum outside diameter
(1), maximum (wider range) tolerance (x,), maximum
scale (x3), maximum strength/mass ratio (X4, minimum of
wall thickness/length ratio (xs), maximum product surface
area (Xs) and minimum mass of material (x;).

TABLE 3. Values of the decision variables and the objective functions

Extreme Decision variables Objective functions
point — x Xo X3 X4 Xs Xg X7 Zy(XyX7)  Zp(Xy...X7)
A 100 0 0 0 0 0 0 73.1620 -1.0143
B 0 0.4 0 0 0 0 0 -13.5698 -0.9889
C 0 0 5 0 0 0 0 -9.7229 -0.9927
D 0 0 0 1963 0 0 0 14.3048 -1.0060
E 0 0 0 0 12.50 0 0 -36.8264 -0.9770
F 0 0 0 0 0 0.3972 0 -11.5690 -0.9727
G 0 0 0 0 0 0 0.820  -55.5347 -0.9203

TABLE 4. Results of the first compromise solution

X1=100; X,=0.4; X3=1.0; X,=12.0428; Xs=12.5; X¢=0.3962; X,=9999998E-4; A =7.128304E-2
Min Z;(Xy,...X7) = 69.4161; Min Z,(X1,...X7) = -0.9915; Max Z,(Xy,...X7) = 0.9915

TABLE 5. Results of the second compromise solution

X;= 3.37147; x;= 0.3711865; X3= 4.553035; Xx,= 18.92068; xs= 0.2269908; xs= 0.28267009;

X;= 2.965111E-2; A= 7.682257E-2

Min Z;(X;....X7)= 19.0013; Min Z,(X;....X7)= -0.9915;Max Z,(X; ...X;)= 0.9915
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Abstract: Turning, 5-axis milling, drilling and boring in only one setup is very useful, which is possible
on 5-axis turning centres. In this paper, we present the solution for forward and inverse kinematics of this
type of machine with two linear and three rotational axes. The solution allows for programming the
machine motion as if the machining were performed on a 5-axis gantry milling machine. With given
control algorithm we facilitated machine programming, because tool positions and orientations required
for programming are determined disregarding the workpiece swivelling during machining and current
positions and orientations taken by the tool during machining relative to the workpiece.

Key words: Vertical five-axis turning center, programming, control algorithm

1. INTRODUCTION

Currently, the precision and productivity that users
demand from the 5-axis machining of complex work
piece surfaces is gradually increasing. To satisfy these
requirements, different structures of 5-axis machines were
developed. The aim of this paper is focused on the
development of a multifunctional vertical 5-axis turning
centre that allows for turning and 5-axis milling and
drilling and threading at the displaced work table centre
and at various angles. To provide the possibility for the
machine to perform more types of machining in a single
setup, time can be saved by relocating the work piece
from one machine to another. This significantly increases
the machining productivity and accuracy.

With regard to the vertical lathes, the best 5-axis milling
and drilling performances on these machines are achieved
by placing a rotary turning table on the Y-axis slider,
which has an overall travel that is longer than the
maximum diameter of turning [1]. Here, the work table
becomes the axis of auxiliary motion (C, swivelling axis).
For 5-axis machining, the machine has turning, milling
and drilling units, with the possibility of accepting a
single-axis head with a B, axis. In this way, the vertical
lathe becomes a vertical 5-axis gantry milling machine
with X, Y, Z, Bt and Cy axes. Using such a machine
presents great possibilities. One drawback, however, is
the complicated, long and heavy base of the Y-axis slider.
In addition, these machines are very expensive. They also
require a large workshop space.

Moreover, there are also lathes with the C, axis and a
small Y axis (up to 200 mm), which are placed on the ram
and carry an angular head along the B; axis. These
machines cannot achieve 5-axis milling across the entire
work table.

The present paper deals with the development of a
vertical 5-axis turning centre, where the work table
becomes the C, axis. The swivelling of this axis, with a
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cutting tool motion along the X axis according to the
corresponding law, produces motion corresponding to the
motion along the Y axis. The turning, drilling and milling
units can accept the replaceable 2-axis angular head. In
this way, a machine with 2 linear and 3 rotational axes
can be obtained. This is a machine with C,, X, Z, B;and C;
axes. The working mechanism of this machine is
illustrated in Fig. 1.

Fig. 1. 3D model of the vertical 5-axis turning centre

The forward and inverse kinematics for different kinds of
5-axis milling machines have been presented and
discussed in many papers, such as in [2] or [3]. Kinematic
chain design and the utility of different kinds of 5-axis
machines are discussed in [4]. In this work, the forward
and inverse kinematics have been solved for the vertical



lathe with 2 linear and 3 rotational axes, which, for the 5-
axis milling, should realise the motion accomplished by 3
linear and 2 rotational axes. Consequently, the given
control algorithm enables programming tool locations in
milling or drilling as if it were machining on a 5-axis
gantry milling machine. This has been done for a machine
with an angular head, with axes that do not intersect, as
shown in Fig. 2.

Fig. 2. Two-axis angular head with non-intersecting axes

The angular head increases the machining possibilities
and helps to avoid some singular positions of the machine
work table. The control algorithm for the work table axis,
C,, and the angular head axis, C; has been given,
eliminating a number of their singular positions. All of the
above have additionally made solving the forward and
inverse kinematics more complex.
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Fig. 3. Coordinate frames of the vertical 5-axis turning
centre components

Parameters D-H of the machine components are given in
Tab. 1.

Table 1. D-H parameters of vertical 5-axis turning centre
components

2. COORDINATE FRAMES OF MACHINE
COMPONENTS AND MATRICES

DETERMINING THEIR RELATIONS

This section defines the coordinate frames for the
components of a vertical 5-axis turning centre and the

matrices determining their relations. The machine

components, their links and their coordinate frames are

Link 1-X | 2-z 3-C, 4-B, | 5C,
Variable d, d, (-)05= Ot 04 C
a[mm] 0 0 a3 0 Oxe
ay [mm] 0 0 0 0 Oye
d [mm] die 0 0 0 0
o[°] 0;=-90 0 a3=90 04=-90 0
0[] 01,290 | 0 03,=90 0 0

denoted using the Denavit-Hartenberg convention (D-H)
[5, 6]. The machine is viewed as a system with two
entities performing a cooperative motion; one entity
comprises a swivelling work table with a work piece, and
the other is a serial mechanism with four links carrying
the cutting tool. The machine base is denoted by 0, the
serial components are denoted by 1 for the X axis, 2 for
the Z axis, 3 for the C; axis and 4 for the B; axis, and the
work table axis (Cy) is denoted by 5. The first two serial
links are translational, and the other two are rotational;
therefore, the corresponding axis variables are d;=d,,
d,=d,, 6:=6c; and 6,=6s. The angle of the work-table
rotation is denoted by 65=6.. This angle is the fifth axis
variable. The adopted convention specifies that the angle
03 is positive when the component’s 3 rotation is in the
negative mathematical direction, and the angles 6, and 0,
are positive when the component’s 4 rotation and the
rotating table are in the positive mathematical direction.
The thermal dilatation along the X and Y axes are denoted
by dx and dy. Fig. 3 shows the frames for machine
components.
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The homogenous matrix that transforms the coordinates
of a point from frame X,ynz, to frame X,ymZn is denoted by
"Tm. This matrix, which describes the relation between
one link and the next, is called Ai=A(i-1,i) [6]. The
following homogenous matrices for the relation between
the coordinate frames of the machine links are defined to
derive the kinematic equations for the machine. By using
the convenient shorthand notation, sin(p)=s, and

cos(p) =c,,, the transformation matrices defined above
are written as follows:

01 0 d,
A [t 00 0 (10)
7lo 0 -1 d,
00 0 1
100 0
A220100 )
00 1 d,
000 1



s; 0 ¢ sa
c, 0 —-s; ca
A — 3 3 3 12
*1o1 0 o0 (12)
0O 0 O 1
_C4 0 _54 0_
s, 0 ¢ O
A =
710 -1 0 0 (13)
0 0 0 1
fc. -s. 0 & ]|
A = s ¢ 0 o, 14
/o 0 1 O (14)
0 0 0 1|
2.1. Forward kinematics

Forward kinematics are used to calculate the tool position
and orientation, X, Y, Z, B; and C,;, with respect to the
machine axis variables, d;, d,, s, 8, and 6. It is obvious
from Fig. 3 that the component 4 position and orientation
relative to the machine base is given by the equation:

T =AMAL A, AA, (15)
The tool location relative to the rotating work piece is
determined by the matrix:

1 00 —n

. 010 0
Ti=T "Ti=Ts 00 1 | (16)

t

0 00 1

Here, T, is tool position matrix relative to the component
4, |, is the length and r is the radius of the tool (Fig. 3).
By using the tool orientation matrix, [n o a], and Eq. (7),
the tool orientation angles can be determined.

2.2.

Inverse kinematics are used to determine the axes
variables di, d,, 83, 6, and 6. by using the desired cutter
location, X, Y, Z, -a,s, -85 and -a,s, given in the CL data
file, or using X, Y, Z, C, and B, given in G code. The
control unit, during machining in each interpolation
period, determines the tool locations and corresponding
positions of the machine axes.

The given control algorithm eliminates some of the
singular positions of the rotating table and the head axis,
C:.

By virtue of the tool position and the orientation relative
to the rotating table and given by the matrix, T, Eq. (7),
we will determine the machine components positions. The
position of component 4, with respect to the rotating
table, is defined by the expression:

T=T 1" a7
If we program the machine using G code, we could, using
parameters X, Y, Z, C, and By, calculate the matrix, Ts. If
we program the machine by a CAM system, we could
first calculate C; and B, then calculate the matrix, Ts.

By multiplying both sides of Eq. (6) by matrix A, on the
left side, we obtain:

ATy = 0T4 =AAAA,

Inverse kinematics

(18)

In Eq. (9), we calculate the terms of matrix Ts by Eq. (8).
Multiplying Eqg. (9) consecutively by A, ™, then by A,™
and lastly by A, on the left side, we obtain:
A3’1A2’1A[1AC T, = 3T4 =A, (19)
From the previous equations one can easily calculate axes
variables d4, d,, 8, 8, and 6.

3. ALGORITHM FOR CALCULATION OF
THE TABLE ROTATION ANGLE 6,

The X axis feed will be limited so that the cutting tool
moves from the table centre to the maximum positive
value. To achieve this, and also taking into consideration
that the value of X5 can be negative, the table swivelling
angle 6, should be in the minimum range of [-180°,180°].
To reduce the additional positioning of the table and the
angular head during milling, the table swivelling angle 6,
will be adopted in the range of [-360°+6.q9,360°+6.90].
Hence, it is necessary to extend the range of angle 4,
from [-90°,90°] to [-360°+6.90,360°+6.90]. TO achieve this,
but also to avoid the uncontrolled work table swivelling in
singular positions by approximately £180° or +360°, this
paper proposes a novel algorithm for calculating angle 6..
It consists of three steps, presented below.

Step 1. Step 1 involves the calculations of angle 6. The
range of angle 8. obtained here is [-180°,180°]. Let angle
6. be denoted by O, for the previous interpolation
period. The angle 0. increment for the next interpolation
period will be:

AG, =6, -6, prev (20)
Step 2. In Step 2, we check if the value of angle 6,
calculated in Step 1 for a single interpolation period,
changes by approximately A@, =+180°or A6, =+360°.
The procedure, presented below, makes this changing
impossible and, if necessary, extends the range of the
angle 6. from [-180°,180°] to [-360°,360°]. For calculation
of angle 6, in the next interpolation step, the value will be
assignedas 4., =6,

cprev (N

Step 3. In Step 3, angle 6. is determined for the case of .
First, by using expression (9), the value of angle 6.q is
calculated. Using this and the value of angle 6. obtained
in Step 2, the range of angle 4. is extended from [-90°,90°]
to ['3600+9090,3600+9C90].
The difference between angle 6.q9, Obtained by expression
(9), and angle 6. as calculated in Step 2 will be denoted
by:
Abg0 = Ocg0 — b, (21)
4, PROGRAMMING OF THE 5-AXIS

VERTICAL TURNING CENTRE

The programming of the 5-axis milling, drilling and
boring operations on the vertical turning centre are
performed by a CAM system or by G code [1] in the
machine base coordinates Xoyozo (Fig. 3) as if it were
machining on a 5-axis gantry milling machine, where the
work piece is fixed. This is possible because the solutions
for the forward and inverse kinematics proposed in this
work allow for the tool locations relative to the swivelling
work piece to be identical to the tool locations relative to
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the fixed work piece. This will essentially facilitate
machine programming. Using G code, the tool direction is
given in the X, Y, and Z coordinates, and the tool
orientation is given in Euler or RPY angles or by the tool
direction vector, which points from the tool tip towards
the tool holder. If we define the approach vector as
a=aysi+aysj+azsk, which lies in the z; direction from which
the tool approaches the work piece (Fig. 3), the tool
direction vector components will be -a,s, -a, and -as.
Here, i, j and k are unit vectors along the X, Yo and z,
machine base coordinates. Using a CAM system, the
output is the tool-path, which is defined by the cutter
locations, X, Y, Z, -a,s, -ays and - a,s, which define the tool
positions and the tool direction vectors with respect to the
work piece coordinate system, given in the CL data file
[2, 3, 5]. The tool-path between two CL points is a
straight line relative to the work piece.

The following step after the tool-path generation is post-
processing, where the program is translated to a specified
machine and control unit [2]. The postprocessor converts
the CL motion commands from the CL data file to the
motion commands of the NC program (in G code).
Finally, the tool-path is converted into a sequence of
consecutive positions of machine axes that will produce
the desired tool locations (inverse kinematics). The
controller used in this work calculates the path
interpolation and the inverse kinematics in real-time [7].

5. CONCLUSION

It has been shown that, on a 5-axis turning centre with 2
linear and 3 rotational axes, in addition to the turning, it is
possible to achieve 5-axis milling, drilling and boring
identical to that of a milling machine with 3 linear and 2
rotational axes. A control algorithm to achieve this was
presented. Using this algorithm, machine programming is
possible in the same way that it is done for a 5-axis
milling machine, which essentially simplifies writing the
machining program or taking over the CL data file from
CAM systems developed for the milling machines.
Forward and inverse kinematics, based on the D-H
formulation, has been solved for the case of utilising the
2-axis angular head with non-intersecting axes. The
proposed control algorithm was tested on the off-line
programming system of the controller developed at the
Lola Institute. This controller was obtained by extending
the Lola-Industrial Robot Language [7] with the
commands for a machine tool by integrating the new
solutions for the forward and inverse kinematics of a
vertical 5-axis turning centre in it and by adapting its
trajectory planner to novel tool-motion commands.

The control algorithm for the angular head with
intersecting axes is simplified. Also, this algorithm
extends the table swivelling angle range to approximately
+360°. Thus, additional positioning of the work table and
the angular head during machining is decreased.
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Abstract: This paper is about determination of change of roughness character under rotary shaft
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1. INTRODUCTION

The functional properties of parts and machine surfaces
depend in alarge extent on the surface character.
Optimum choice and observance of surface character
requirements during product evaluation affects surface
performance characteristics, liability and working life of
frames and mechanism, including environment effect
resistance [1].

Similarly is it with the surface character of the shaft in the
sealing bushing, where the shaft and sealing bushing edge
active area prevent the external environment impacts on
functional parts of the equipment.

2. PROBLEM DEFINITION

The issue of the surface under the sealing bushing and
sealing bushing working life is very complex.
Determination of the optimum solution of the issue
between these two parts is difficult, because there interact
different tribological factors that by some means depend
on each other. See fig.1.

From the point of view of tribology on the sealing system,
the friction and sealing working life are in the sealing
system interconnected. The mutual influence of these
properties depends on the parameters interaction
(temperature, pressure and velocity).

Since this issue is quite extensive, we focused in this
article on the determination of the optimum shaft surface
profile.

The sealing effect which should ensure the sealing
bushing basic required parameters and the quality
requirement of shaft surface as well as lubrication oil.

The friction effect of two adjacent sliding surfaces is
minimalized if the two friction surfaces are separated by
lubricant layer.

The lubrication oil is used for the friction reduction. This
lubricant must be able to resist various conditions e.g.
ambient temperature, feed rate, normal force. The sealing
bushing wearing depends extensively on the shaft surface
profile.
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2.1.

The evaluation of the sealing mechanism surface quality
depends on the surface profile and values Rz, Ra. The
shaft surface structure is effected by the technological
method of processing during finishing.

For reaching of the high sealing effect it is necessary to
provide the most optimum size of roughness with the
lubrication oil. The peaks of Rz must be as periodical as
possible.

Surface quality
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However this is by the recessing method difficult to
achieve. Using the recessing method on the shaft surface
generates the same surface profile as on the grinding
wheel.

For the sealing effect it is necessary that there isn’t any
line on the shaft surface after the machining. If there such
line appears e.g. in the direction out of the device, it
would occur lubrication oil discharge. On the other hand
the line towards the device would cause the supply of
impurities from the environment and the inpurities would
get into the contact with device and result in damage of
the sealing.

That’s why recess grinding method is used for finishing.
For the shaft guidance control we use ,, thread method””,
where on the shaft with oil film is a line marked with
pencil. Weight on thread is then hung on the shaft. (Fig.
5)

The shaft is twisted in one and then in another direction
and the thread would in case of the movement on surface
wipe the oil film.

That’s why the surface profile depends substantially
on the grinding wheel type, its composition and grain
size. The tests proved, that another important aspect for
the surface forming is the removed layer thickness (ap.).

B> Movementof he hrsads= drection o il fow «imm)

shaftwith ighthand hread
marking ﬁ Sirmarring with bsfthand helx ‘l
A Movement ofhe thread = direction of oil fow  EEEED>

Shaftwith left-hand thre od

‘i Simmaringwithrighthand heli
Fig.3. Determining lead on the shaft

2.2. Lubrication oil

The lubrication oil creates on the shaft surface the oil film
which separates the sealing surface from the shaft surface
and reduce the friction.

For this effect it is important to have ceratin dimensions
of the shaft surface Ra, Rz. It is due to the fact, that if the
surface is too smooth, it would prevent the lubrication oil
from making an even oil film (Fig.4).

In such case there would negative operation of sealing
occur.

On the surface with created cutting marks (after tool)
which are within the limits the conditions are perfect for
the lubrication oil to get into the grooves and this way
create coherent oil film (Fig.5).

Fig.5. Ground surface

Too rough shaft surface cause the friction against the tops
of the profile asperity which then lead to the wearing in
the sealing tip contact area and enlargement of the
contact area of the sealing and shaft surface. In this area
high friction and temperature occur and the functionality
and service life of the sealing is significantly decreasing.

3. RECOMMENDED VALUES OF THE
SEALING SYSTEM FOR THE SHAFT
QUALITY

Tolerance 1SO h1l
Roundness IT 8
Ra=0,2100,8 pm
Rz=1to4 pm

Material 42CrMoS4
Hardness 45 to 60 HRC
Grinding wheel: 60 to 100

3.1.  Testing procedure and testing conditions

In the test of the ideal surface profile we examined the
abrasivity, it means the sealing material wearing. For
comparison we chose 4 types of sealing materials which
were proper for the stated conditions.

PTFE - polytetrafluoroethylene

PTFE C104. carbon fibre alloy

PTFE B602 bronze alloy

PTFE GM201 glass fibre mixture MoS2

By achieved roughness Ra = 0,3 pum.

For the achieving of the required roughness we used
grinding wheels of Winterthur producer marked
57A80J7V , 57A60J7V and 57A100J7V

3.2. Test parameters

Wheel speed 45 m.s-1
Complete spark out.
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Mesh depth 0,03mm

Recess method.

Shaft material 42CrMoS4, high-frequency hardened for
hardness 53+7 HRC

Sealing internal diameter 63,400 mm

3.3.

The shaft surface was machined using the grinding wheel
for the roughness Ra=0,3 um with the identical cutting
parameters.

In the next phase, the wearing on these surfaces was
examined by inspected sealings. The wearing took place
in the real conditions where the given shaft was used and
that was in hydraulic device, where we used the shaft with
sealing and loaded for 50 % using 10 000 cycles.

1 cycle- start up- pressure 14 bar.- shutdown, start up in
opposite direction -pressure 14 bar- shutdown.

After finishing the load test the change of the sealing
internal diameter size using 3D measuring device
Mitutoyo was measured. From this test two best materials
of the sealing (subjected to the load test with testing time
336 hours with 60 % load and pressure 5 bar) were
chosen.

Test procedure

4. MEASURING RESULTS

Table 1. Results for 10000 cycle

PTFE
B PTFE |PTFE

Ra=0,3 PTFE  1gs02 | c104 (230'\1"

57AB0J7V |63300 63379 163372 |63314

57A60J7V | 63378 |63394 |63.393 |63385

57AL00J7V |63.295 163341 |63.338 |63301

57TA60J7V
5TA80J7V
57A100J7V

PTFE PTFE B602

PIFEC104 PTFEGM201
Fig.6. Results for 10000 cycle

Table 2. Results for 336 hours

Ra0,3 PTFE B602 PTFE C104

57A60J7V 63,358 63,343

63,40

63,38

63,36

63,34

63,32

63,30

PTFE B602

PTFE C104

Fig.7. Results for 336 hours
5. CONCLUSIONS

From the obtained values and diagram it is visible, that
the minimum wearing reached the sealing using the
grinding wheel with the grain size of 60, and the worst
with the grain size 100.

For all types of grinding wheels the least wearing got the
material with bronze alloy and then material with the
carbon fiber alloy.

For the next test the sealing materials PTFE B602
and PTFE C104 with the surface profile which was left by
the grinding wheel 57A60J7V, consequently will be
chosen. In this test the best results had the material with
bronze alloy.

From the test results suggestion is to use, under stated
conditions, the sealing made from PTFE B602 material,
because it passed the test with the best results from all
tested materials.
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Abstract: Photogrammetric measuring systems provide precision compatible or better than the accuracy
achieved by the coordinate measurement systems for high-precision measurement of large volumes.
Quality control by contour verifier is carried out using method of light gap. Therefore, it is important that
the contours of the equipment have made precise geometric entities. Objects’ size of control devices is
varying from a few tens of millimeters to a few meters. Sometimes it is necessary to perform on site
measurements which give photogrammetric measuring systems a great advantage compared to
conventional systems.

Optical measuring system TRITOP was performed very precisely position measuring of coded and
uncoded reference points and adapters. Reference objects were placed on the measured geometric
entities. The paper reviews the procedure of obtaining measurement results and results processing. Good
interfaces to conventional CAD/CAM and numerical simulation systems made optical measuring systems
a part of process chains. Using optical systems considerably decreases the production time while
improving the quality.

Key words: Optical measuring systems, Photogrammetry, CMM, Quality Control, Contour Verifier,

CAD/CAM/CAE

1. INTRODUCTION

Optical measuring technology have become a standard
tool within almost all industries. This is the most cost-
effective and affordable way to do accurate 3D scanning,
measurement and surveying. Measuring tasks that
traditionally were performed by tactile 3D coordinate
measuring machines can now easily be carried out with
the optical CMM systems. It does not require any
complex, heavy and maintenance-intensive hardware.
This contactless method is suitable, because the
measuring instruments are robust and mobile. Also, the
measuring machine comes to the object.

Foundation of optical measuring technology is
photogrammetry. Photogrammetry is the science of
making measurements from photographs. In practice,
photogrammetry is tool for determining the geometric
properties of objects from photographic images as the
main metrology medium.

Photogrammetry uses methods from many disciplines,
including optics and projective geometry. The data model
of photogrammetry show what type of information can go
into and come out of photogrammetric methods. It
consists of four main (n exterior orientations, image co-
ordinates from views, camera model(s), 3D coordinates)
and ancillary variables. Each of the main variables can be
an input or an output of a photogrammetric method.
Photogrammetry can be classified a number of ways but
one standard method is to split the field based on camera
location during photography. On this basis we have Aerial
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Photogrammetry, and Close-Range Photogrammetry. In
Close-range Photogrammetry the camera is close to the
subject and is typically hand held, mounted on robot or
tripod. Also, non-contact optical scanners can be
categorized by the degree to which controlled
illumination is required. Passive scanners do not require
direct control of any illumination source, instead relying
entirely on ambient light. Active optical scanners
overcome the correspondence problem using controlled
illumination. For a detailed history of active methods, we
refer the reader to the survey article by Blais [1]Error!
Reference source not found..

Photogrammetry is used in different fields, such as
topographic mapping, architecture, police investigation,
geology, as well as in archaeology. In field of Mechanical
and Civil Engineering photogrammetry offers an accurate
and cost-effective solution in a number of different
application areas including: Quality Control, Reverse
Engineering, Rapid Prototyping, Rapid Milling, Digital
Mock-Up, etc.

2. MODEL OF TRIANGULATION

The fundamental principle used by photogrammetry is
triangulation. By taking photographs from at least two
different locations, so-called lines of sight can be
developed from each camera to points on the object, as
depicted in Figure 1. Since light moves along straight
lines (in a homogeneous medium such as air), we derive
3D reconstruction equations from geometric constructions



involving the intersection of lines and planes, or the
approximate intersection of pairs of lines (two lines in 3D
may not intersect).

point ray of a reference point ,

camera CCD sensor ._

focal point of the camera !

" reference point
Fig.1. Affiliation of photogrammetric images

These lines of sight (sometimes called rays owing to their
optical nature) are mathematically intersected to produce
the 3D coordinates of the points of interest. A point is
reconstructed by intersecting two or more corresponding
lines, Figure 2. After establishing correspondences across
two or more views (measurement images taken from
different spatial locations), triangulation recovers the
scene depth.
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Fig.2. Triéngulation by line-line intersection

A simple and popular geometric model for a camera is the
pinhole model [2], composed of a plane and a point
external to the plane. We refer to the plane as the image
plane, and to the point as the center of projection. In a
camera, every 3D point (other than the center of
projection) determines a unique line passing through the
center of projection. If this line is not parallel to the image
plane, then it must intersect the image plane in a single
image point. In mathematics, this mapping from 3D
points to 2D image points is referred to as a perspective
projection. That is, given a 2D image point in the
projector’s image plane, there must exist a unique line
containing this point and the center of projection, since
the center of projection cannot belong to the image plane.
Let we assume that the locations and orientations of
camera are known with respect to the global coordinate
system. Under this assumption, the equations of camera
rays corresponding to illuminated points, are defined by
parameters which can be measured. From these
measurements, the location of illuminated points can be

recovered by intersecting the rays of light. Through such
procedures the depth ambiguity introduced by pinhole
projection can be eliminated, allowing recovery of a 3D
model.

Let we consider here the intersection of n arbitrary lines
of sight L;, i=1,...,n, as shown in Figure 2.

L={p=0q+4n:4 <R}
Lzz{p:q2+22r2:ﬂ,zeR} 1)
L ={p =G Aoty 4y <R}

If the two lines intersect, the intersection contains a single
point. Since two lines may not intersect, we define the
approximate intersection as the point which is closest to
the two lines. We define the approximate intersection as
the point P which minimizes the sum of the square
distances to lines

H(P A g ) = D s + A P 0

Ee assume r, i=1..,n are linearly independent, such the
approximate intersection is a unique point.

3. PHOTOGRAMETRIC MEASUREMENT

Photogrammetric measurement was performed by optical
measuring system TRITOP [3], [4], [5].

3.1. Overview of the measuring system

TRITOP is an industrial, non-contact optical measuring
system for exact 3D coordinate acquisition of discrete
object points. This mobile technology supports time-
optimized measurements for on-site quality control and
deformation analysis. System consists of coded and
uncoded reference points, reference scale bars, adapters,
high-resolution DSLR camera, and high-end computer.
The coded reference points provide an automated method
for obtaining the location of a camera during
measurements. Each point has its own ID in order to
generate an image set that can be automatically evaluated
in TRITOP and to allow for calculating the camera
positions. Uncoded reference points enable system to get
3D coordinates of the measuring-relevant parts of the
object to be measured. Reference scale bars are made of
alloys that have a negligible coefficient of linear
expansion at a certain temperature range. Scale bars has
role to give dimension - scale to photogrammetric
measurements, by known distance between the coded
reference points on the bar. Always, when possible,
should be used more than one lengths for measurements
scaling.

Complete 3D measuring machine with minimum
hardware requirements consists of 3 cases with a total
weight of 23 kg. The object is not touched during
measuring. Very high accuracy is achieved for large
objects. Measuring equipment is independent of
environmental conditions, except light conditions.
TRITOP allows for measuring objects up to some 20 m.
The TRITOP software interprets the images and generates
3D measuring data. The measuring data can be evaluated
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in the TRITOP system (CAD comparison, inspection, ...)
or made available to subsequent systems like ATOS.
Configuration and photo of Optical Measuring System
TRITOP is provided in Table 1 and Figure 3.

Table 1. Configuration of Measuring System

Item Property

Optical Measuring System TRITOP

Photogrammetric Camera NIKON D200 12Mpx

Optical Scale Bar 1000mm

SG00243, Dist.0/1: 906.351mm,
CrNi Steel na 20°C 16.2x10°K™*
SG00244, Dist.2/3: 907.577mm,
CrNi Steel na 20°C 16.2x10°K™

Scale Bars

Coded Reference Points 15bit Coded Reference Points

Application software TRITOP v602

Fig.3. Photogrammetric system TRITOP
3.2. System calibration

Reliable measurement requires the calibration of
measuring equipment. Calibration is a process during
which the measuring system, with or without the
calibration target, perform auto-tuning which provides
dimensional accuracy. Every time the optical measuring
system TRITOP is assembled, in fact, we work with a
unique and non-repeatable configuration of an optical
measuring system. Characteristics of the system
components are changing over time. Also, changing of the
lighting conditions during measuremens and in different
points of measurement volume are not neglectable.

Camera calibration requires estimating the parameters of
the general pinhole model. This includes the intrinsic
parameters, being focal length, principal point, and the
scale factors, as well as the extrinsic parameters, defined
by the rotation matrix and translation vector mapping
between the world and camera coordinate systems. In
total, 11 parameters (5 intrinsic and 6 extrinsic) must be
estimated from a calibration sequence. In practice, a lens
distortion model must be estimated as well. Natively, one
would simply need to optimize over the set of 11 camera

model parameters so that the set of 2D-to-3D
correspondences are correctly predicted [2], [6].

The ability to calibrate the camera as one of the
components of measuring process is called self-
calibration. This means that the camera is calibrated
during the measurement in environmental conditions
(temperature, humidity, ...) that ruled during the
measurements. This is an important feature in relation to
laboratory conditions calibrated systems, which may
differ significantly from the conditions under which the
measurement is done. For system TRITOP s
recommended to make four initial calibration images,
from the same place and same target direction, while the
camera turns about 90 degrees to the previous snapshot. If
self-calibration process is not done, we rely on pre-
defined calibration that is slightly less reliable and less
accurate.

3.3. Measurement

In order to meet defined requirements by TRITOP optical
measuring system, object is properly prepared for 3D
digitization process, Figure 4. Measuring project must
provide a precise determination of the coordinates of
geometrical features, by placing the plane adapter, and
appropriate number of uncoded reference points defining
these features. Each uncoded reference point must be
captured in at least three measuring images.

Fig.4. Properly prepared measuring volume

In order to obtain high quality measurements, a few
requirements have to be satisfied. Above all, measuring
volume need to be well prepared. The highest precision is
achieved when reference scale bars is the same size as the
dimensions of the measuring object. The scale distance(s)
should be as long as practical because any inaccuracy in
the scale distance(s) is magnified by the proportion of the
size of the object to the scale distance. Next, to achieve
the orientation of the camera in relation to the measuring
volume reference points should be properly placed in the
measuring volume. Each measuring image must contain at
least five coded reference points recorded in at least three
measuring images in order to enable its orientation.

Making a measurement image is essential for making
high-quality photogrammetric measurements. In order to
get photos of great accuracy, reliability, and benefit from
the opportunities provided by the system, photos must be
of the highest quality, Figure 5. Images are recorded from
various angles of view. During the acquisition of an
image set it is the goal to record reference points from
multiple different directions that show the largest possible
angle to each other. Then, the software provides image-
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based modeling, for accurate measurement and

engineering 3D models.

Fig.5. One of the measuring images

Software automatically calculates the 3D coordinates of
the adhesive markers and object characteristics from these
digital images. Software has two operating modes: Project
and Evaluation. Project Mode (a) creates a measuring
project (define camera, scale bars, coded markers ...), (b)
load photogrammetric images into the measuring project,
(c) computes project (images are oriented automatically,
3D coordinates of the reference points are calculated, ...),
(d) Check the result, and if required, add not identified
points and compute the project again. Evaluation Mode
(@) transforms the measuring data into a defined
coordinate system, (b) carry out inspection tasks, load
CAD data for comparison, (c) creates a result in form of
snapshots and documentation.

4. RESULTS
The obtained model, generated by optical measurement

was compared by the CAD model. Figures 6 and 7 show
some typical measures of sample contour verifier.

'Fig.6. Example of measurement report

—F|g7- IE-xa-fnr;Ie of measurement “r.er;ort

Moreover, these results can be presented in diagrams,
directly on CAD data or superimposed onto the recorded

camera images providing an easy to understand and
intuitive result presentation. The measured and aligned
data is used for various tasks: CAD comparison,
verification of shape and position tolerances, verification
of specifications from drawings, files or tables, initial
measurements.

5. CONCLUSION

The paper presents the use of photogrammetric system in
geometry control and measuring tasks of contour verifier.
Photogrammetric measurement accuracy can fluctuate
significantly, because it depends on several interrelated
factors. The most important factors are: quality and
resolution of the camera used to measure, size of
measured object, the number of recorded images, the
geometric arrangement of photographs in relation to the
object, and in relation to each other photos.
Photogrammetry is more accurate in the x and y direction
than in the z direction. Compared with tactile measuring
systems, typically measuring optical measuring system
provides significant benefits, especially for complex
geometry. When comparing the measuring data with CAD
data, the corresponding measuring reports are created in
the familiar formats: false-color representation, deviation
of individual points as labels, sections, angles and
distances, diameters and flatness, tables and lists.

Based on large number of performed measurements, it
can be said that these systems are an excellent tool for the
contour verifier geometry control. Presented results of
measurements show that the optical measuring systems
are powerful tool for quality control, analysis and
debugging. A good interface to important CAD/CAM
systems was introduces these systems in complex
production chains. Using the optical measuring system
significantly reduces the time required to develop and
manufacture products, while increasing quality.
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Abstract: The result of the measurement on a coordinate measuring machine (CMM) depends on many
factors. Calibration accuracy of the styli is one component of inaccuracy. The exact calibration of the
styli is the basic requirement for all measurements. Inaccuracies occurring during the calibration and
verification have an effect on all measuring results. Influential factors in the calibration process, such as
the accuracy of the calibration sphere and the environmental conditions in this study will be ignored.
This paper analyses the results of the calibration depending on the calibration sphere direction on the
machine table and the displacement of calibration contact starting point in the positive direction of the x
axis. The appropriate conclusions will be made based on the analysis of the results.

Key words: calibration styli, probe, accuracy, CMM.

1. INTRODUCTION

Coordinate measurement machines are complex machines
with a large number of error sources affecting the
accuracy of measurement results. Many factors have been
identified as the source of measurement errors on CMM
and can be summarized in five groups: measuring
machine (measuring range, reference sphere, machine
geometry, linear measuring system, etc.), environment
(room temperature, thermal radiation, humidity, floor
vibration, etc.), workpiece (soiling of the workpiece,
linear stability, roughness, elasticity, etc.), measurement
strategy (stylus selection, measuring method, number of
probing, evaluation method, etc.) and operator training
(further training, shaft probing, measuring run planning,
stylus calibration, etc.). [2] One of the errors includes the
probing system calibration (stylus calibration) and it has a
critical role in the CMM measurement, not only in terms
of its functionality, but also its contribution towards the
overall measurement error. The probing system in CMM
includes a stylus and a stylus tip which have their own
dynamic characteristics during the measuring process [4].
The stylus tip contact with the detected surface is the
source of signals that will develop the pattern on the
working objects. Hence, the performance of the CMM
overall system is very much dictated by the motion
precision of the probe tip and its actuator. Therefore, the
probe stylus tip is laterally at the centre of the CMM
operation and a key element of coordinate measurements
[5]. The exact calibration of the styli is the basic
requirement for all measurements. Any deviation caused
by an inadequate or not correctly performed calibration
process will affect every measurement to be done with the
probing system, i.e. the measurement results could have
significant errors.

This paper analyses the results of the calibration contact
starting point in the positive direction of the x axis and the

orientation reference sphere. The standard deviation is
considered as a calibration value. Influential factors in the
calibration process, such as the accuracy of the calibration
sphere and the environmental conditions will be ignored
in this study.

The experimental tests have been carried out on a CMM
“Carl Zeiss CONTURA G2 RDS” in the Metrology
Laboratory of the Department of Production Engineering
at the University of Novi Sad.

2. CALIBRATION STYLUS

The position of the tip ball centre point related to the
reference point of the probing system and the radius of the
tip ball must be known in order to perform correct
measurements. These parameters are dependent on the
probing force (magnitude and direction), elastic behaviour
of a probing system, styli, workpiece and other
influences. Their origin can be materials, components,
arrangement of components in the probing system,
dimensions like length, diameter of styli, material
properties, and elastic flexibility of stylus joins, including
suspension and roundness deviations of the tip ball.

Due to the necessary accuracy and the complexity of
interactions, they cannot be calculated. They can be
determined experimentally for a virtually ideal probing
system with a virtually stiff stylus with an effective tip
ball diameter using a calibrated artefact under the same
conditions as the performance of the subsequent
measurement. This procedure is called the probing system
calibration (Figure 1).[3]

Calibration is a fundamental action in the management of
sensors and of the entire measuring cycle. Calibration
consists in the identification of diameter and of the
position of the centre artefact with respect to the origins
of the CMM reference system. In essence, calibration
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defines where the probe (stylus) is located in space, and
nullifies the effect of probing forces on accuracy.

It is very important that the correct reference sphere is
used and that its latest calibrated size is entered into the
software. It is also essential that the stylus tip and
calibration artefacts are scrupulously clean. The smallest
amount of dust can lead to an incorrect probe calibration.
Measuring the length of a known artefact e.g. a calibrated
block or plain setting ring, is a simple check on the probe
calibration. If the difference between the calibrated size of
the gauge block and the length you measure is not within
the machine uncertainty at this length, the probe should be
recalibrated and the check repeated [6].

For reliable calibration 25 to 50 touch points are
recommended for each stylus tip.

Figure 1. Probing system calibration

2.1. Calibration of the styli of CMM "Carl Zeiss
CONTURA G2 RDS"

The CONTURA G2 is a mid-range bridge type CMM
with advanced features and design strengths. All axes
have 4-sided Carl Zeiss air bearings providing maximum
stability and a very precise measurement. Ceramic
guideways are thermally stable, minimizing the effect of
temperature variation.

The calibration process of the measuring stylus depends
on the type of the measuring head with the inserted
probing system. This experiment utilizes the RDS turning
measuring head with the combination of VAST XXT
scanning measuring sensor. As a replacement for trigger
sensors, the VAST XXT offers the unmatched
measurement capability, reliability, and accuracy. With a
large deflection range and a low measuring force, it is a
very robust scanning sensor. It uses the styli lengths up to
250 mm, side and star styli, and a minimum ball radius of
0.3 mm. The VAST XXT has very low measuring forces
and there is little influence when swivelling. When the
RDS head is used, the CMM can probe the workpiece
from a large number of different directions by adjusting A
and B angles. Every RDS position wanted to be utilized
for probing is considered to be its own stylus and must be
calibrated separately. A stylus must be qualified when and
if there is a new stylus system installed and there is a need
for the re-calibration of a stylus system, for example after
a collision or due to thermal changes. The calibration of
the measuring stylus is performed with the reference
sphere. The reference sphere of the CMM is a sphere of a
known diameter mounted on the measuring table via a
stem. The software (Calypso) must know the exact

position of this reference sphere for the orientation and in
order to analyze the calibration correctly. The position of
the reference sphere on a measuring table is determined
by the calibration of the master measuring stylus. After
this calibration id s performed, the next step is the
calibration of measuring styli. In order to decide whether
the calibration result is acceptable, standard deviation can
be used as a basic for the decision. Acceptable standard
deviation depends at least on the following factors:
quality of the calibration, length and stability of the styli
and extensions used, value of the temperature deviations
and temporal thermal fluctuations on the CMM, degree of
soiling, wear, damage of the reference spheres, existence
of loose or damaged stylus and/or extension elements.
The standard deviation should lie in the range of a few
micrometers.

The first calibration of a stylus must be done manually.
Once the stylus has been calibrated for the first time,
future calibration can be done automatically [7].

3. EXPERIMENTAL WORK

The calibration of the measuring stylus is an obligatory
procedure preceding every measuring task. The procedure
is performed automatically, although with the first
calibration, the operator has to provide the contact
between the measuring stylus and the reference sphere.
This contact should happen at the point at the top of the
calibration sphere, passed through by the axis line of the
measuring sensor containing the measuring stylus centre
and the axis line of the reference sphere. Since this is
relative, this paper determines the dependence of the
calibration results in relation to the deviated contact point
in the positive direction of the x axis (Figure 2). Previous
researches have determined that, for the deviation value
larger than 3.5 mm, there is an angle deviation during the
calibration, i.e. the software will signal an error and the
value of the standard deviation reaches even the tenth part
of the millimetre [1]. Changing the angle to zero tells
Calypso to rotate the stylus system path by the deviation
angle, ensuring that the sphere measurement path follows
the centre line of the sphere and does not touch the shank
of the stylus [9]. Software uses the information to
calculate the centre of the sphere, which, relative to this
centre, will look at the first point. If the first point lies
within an internal tolerance of where it should be, the full
sphere is measured.

Figure 2. Experiment performance procedure
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After the calibration of the master stylus, the next
calibration is the one of the styli with the radius of 3 mm
(Figure 3). The calibration process for the styli is
performed in every contact point of the measuring stylus
and the reference sphere with the deviation of 0.5 mm in
the positive direction of the x axis until the value of 3.5

mm (Figure 2). The value of the standard deviation is
monitored for every deviation of the contact point that
begins the calibration process. For static analysis of the
results to be performed, the same procedure has been
repeated six times.

Figure 3. CMM Carl Zeiss CONTURA G2 RDS, reference sphere and styli

The second variation parameter in the experiment is the
orientation of the reference sphere. Reference sphere has
four different orientations, while the position on the
measuring table of the machine remains unchanged
(Figure 4). Previously described calibration procedure has
been repeated for all four diverse orientations.

1
+
+X
3

Figure 4. Different orientations of the reference sphere[7]

As a calibration method, all cases utilize the qualify
passive stylus method. Four points are first probed for

position determination, followed by the required number
of points for stylus calibration.

The paper presents the influence of the calibration results
by varying the starting point calibration and the
orientations reference sphere. Other influential factors
determining the standard deviation value are neglected or
maintained at a constant level. The ambient
environmental conditions during the experiments in the
laboratory have been recorded. The room temperature is
maintained within the range 20.0+0.5°C; while the
humidity is maintained at 50+2%.

3.1. Calibration results

It has been observed that in the total of 192 calibration
procedures, the standard deviation did not have the value
larger than the tenth part of millimetre. Results are
presented by the number of different orientations
reference sphere. The table overview is presented for
standard deviations for the first orientation calibration
sphere (Table 1).

Table 1. Standard deviation for first orientation reference sphere [mm]
No. of measurement

Starting point 1 2 3 4 5 6
calibration
0.0 [mm] 0.0000 | 0.0001 | 0.0001 | 0.0000 | 0.0000 | 0.0001
0.5 [mm] 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0001 | 0.0001
1.0 [mm] 0.0000 | 0.0001 | 0.0000 | 0.0001 | 0.0000 | 0.0001
1.5 [mm] 0.0000 | 0.0001 | 0.0001 | 0.0000 | 0.0001 | 0.0001
2.0 [mm] 0.0000 | 0.0000 | 0.0000 | 0.0001 | 0.0000 | 0.0001
2.5 [mm] 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
3.0 [mm] 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0000 | 0.0001
3.5 [mm] 0.0002 | 0.0003 | 0.0002 | 0.0003 | 0.0005 | 0.0001
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The software package MiniTab is used for the static data
processing. The influence of the contact point between the
measuring stylus and the reference sphere in initiating the
calibration procedure and the orientation reference sphere
onto the standard deviation is presented in a Multi-Vari
chart (Figure 5). Multi-Vari charts are powerful graphical
representations for the analysis of variance. A Multi-Vari
chart allows the user to observe patterns of variation in

the output of a process that can correlate with
simultaneous multiple potential input variables. The
advantage of a Multi-Vari chart over other graphical
methods is that it allows the graphical representation
multiple families of variation on a single chart. A Multi-
Vari analysis can help narrowing a list of potential causes
down to a precious few by focusing the attention on the
sources of variation that need further study [8].

Multi-Vari Chart for standard deviation
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Figure 5. Multi-Vari chart for standard deviation by starting point calibration-orientation reference sphere

The presented diagram refers that the starting calibration
contact point between the stylus and the reference sphere
does not have any influence on the standard variation
value until the measure of 3.5 mm. It can be observed that
with the first orientation reference sphere there appears a
greater result dispersion, while with the other three, the
standard deviation values are constant. However, it can be
concluded that even the diverse orientation reference
sphere at the same position on the measuring machine
table does not influence the calibration value.

4. CONCLUSION

From all the above it can be concluded that the parameters
like starting calibration point and the orientation reference
sphere insignificantly influence the standard deviation.
The confirmation of this hypothesis should be presented
by mathematical values, which is the objective of future
research, same as the research aimed at the position
deviation of the reference sphere on a machine’s
measuring table and the usage of diverse stylus
configurations.
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Abstract: At the Kielce University of Technology a new method for in situ cylindricity measurement has
been developed. It has been called a V-block method and its fundamental is using a set of two connected
V-blocks. Along the element connecting V-blocks the measuring sensor moves. The method is
characterized by so-called detectability coefficient that is responsible for detection of the harmonic
components in observed profile. The value of the coefficient depends on the V-blocks angle and the
position of the sensor. The paper presents fundamentals of the V-block method and results of the research
work on influence of the sensor position on the results of measurements of out-of-cylindricity.
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1. INTRODUCTION

Cylindrical elements belong to a numerous and important
group of machine parts. Cylindricity measurement of
small elements has reached a high metrological level,
with instruments of high accuracy [1]. For accurate
cylindricity measurements radius change methods are
usually applied [2]. In these methods the workpiece
should be placed on the measuring table of the instrument.
However, in shipbuilding, power industry, paper industry,
metallurgical industry, etc., there are large-size cylinders
that cannot be placed on the table of the measuring
instrument. Therefore producers operating in these areas
of industry need methods that would enable in-situ
measurement of cylindricity profiles of large cylindrical
workpieces during the manufacturing process and during
its exploitation [3]. The solution of this problem can be
the V-block method [4, 5].

In V-block methods a signal is obtained in relation to a
physical reference, which is constituted by points of
support of the workpiece and contact points of the
measuring sensor and the workpiece [6, 7]. In V-block
methods the difference between the maximum and
minimum value of the sensor reading is considerably
different from the real deviation. It is because the
measured value of the signal depends not only on the
value of the real deviation measured at the contact point
of the sensor and the workpiece but also on the value of
deviation at the contact point of the workpiece and the
supports. Thus, the difference between the sensor
readings and the real profile is usually quite large.

The research work on this subject, of which some were
supported by the Polish National Committee for Scientific
Research (Project No 7T07D04008) [8], show that the V-
block methods can be applied to exact measurements of
roundness profiles, if one performs a mathematical

transformation of the sensor readings. The easiest way to
do that is to use FFT (Fast Fourier Transform) algorithm.
The results of the research work on V-block methods
presented in [8] show that the results of measurement of
the roundness deviation by the traditional V-block method
ranges from 22 %o to 63 % in relation to the result
obtained by a highly accurate radius change method (for
assumed probability level P=0,95). However, thanks to
applying computer-aided measurements (FFT algorithm)
this difference between the result of the V-block and the
radius change method lies within the interval of 13+15
%.

Successful finish of the research work on computer-aided
V-block roundness measurement resulted in design and
construction of measuring instruments allowing in-situ
measurements of roundness profiles. In authors opinion

similar  measuring instrument allowing V-block
cylindricity measurement can be designed and
constructed.

In hitherto practice the V-block method was used usually
to measure simplified cylindricity. Katsurada et al. in [9]
describe the V-block measurement of simplified
cylindricity of parallel rollers (roundness profiles in three
cross-sections of the workpiece are measured : two cross-
sections were defined by the V-blocks and one cross-
section in the middle). Such approach allows only rough
evaluation of cylindricity if measured element is long.
Considering the requirements of the Geometrical Product
Specifications standards [10, 11], the measuring
instrument should allow evaluation of the entire surface of
the element.

2. CONCEPT OF V-BLOCK CYLINDRICITY
MEASUREMENTS

Taking to account needs of producers of large cylinders
and guidelines of Geometrical Product Specification
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standards authors have developed concept of V-block
cylindricity measurement presented in Fig. 1 [12].

the guideway

the sensor

the workpiece /

Fig.1. Concept of the V-block cylindricity
Measurement [13]

The proposed concept assumes that the measured object is
placed on a machine tool or on the working stand. Two
interconnected V-blocks adhere to its surface. The
connecting element of the V-block functions additionally
as a guide, along which an induction sensor is shifted. The
V-blocks are slightly pressed down to the measured object
by means of a set of springs, which ensures their stable
contact with the object in rotation. In the measuring
instrument, both the object’s angle of rotation and the
sensor’s displacement are controlled by means of a
computer controller. The cylindricity measurement of an
object implies appropriate scanning of the object’s surface
with a measuring sensor, along the suitably designed
trajectory, through appropriate steering of the object’s
angle of rotation and sensor’s displacement. Values o and
[ are the angular parameters of the V-block method for
cylindricity measurement. They are responsible for
detecting particular harmonic components of the
measured cylindricity profile [14].

The cylindricity deviation for each sample element was
determined with two methods: the investigated V-block
method and the highly accurate radial method. The
conducted tests, the results of which were published in
[15], showed that the difference between the results of
cylindricity deviation measured by the V-block and the
highly accurate radius change method lies within the
interval £19 % (for a probability level P=0,95).

The next step in investigation on the application of V-
block method to accurate cylindricity measurements was
to look for its improvement and measurement accuracy
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enhancement. The work mainly involved the analysis of
potential sources of measurement errors, and their
elimination or compensation through specially developed
procedures. One of the factors that can influence
measurement results is the position of the measuring
sensor.

3. INFLUENCE OF THE SENSOR POSITION
ON MEASUREMENT RESULT

The position of the measuring sensor is defined by the
value of angle B, which is one of the method parameters,
as it was shown in Fig. 1. Values of the angles a and f are
responsible for detecting the particular harmonic
components of a profile. Therefore, it is very important to
identify and establish their real values as well as to
investigate the influence of the difference between the
real and nominal values on measurement results [16].
This is the reason why, a computer simulation was
performed so as to determine the interdependence of the
nominal and the real values of the angle B and their
influence on measurement results. The simulation
required:

generating a model cylindricity profile R(g, z),

generating sensor readings (@,z) for the nominal
value of the angle g =g, =90°,
generating sensor readings F, (¢p,z) for the real

value of the angle B (for the simulation purposes, the
real value was assumed to be S = =89°),

transforming the profiles F; (¢,z) and F, (9,2)

into the processed profiles R, (¢,z) and R, (9,2),
calculating the orientation of the mean cylinders
axes for the profiles R, (¢,2) and R, (p,2),
calculating the deviations for the profiles R, (¢,2)
and R, (p,z) from the mean cylinders,

comparing the deviations of the profiles R, (¢,2)
and R, (9,2).

The simulation made it possible to establish the difference
between the profiles. A change in the angle B causes a
change in the detectability coefficient. The diagram in
Fig. 2 was plotted to illustrate how the change in B affects
the change in the detectability coefficients.

The values of the detectability coefficient K, for the
nominal values of the angles o and B (« =¢,, =60° and
L= p,=90°) are plotted in blue, and the values of K,
for the simulated values of a and B (a=c, =60° i
p =, =89°) are plotted in red. In a general case, the
values of K, are complex numbers, therefore in the X
axis there are values of R(K,) and in the Y axis we have
values of 3(K,) . For each value of the coefficient K, , in
the range of harmonic components 2-+15, a segment was
plotted. The initial point of the segment lies at point (0,0)
and the end of the segment was the point with co-
oordinates (R(K,), 3(K,)) . The end of each segment was



marked with a star and the number next to the star
corresponds to the number of a respective harmonic
component.

2.5
> 5 go:
1.5
1
05 57

of ¥ =

Im(Kn)

.0.5
|

-1.5

-2

235 2 45 4 05 0 05 1 15 2

Re(Kn)
Fig. 2. The values of the detectability coefficient for
a=60° and £ =90° (in blue) and for « =60° and
L =89° (in red) — the range of harmonic components:
2+15

From the diagram in Fig. 2 it is clear that a one-degree
change in the angle B causes a change in the detectability
coefficient, this change being different for different
harmonic components. For example, for n =3 the change
in K, is very small, but for n=12 the value of K,
changes significantly. We can also see that if the angular
combination is « =60° and £ =89°, then the values of
K, for n=11 and n=13 are not equal to zero, and

therefore the eleventh and thirteenth harmonic
components can be detected. Results of work presented in
[17] show that these harmonic components cannot be
detected if the combination is «=60° and £=90°.
Analysing the change in the detectability coefficient, we
report that for & =60° and B =90° the imaginary or the

real part of K, is equal to zero, and for the combination
a=60° and £ =89° both parts are different from zero.

The different values of the detectability coefficient cause
a change in the profile values R; (¢,2) and R, (9,2),

calculated for g=p,=90° and for fg=p =89°,
respectively. Figure 3 shows the coinciding profiles
R;, (,2) and R, (p,z) and Figure 4 presents roundness

profiles in one of the cross-sections of the generated
cylinder. In Figures 3 and 4 the coincidence of compared
profiles is high. Figure 5 shows the difference between
the profiles illustrated in Fig. 4.

Then, Figure 6 shows a 3D diagram of the difference
between the profiles on the entire surface of the inspected
cylinder.
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Fig. 4. Roundness profiles in one of the cross-sections of
the generated cylinder for the profiles R, (¢,2) (in blue)
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Fig. 6. The difference between the profiles R, (¢,z) and
R, (¢,2) on the entire surface of the analyzed cylinder.

The maximum value of the difference between the
profiles equals 0.63 um, which constitutes about 4.5 % of
the cylindricity deviation. Considering the fact that both
profiles were calculated for the angles g, and g, , whose

difference is rather large ( 8, — 4, =1°), we can assume

that the influence between a real and nominal value of the
angle g on the result of the reference cylindricity
measurement is rather small.

4. SUMMARY

Developed concept of cylindricity measurements by the
V-block method meets requirements of modern
technological processes. Described method allows
accurate in situ measurements of form deviations of large
cylinders that are used in electric, paper or naval industry.
The main disadvantage of the method is that some
harmonic components of the profile cannot be detected by
the measuring system. Detection of harmonic components
of roundness profiles depends on values of angles o and 3,
that are the metod parameters. Position of the sensor is
defined by the angle . Results of the research work
presented in Chapter 3 show that the influence of the
change of the value f on the measurement result is quite
small. Change of the angle equal to 1° results in the
difference of the sensor readings that is about 4.5 %.
However, in order to increase the accuracy of the method,
real value of the angle g should be determined. It can be
made by the optimization method with use of reference
and real measurement data. Development of the special
procedure allowing determination of the real position of
the sensor will be the aim of next stage of research work
on cylindricity measurements by the V-block method.
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Abstract: There are some basic quality characteristics and some basic unconformity of Security
Equipment (Safes, Deposit safes, ATM Safes, Vault Rooms) that occurs during production process and
which should be controlled. The stability of the process for variable sample size is controled using u-
chart, which shows the average number of defects (failures) per product. Quality improvement of
products is carried out by determination of the critical failures using Pareto analysis and by
determination of corrective actions that should be taken.
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1. INTRODUCTION

Unlike developed countries, statistical process control in
our country have not yet reached the true extent of use
even for companies that are certified according to
standard ISO 9000. The reason is certainly insufficient
knowledge of mathematical statistics which is basis of
the SPC and the insufficient use of computers.

The essence of the application of these methods is the
rapid spotting of errors and selection of parameters that
influence to the process instability. This provides
opportunity for corrective measures to be taken in order
to countionously improve quality of products and
processes and thereby achieve high customer expectations
and ensure competitiveness in the increasingly demanding
global market.

Below is an example of application of SPC methods in
the process of producing the security equipment that is
manufactured in the company PRIMAT EQUIPMENT -
Baljevac.

2. PRODUCTION OF SAFETY EQUIPMENT
IN THE COMPANY PRIMAT EQUIPMENT
- Baljevac

Company PRIMAT EQUIPMENT LTD - Baljevac
produces metal security equipment that is used to store
valuables such as important documents, cash, jewelry and
others. Product range includes:

» commercial safes - STARPRIM  and
STARPRIM/N,

 specific purpose safes such as deposit safes and
components for ATM safes,

« vault rooms - MODULPRIM type,

« vault doors — DOORPRIM type,

* security doors,

« Fireproof doors

type

» Wall and furniture safes type PT and ZT and
« Cabinets for weapons of type A, B and C.

Security equipment products are certified by the German
Institute Verband der Schadenversicherer Kéln (VdS) in
accordance with European standards EN 1143-1. This
standard defines the anti - intrusion levels of security
which anti burglary security grade is measured in units of
resistance RU (Resistant Unit). Commercial and specific
purpose safes are made in sizes from 15 to 780 liters and
with security grade from 1 to 5 while the vault rooms in
modular construction ModulPrim and vault doors
DoorPrim are made with security grade from 0 to 9.

[ (L

| 2T

45 75 100 145 150 245 280 535

Fig.1. Models of commercials and speccific purpose safes

Company PRIMAT EQUIPMENT LTD - Baljevac has
introduced QMS (Quality Management System) in
compliance with the requirements of ISO 9001:2008.
Processes and production technologies of metal security
equipment are based on our own experience and business
and technical collaboration with partner PRIMAT Inc.
from Maribor, who is also the majority owner of the
company.

Method of product inspection and method of recording
the results of inspection to ensure product quality in
accordance with the requirements of the QMS is defined
by procedure for controlling product POB-824-101. This
procedure implies use of attribute quality control charts
and Pareto analysis. Integral part of procedure are control
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plans that are developed for all types of security
equipment. They defined sampling method ie. the sample
size and frequency of control process.

3. ERROR CLASSIFICATION

The basic feature of these products is reflected in the
provision of security of valuable items stored in them and
it is therefore necessary that the quality characteristics
that provide this functional demand are full controlled and
that the same measures are critical to the products of this
type. Conformity of products is documented by plan /
record of product checking which include the value of
functional measures.

Since these safes are used in banks and offices, it is
necessary to satisfy the aesthetic appearance and ease of
functioning, ie. opening, closing and locking. It is
therefore necessary to monitor errors that affect to these
quality characteristics and to take corrective measures for
elimination of the causes and for prevention of their
recurrence.

The technological process is divided in three parts: safe
shell assembly by welding, door assembly and black
assembly. Depending on the safe security grade and a size
range, there are different control plans and the
requirements that products have to satisfy.

Production form of commercial safes - type STARPRIM
is a small-series from 5 to 50 pieces. On the other hand,
there are 44 different models of this safes based on the
size and grade of security.

Table 1. Error classification

Controlled error

Removing residue from welding

Control of the welds on the armor system

Fine grinding of corners and welds on the armor system

Fine grinding of doors

Location of safety pin

Holes for the rack mounts

Dorr flatness

Control if hinge is welded

© | O|N |0~ W |N |- (=

Positioned and grinded fabric number

[uny
o

Flatness of armour system plates

[y
[y

Control of locking parts
Control of welds at door housing

=
N

=
w

Easy opening of doors

[EN
N

Straightness and angularity of envelope

=
(&)

Removing concrete residue from housing

=
(e}

Gap between door and casing

[EN
~

Alignment between housing and doors

[y
(o]

Control of parts for piles admission

[y
o

Alignment of the pipe with the bottom

For the implementation of statistical process control and
comparation of products with different models and
different levels of security, it is necessary to group similar

errors in order to eliminate difference in the names of
errors and to provide a sufficient number of samples for
monitoring process stability. Thus, for example error No.
11 - "Control of lock parts" includes the following errors:

- wrong position of sound beeper

- error of locking mechanism,

- improperly installed rail guides and

- lack of dividers.
Errors in the process of making commercial safes type
STARPRIM are classified into 19 groups and are shown
in Table 1.

4. U- CONTROL CHART

U - control chart for variable sample size was chosen for
statistical process control. Basic parameter of u-chart is
the average number of defects per unit in the sample:

ancij
U =t— &)

n.

where: n;-size of i-th sample

The average number of defects / errors of entire
population ie. central tendency of the process is:

CL =u=-"12 (2

The position of the control limits is variable and depends
on sample size so the value of the control limits have to
be calculated for each point in the control chart

GKGU=U+3'*E (3)
Jni
DK(;U:U—3"/ﬁ @)

o
During the period from 30.12.2010. to 07.04.2011. total
number of errors is monitored using u-chart according to
the classification shown in Table 1. The results are shown
in Table 2.

The average number of defects per unit is calculated on
the basis of the equation (1).

The value of the central line is:

Control limits are calculated using following equations:

GKG, 1578+ S NLO78 _j 57, 3768
Jn; Jn;
GKG, 1578+ S V1578 _ 575, 3768

0 J,
All points on u-chart (Fig.2) are within the control limits
and can be considered that the previous process was
stable. Data processing and graphical representation of
was performed using MS Excel. By locking unnecessary
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cells, chart can be used by executives who do not have  processing. In case of deviation points which are outside
specific knowledge of SPC and MS Excel. It is enough to  the control limits, measures are taken according to a
enter the measured values in the provided fields and the  procedure that monitors the implementation of control
program will automatically performs all necessary charts to prevent occurrence of nonconformities.

Table 2. Measured data and calculated parameters for u-karte
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n; 151101010 |15|10|10| 6 |10|10|30 (10|50 |30|10| 6 (9 |10({15|10| 5 |10|10|15|15 z
Gl 15 14| 3 10 9 |26 77
G2 8 |1 519110 33
G3 1114 |8 |7 14|89 |2 |7 |3|29/8|18|28|2 |1 |4 |4 |3 |10(2|7]|3]10] 3] 205
G4 2 2
G5 2 2
G6 2 3|6 8 11 30
G7 1 2 1 4
G8 1 1
G9 1 1
1G0 1 6 7
Gl11 1 3 4
G12 1 1
G13 2 2 |1 8 3 16
G14 0
G15 3/5]9]6 8 5 4 113] 53
G16 3133|141 |64 1 1|/5]10]7]1 86
G17 512 7
G18 21411 7
G19 111 2
G 35/ 6 | 8|8 |35 [22[23|6 [17[12]55|13|52|42| 8 |16|22|18 12|27 | 3 [22|24|35|17] 538
U;=%c;/n;|2,33/0,60/0,80/0,80|2,33|2,20|2,30|1,00|1,70|1,20|1,83|1,30|1,04|1,40|0,80|2,67|2,44/|1,80(0,80|2,70|0,60|2,20|2,40|2,33|1,13
CLu ]1,58/1,58/1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58|1,58]
GKGu |2,55|2,77|2,77|2,77|2,55|2,77|2,77|3,12|2,77|2,77(2,27|2,77|2,11|2,27|2,77|3,12|2,83|2,77|2,55|2,77|3,26|2,77|2,77|2,55|2,55
DKGu [0,60(0,39|0,39|0,39/|0,60(0,39|0,39|0,04/0,39/0,39|0,89|0,39|1,04/0,89|0,39|0,04|0,32|0,39|0,60|0,39(0,00|0,39|0,39|0,60|0,60,

Datum pofetia patum zaviietia "U" - KARTA
30.12.2010. god. 07.04.2011.g0d.
18 19 20 2 22 22 24 25
o [mvw wa (mow [mmw [ (e june
[meam [rma [rein [meen (e [ream e [meam
wan| s3] man] mau| man| man| san| zad)
o B 10 5 o 10 =5 1 [ 100 200 300)
= 14 =]
] 5 n 3
3 [ Ninaubnsenn £ gk i e e 05 ] ] CEEETH ) ] 2 7 El 75| a) 3 El 4| 4| 3 a0 3 7| I 3 205
ara = z ]
5| PuinZ gt 7] [
# |G = E 3| 6| a| | =]
§ s st 1 z 1| 4
s [ 1 1
g [ Pestand e i clw e Tk iy 1 1]
& [ o[enm T E) G
2 [y 1| 3]
0 | 22| nontrs zvera m et v 1
3 [ 2 FIE a 3 4]
[ 13[Preesti ugn s omtia [
E [ 3 B | G & 5| A 13 |
15| Zarr bmeds watai iE 3 33 m 1| 6| a 1| 1| T i 1| 5]
17| Poramatst viata s kudstem 5| 2|
15/Mx e S 2 a kY
12| Porenmatiesd Cend =3 dnom 1| 1]
2] 9
UKUPAN BROJGREGAKADT]| 35 | 6 | 8 | 8 | 35 | 2 | 23 | & | 17 | 12 | & | 43 | 52 | @ | 8 | 16 | 22 | 18 | © | 27 | 3 | 22 | o | 3 | 17 53]
Prosetan bro) grefaka URLCj/ni| 235 | 050 | 0,80 | 050 | 235 | 2,20 | 230 | 4,00 | 170 | 120 | 1,83 | 130 | 1,08 | 140 | 0,50 | 2567 | 244 | 150 | 080 | 270 | 080 | 200 | 240 | 233 | L13
Clu 5,56 | %58 | 1,58 | 155 | 2,56 | 1,5 | 156 | 3,56 | 55 | 3,56 | 1,56 | 156 | 3,56 | 558 | 1,58 | 155 | 3,5 | 1,56 | 1,56 | 3,56 | 558 | 156 | 1,58 | 38 | 158
GKGU 255 | 277 | 277 | 277 | 255 | 277 | 277 | 322 | 277 | 277 | 2,27 | 277 | 221 | 227 | 297 | 342 | 283 | 277 | 255 | 277 | 328 | 277 | 2,77 | 255 | 2,35
DRGu 060 | 038 | 038 | 039 [ 060 | 0,38 [ 039 [ 008 [ 039 [ 039 [ oss [ 039 [ 104 [ ose [ 038 | 0o [ 032 [ 038 [ o0 [ 030 [ ooo [ 03e [ o3e [ oeo [ o0
350
[e— Er. uzoaia
300 — —
[r— [ i T=[ 341
o5 j— b R
o — b ‘\ o
. e \
CENTRALNA LINIJA 2,00 ’ \
ow 3]
150 /\
100 ¥ % \ }
050 p— MASINSKI
} [S— e —— IE é FAKULTET
KRALJEVO
noo KATEDRA ZA PROIZVODNE TEHNOLOGNE
1 2 3 4 5 & 7 K 9 10 11 12 13 14 1= 16 17 18 19 20 21 22 23 24 25

Fig.3. U-chart for variable sample size
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5. PARETO ANALYSIS

The number of occurrences for each observed error is
shown on the right side by adequate histogram. If ranking
of errors is made by its number, ie. the percentage of
participation (Table 3) we can notice that the most
common error is G3- Fine grinding of corners and welds
on the armor system (38.1%) which does not belong to
the line of critical errors, but from the aesthetic aspect is
very important. Errors G3, G16, G1, G15 and G2 are ~
85% of all errors (Group A in Table 3 and area A in
Figure 3) and therefore is necessary to provide corrective
actions for their elimination. In addition, it is necessary to
consider errors from group B (error G6, G13, G10 and
G17) that make ~ 10% of and take steps to reduce them in
the next stage. Other errors (class C) are less than 5% of
all errors and at this stage it is not necessary to analyze

them.

Table 3. Classification of errors according to the the

number of occurrences
G n, | cum | ni(%) | cum (%) | Group
G3 205 | 205 | 38,10% | 38,10%
G16 86 291 | 15,99% | 54,09%
Gl 77 368 | 14,31% | 68,40% A
G15 53 421 | 9,85% 78,25%
G2 33 454 | 6,13% 84,39%
G6 30 484 | 5,58% 89,96%
G13 16 500 | 2,97% 92,94% 5
G10 7 507 | 1,30% 94,24%
G17 7 514 1,30% 95,54%
G18 7 521 | 1,30% 96,84%
G7 4 525 | 0,74% 97,58%
G11 4 529 | 0,74% 98,33%
G4 2 531 | 0,37% 98,70%
G5 2 533 | 0,37% 99,07% c
G19 2 535 | 0,37% 99,44%
G8 1 536 | 0,19% 99,63%
G9 1 537 | 0,19% 99,81%
G12 1 538 | 0,19% [ 100,00%
Gl14 0 538 | 0,00% [ 100,00%
P 538
12 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19
45,00% 120,00%
40,00% |-
15.00% 100,00%
30,00% 80,00%
25,00%
20,00% 60,00%
15,00% 40,00%
10,00%
5.00% 20,00%
0,00% 0,00%
Bgegidggggtgiogesgy

Fig.3. Pareto graph
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6. CONCLUSION

Companies that want to improve quality of their products
and reduce the costs of quality must constantly work to
improve the quality system which includes the necessity
of applying statistical methods to control the
manufacturing process.

Control charts are highly applicable tools to determine the
ability of the manufacturing process. Although attribute
control charts provide smaller insight into the state of the
process than is possible by using numerical control charts,
their application is very useful and economically justified.
On the basis of performed analysis we can conclude that
the process of making safes from the program of security
equipment in the company PRIMAT EQUIPMENT-
Baljevac is stable but that there are significant
opportunities to improve quality. The data analysis allows
the selection of parameters that influence on the
occurrence of errors in the production process and gives
opportunity to eliminate the causes of errors in order to
ensure a higher level of product quality.
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Abstract: Using the sample of 51 organization in Serbia (as a part of a complex project), a pilot study is
carried out about the role of managers in implementing requirements of various management system
standards. The aim of this research is to provide basic information on most important elements of
management systems using only 1SO 9001 standard requirements and organizations that implemented
requirements of other management standards. Determined differences should indirectly point out to
fulfilled and unfulfilled roles of managers, because the current state is the result of managers' work.
Research is based exclusively on managers' subjective estimates.

It is authors' belief that results of this research should shed light on basic characteristics of our
organizations related to implementation of management systems, as seen from managers' perspective.
This would pave the way for new studies that would encompass a number of elements and wider
constructs. Results thereof might provide guidelines for managers in our organizations for effective

application of management systems.

Key words: Quality management system, role of managers, effective application

1. INTRODUCTION

Manager that is aware of his or her role in the process is
valuable to the firm he or she works in, and top managers
should be able to recognize such qualities when
employing new managers, estimating the work of present
managers or planning improvements and making teams to
carry them out.

Subject of this research are not routine manager roles
present at everyday work process activities. Managers, of
course, have, as anyone else in a work process, such
routine tasks. Here, the subject are, let's say, strategic
tasks, carried out to improve some very important
elements of QMS (like understanding how QMS works
by employees, teamwork, raising conscience about user
satisfaction importance and similar) which can not be
improved in one day or week, which take long time of
patient work to show clear impact on performance and
which have to be maintained. However, it is known that
once properly activated, these elements can be very useful
in many ways (they can ease decision making in complex
situations, make favorable employees interrelations
raising employees' satisfaction with the result of
improving performance, etc).

To the knowledge of authors, it is likely that there are
several general problems present in a significant number
of Serbian quality management systems (QMS):

e managers often do not transfer enough information
to employees to complete their tasks,

e managers do not organize appropriate trainings for
employees to gain knowledge and skills enabling the
improvement of efficiency/efficacy,

e managers often do not involve employees in
decision making and similar.

Authors made an assumption (hypothesis) that
understanding of described processes by quality managers
in quality management systems vary by number and types
of management systems applied in the QMS. Namely,
integrated management systems covered by the research
had QMS with ISO 9001 requirements applied. Besides
ISO 9001, they could have applied: environmental
management system (requirements of ISO 14001),
occupational health and safety management systems
(requirements of OHSAS 18001), food safety
management system (requirements of 1ISO 22000), quality
management system in laboratory/ies (requirements of
ISO/IEC 17025), or requirements of other organizational
standards (ISO 27001, GMP, GLP, HACCP strictly, other
branch organizational standards, etc). Some organizations
could have applied several of these standards. Differences
in estimating elements considered relevant for the
research at organizations applying different standards lead
to appropriate conclusions.

2. SAMPLE AND METHOD USED

Basis for this research is a part of results of a survey
carried out in year 2010 for purposes of a wider research
of a TQM practice in Serbia.
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The survey is carried out using a questionnaire.

The questionnaire was sent to management representati-
ves (quality managers) in 204 certified firms. 51 comple-
ted questionnaires (25%) were returned back.

Among organizations that returned questionnaires, 12 are
production firms (23%), 14 organizations (28%) are
mixed production and services firms and 25 organizations
(49%) exclusively providing services.

Seven organizations (13.73%) are micro organizations (1
to 9 employees), 17 firms (33.33%) are small (10 to 49),
23 firms (45.10%) are middle organizations (50 to 249)
and 4 firms (7.84%) have 250 or more employees (large
organizations).

The average age of QMS in the sample is 4.07 years,
while o is 2.78. Youngest is 1 year old and the oldest has
13 years. Organizations in the sample apply different
organizational systems. The distribution of these systems
within the sample is given in Firure 1.

MR . ™
Al I | | ;
0 -
ISO OHSAS ISO ISO/NEC ISO/IEC Rest
14001 18001 22000 27001 17025

Fig.1. Various organizational systems in firms in the ‘
sample

This diverse structure makes the described sample
representative for the Republic of Serbia.

Respondents were asked to sign their subjective estimate
on its items according to the discrete 5 point Likert-type
scale. 1 stands for 'l disagree' estimate, while 5 stands for
' fully agree'.

Validity test of the questionnaire was made by calculating

Cronbach o coefficients. One item was eliminated from
the research (see appendix).

Hypothesis was tested using the one-way ANOVA at the
confidence level of 95%.

In this research 23 items from the questionnaire were used
(see appendix). Cronbach o was 0.9127 (a>0.7) which
indicates to the validity of items.

Items P2-P7 were included in the research to estimate the
overall satisfaction with the QMS and the satisfaction with
individual changes brought to organization with the QMS.

Items P8-P11 are items treating basic leadership
characteristics of organization management (authors
consulted [1], [4], [5], [6])-

Items P12-P15 are treating some elements of human
resource management [1], [7], [8], [9], while items P16-
P18 are related to process management ([1], [3], [4], [7].
[9D).

Some items are treating learning of an organization (P19-
P23). These items are treated in [2], [3], [4], [10].
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3. RESULTS

For testing the validity of a hypothesis, a series of
ANOVA tests were carried out. 22 items were tested for
variations between estimations in systems that have or not
implemented standards: 1SO 14001, OHSAS 18001,
ISO/IEC 17025, ISO 22000 or other organizational
standards (ISO/IEC 27001 systems were not examined
because there was only one system with ISO/IEC 27001
standard implemented). This means that total of 22 x 5 =
110 ANOVAs were carried out to come to the findings of
this research.

Only 4 (out of 110) estimates were found to significantly
vary by implementation of organizational standards.
These are items P3, P9, P22 and P23 (see appendix). The
only system causing variations (at all four of the items) is
ISO/IEC 17025.

Table 1 ANOVA - variation of P3 vs. impl. of ISO/IEC 17025

Source DF SS MS F P
1SO 17025 1 2.670 2.670 3.85 0.055
Error 49 33.957 0.693

Total 50 36.627

Interval plot of P3

5.0 ——

NO YES

ISO/IEC 17025 implemented?

Figure 2: Interval plot of P3 vs. implementation of ISO/IEC 17025
Calculated p-value is not less then 0.05 (table 1), but is
near to that value - formally we couldn't consider
variations of P3 significant, but difference of two means
are obvious (figure 2).

Table 2 ANOVA - variation of P9 vs. impl. of ISO/IEC 17025

Source DF SS MS F P
1SO 17025 1 4.007 4.007 4,59 0.037
Error 48 41.913 0.873

Total 49 45.920

It also is the case with items P22 and P23 (tables 3-4).

It is indicative that all items P3, P9, P22 and P23 in all 4
systems running ISO/IEC 17025 are estimated by mark 5
(figures 2-5).

Interval plot of P9

5.00 ——

NO YES
ISO/IEC 17025 implemented?

Figure 3: Interval plot of P9 vs. implementation of ISO/IEC 17025



Table 3 ANOVA - variation of P22 vs. impl. of ISO/IEC 17025

Source DF SS MS F P
1SO 17025 1 2.538 2.538 3.59 0.064
Error 49 34.638 0.707
Total 50 37.176
Interval plot of P22
50 —0—
48
4.6
o
N 44
o
4.2
4.0
NO YES

ISO/IEC 17025 implemented?
Figure 4: Interval plot of P22 vs. implementation of ISO/IEC 17025
Table 4 ANOVA - variation of P23 vs. impl. of ISO/IEC 17025

Source DF SS MS F P
IS0 17025 1 4.87 4.87 3.98 0.052
Error 49 59.96 1.22

Total 50 64.82

Interval plot of P23

5.00 ——

4.75

4.50

4.25

P23

4.00

3.50

I‘;O ‘.;ES
ISO/IEC 17025 implemented?

Figure 5: Interval plot of P23 vs. implementation of ISO/IEC 17025

4. DISCUSION

Implementing organizational systems brings changes to
QMS. It is proven that estimates of almost all observed
changes do not vary by implemented systems. All except
for one: responsibility for quality. It turns out that
employees in systems implementing ISO/IEC 17025 are
estimated more responsible for quality.

Quite logical is, then, the finding that systems
implementing ISO/IEC 17025 encourage staff to
initiate/support changes in the organization. These
systems do more to involve people in improving
processes.

Environment and its support for on-the-job training are
estimated higher in systems applying ISO/IEC 17025 then
in others.

At the end, according to quality managers, participation of
managers in specialized trainings is higher estimated in
systems applying ISO/IEC 17025.

These findings point out to the conclusion that quality
managers in observed systems not applying ISO/IEC
17025 should review their roles in context of involving
people in improvement process, training and human
resource management. It might bring them some ideas

how to plan and carry out improvements to raise
employee satisfaction and performance.

5. CONCLUSION

This research uncovered variations of implementing
various quality management obligations set by 1SO 9001
and similar standards, by standards implemented within
the integrated management system in an organization (or
QMS, if organization applies only 1SO 9001
requirements). Observed elements are listed in appendix.

Authors made an effort to extract most of managers'
obligations not considered as routine, but rather as goals
to be reached and maintained as a continuous task.

Conclusions about these roles are made upon estimates
provided by quality managers. They are not made
directly, but as an attempt of diagnosing relevant QMS
elements. Any time when manager's diagnosis is not
favorable, manager should be aware of the fact that he (or
she) is the one (more or less, alone or as a member of a
team, by direct action or by providing supporting and/or
by its coordination) to make effort directed towards
improvement. This is one of prerequisites for a manager
to become a leader or, at least, to try to be closer to a
leader.

Why is ISO/IEC 17025 making a difference in completing
observed tasks and fulfilling the roles? It might be a
question for a new research. It could be because
laboratory staff is in average more committed to their
jobs, or it might be a result of different aspects like
education or perception of responsibility, quality of
service, clarity of tasks, or some other element.

As for the others, it is clear we now have a reason to
believe that laboratories are best in implementing
organizational standards - if something goes wrong,
maybe it is not a bad idea to use knowledge of successful
managers. At solving general problems, maybe managers
in laboratories know the answer.
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Appendix 1
ITEMS USED

P1 Certificates other than ISO 9001 (not a Likert scale item)

P2 1 am satisfied with the way the QMS operates in the
company

P3 One of the changes brought in by the QMS implementation
is responsibility for quality

P4 One of the changes brought in by the QMS implementation
is importance of the certificate(s) to customers’

P5 One of the changes brought in by the QMS implementation
is more efficient processes
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P6 One of the changes brought in by the QMS implementation
is true leadership of top management

P7 One of the changes brought in by the QMS implementation
is employee satisfaction

P8 Managers actively communicate with employees about a
quality commitment

P9 Employees are encouraged to initiate/support changes in the
organization

P10 Managers encourage employees to take responsibilities

P11 Managers motivate employees to perform their tasks at the
best possible way

P12 Managers are trained about quality principles

P13 Vertical and horizontal communication is effective

P14 Organization insists on teamwork and team spirit

P15 Organization provides safe and healthy work environment

P16 Organization carries out continuous control and
improvement of key processes

P17 Performance of all processes is
organization

P18 Organization departments share the experience in process
improvement with other departments or units

P19 Organization reinforces improvement of all its products,
services and processes

P20 Most employees in this organization have sufficient
knowledge of the basic aspects of our sector

P21 Most employees in the organization understand the basic
processes used to create our products/services

P22 Top management has developed an environment that
supports on-the-job training

P23 Managers participate in specialized trainings

" This item proved to be invalid

measured in the
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Abstract: Only the companies capable of constant and quick adapting to fast changing conditions can
survive on the global market nowadays. The customers expect an excellent quality of services, and pay
only the prices that are better than those from the competition. To keep the company competitive and to
maintain the maximum efficiency of the facilities, an approach different from the traditional concept of
maintenance is required. The concept that can facilitate the maximum efficiency of installed capacities
must take into consideration the whole system: man-facility-environment and must apply the continuous
measures to avoid losses, in this way constantly improving the maintenance process.

The classical approach to the maintenance process does not permit achieving the maximum efficiency of
the facility, because it is based on the technical efficiency factor of the facility. Thus, the total approach to
man-production facility surrounding is required in order to achieve the high availability and capability of
facility performance and its optimal status. The maintenance that applies to the process comprises taking
suitable maintenance measures, needed for the process stability, detecting and elimination of the weak
points and constant improvement of facility considering handling and maintenance. In order to achieve
such a goal, the entire operational life of the facility should be considered, from designing,

manufacturing, installing and using to replacing or retiring.

Key words: maintenance, improvement, processes, management

1. INTRODUCTION

The management in a company has a task to organize the
system and supervise its functioning, and to make
decisions to improve the critical processes according to
the business results. Improving the process means that the
current status should be assessed. The process
improvement teams have a key role in this enterprise. The
analysis of the process reveals what is not functioning
properly in the process, i.e. what the causes for
inefficiency of the process are, so the suggestions for the
process improvement are made. In the end, the improved
process is being measured and observed. The processes of
the company are identified, described and adjusted to the
customers demands, and so the customers’ satisfaction is
increased. The processes that have a particular impact on
the customers’ satisfaction are significant processes.
Among them, there may be some very important
processes for realizing the mission and vision of the
company which are inefficient. Those are critical
processes that require improvement, redesign or
reengineering [1].

Firstly, the significant processes in maintenance should be
recorded and fully arranged. The public utility systems
consist of a large number of processes and activities, that
in most of the cases offer numerous opportunities for
improvement. However, every initiative of such activities
is almost doomed unless all the processes are not treated
simultaneously. A much better approach is the
improvement of the most significant processes, that will
be the solution model for the less important processes.

Almost none of the improvement processes can be
imagined without its user. The user is at the beginning
and at the end of every process, the one providing
evaluation and guidelines for the future work. On the
basis of the users’ satisfaction the efficiency of the
applied tools, quality or management, as well as
methodology of improvement are evaluated. On the basis
of the evaluation of the end user, the size of the problem
is analyzed and the corrective action is being initiated
accordingly. The complexity of the processes in public
utility systems can be seen through their connection and
mutual conditioning with the users of their services [2].

2. MAINTENANCE PROCESS
UTILITY COMPANIES

IN PUBLIC

Public utility companies have an important role in the
economy of every country, because the satisfaction of
vital needs of population, such as supplying electricity,
water, heating, waste removal and other, depend on their
unhindered functioning. Therefore, an on-time, effective
and efficient maintenance process is crucial for the
successful work of public utility companies. Users of their
services have very high requirements concerning the
satisfaction of their needs, thus a high availability,
reliability and optimal facility state can only be achieved
through the interaction of people who work at the
facilities and the facilities themselves. Conducting
specific maintenance measures, needed for a stable
process, discovery and removal of weak spots and
constant improvement of a facility in relation to handling
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and maintenance are the characteristics of the
maintenance  directed towards constant  process
improvement [4].

Maintenance of engineering systems in utility systems
presents a following activity, that is, a group of activities
and relations between each of them on securing the
functionality of engineering system elements as well as
the viability of the entire system, and all with the aim of
reaching a desired level of functioning security and usable
quality of a public utility or service business system. In
the process of engineering systems maintenance in public
utility service companies, very significant savings can be
achieved by applying modern technologies and
maintenance concepts, with the reduction in spare parts
and materials supplies in warehouses, by using a lesser
number of workers in maintenance tasks, by shortening
maintenance time and reducing outsourcing in
maintenance activities.

Successful business activities of public service companies
requires adequate arranging and improvement of
engineering systems maintenance process, where
preventive measures can be conducted in order to avoid
major losses and reduce the number of inactive working
hours. This implies the qualification and training of
workers in maintenance, according to assumed and
prescribed procedures, so that they can conduct the simple
ongoing interventions and repairs on engineering systems,
replace used elements, construct simple element positions,
and other. Using this approach, the maintenance system
becomes independent from partner services and
interventions, which can cause lengthy delays in critical
situations and absence of mechanization from significant
processes [3].

Having in mind the unequal usage of engineering systems
and equipment in companies by immediate agents, there
is a need for specific technical-technological
reconstructions and modernizations. These requirements
can be carried out after a detailed check of prescribed
parameters and collecting actual data from the equipment
in the exploitation phase. This will help to record the
capacities which are not being used sufficiently, that is,
which are overloaded and which require necessary
constructive changes 5].

Through measurements and analysis of mechanical
values, it is possible to propose corrective measures for
improving the working conditions of immediate agents.
By training workers who are in immediate danger in their
workplaces and encouraging them to give constructive
suggestions for working conditions improvement, one can
have a better insight into the immediate problems and
choose the possibility for their solution. It is also
necessary to make working instructions at workplaces,
which will describe a workplace, work means and work
actions, work actions corrections (corrective measures
and activities) and influential factors in detail.

A lower level of engagement of outside agents in
conducting maintenance interventions, shorter times of
specific  corrective and preventive  maintenance
interventions, as well as the engagement of a smaller
number of better trained maintainers, could be an efficient
indicator of the achieved level of engineering systems
maintenance process improvement in public service
companies [5].

3. MAINTENANCE PROCESS IN PUBLIC
UTILITY COMPANY "GORICA" NIS

The process of maintenance in "Gorica" include:
preventive maintenance, corrective maintenance and
technical control [6].

3.1. Preventive Maintenance

Preventive maintenance consists of daily and weekly
inspections of vehicles and agricultural machinery and
execution of technical review (semi-annual and annual).
Managers are required to conduct daily inspection of
vehicles and agricultural machinery on the list of daily
care, which includes washing of vehicles and machinery,
control of oil in the aggregate and control coolant. On the
basis of the plan, norms and fuel consumption lubrication
is done (upgrade and complete vehicles). By law, the
inspection is done annually for all vehicles [7].

3.2. Corrective Maintenance

Corrective maintenance is performed on the application of
the driver, when the transfer vehicle, which defines an
order for corrective maintenance work or through user's
claims.

There is also an unscheduled inspection of vehicles that
are returned due to defect from the field and point to the
technical sector of maintenance, or for vehicles due to
malfunction or damage requiring major intervention on
the field [8].

3.3. Technical control

Technical control process includes visual inspection
activities, control of braking systems and vehicle
diagnostics. According to a monthly maintenance plan,
the vehicles are directed to preventive maintenance
checks.

4. IMPROVEMENT OF MAINTANANCE
PROCESS

Improving the maintenance process involves [8]:

failure analysis

cost analysis;

introduction of computer system;

check list application;

preparation of working instructions.

Failure analysis and cost analysis is done by team
responsible for improving. This imply the collection and
processing costs of preventive maintenance and corrective
maintenance, and analysis of the causes of failures.
Introduction of computer system imply creating a
database of preventive and corrective maintenance,
supporting documentation, spare parts and failure analysis
and cost.

Check list application and preparation of working
instructions makes the team responsible for improving. It
is composed of existing workers, a team leader is the
maintenance engineer. All they have to undergo certain
training [9].
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4.1. Preventive maintenance process 4.2. Control process improvement
improvement
Figure 2 shows the chart of the improved control process
Figure 1 shows the chart of the improved preventive [9].
maintenance process [9].
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Figure 2: The Chart of the Improved Control Process
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5. CONCLUSION

After collecting and analyzing data of cleared up,
improved and standardized processes, it can be concluded
that there is room for improvement. By implementing
these improvements, one can save both time and money,
improve the quality in providing services, connect all
sectors into one whole, reduce idling and speed up
communication between sectors. By constant review and
continuous improvement of all processes, a quicker, better
quality and just in time service is achieved.

By introducing integrated management systems, work
injuries risk is reduced, as well as the adverse effects of
waste material on the environment. By prescribing
working instructions, it is determined who and in which
way can do the specific job. This provides for a better
organized work, time savings and reduction of possible
errors.

The key results of the maintenance process improvement
in the observed public service company are [4]:

1. Increase in end user satisfaction.

An active inclusion of the end user at the input and output
of a process is a guarantee that the business system will
be able to survive and sustain itself on the market in the
future. In that way, the management is constantly
receiving information on where the company is at and
what is needs to be done in order to make it better.

2. Increase in the level of arrangement of public

city areas.
As the result of all improvements and activities, the entire
social community in the city ends up with a better quality
environment based on the highest standards and
requirements. This is the first step that guarantees the
continuous improvement and advancement.

3. More efficient use of existing capacities and

loss reduction.
The economic conditions on a global level are a warning
to large economic systems that they must be more
efficient and effective in their business activities. The
great economies are first in line because of the excessive
expenses and investments. This points to the fact that the
existing capacities should be used entirely and that the
costs should be reduced wherever it is possible.

4. Greater performance of employees

improved working conditions.
This demands greater responsibility from employees for
the entire business system, in accordance with the
position they occupy. It helps increase the level of activity
in employees, which contributes to the overall
performance and process improvement. By process
improvement and redistributing available human
resources into teams, a necessary control function will be
reached, as well as the possibility to compare teams based
on their performance.

5. Reduction of means for own resources
maintenance by adopting simple procedures of
manufacturing and replacement of critical elements
and parts.

These business systems are based on the application of
mechanization in their fundamental activities. If the
maintenance of these resources is planned as outsourcing,
it can quickly come to the dependence on the maintainer,
time deadlines, spare parts, outsourcing, which make the

and
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business system inflexible. For these reasons, the
foundation of smaller workshops for significant processes
support is predicted, where these workshops would have
the capacity to manufacture, repair or replace certain parts
of engineering systems.

REFERENCES

[1] STOILIKOVIC V.  MILOSAVLJEVIC P,

RANDJELOVIC S. (2010) Industrial management,

practicum, Faculty of Mechanical Engineering
University of Ni§, Nis, pp 368
[2] STOILIKOVIC V., VELJKOVIC B.

STOILIKOVIC P., JEVREMOVIC D. (1998) With
chances to world class: improvement and re-
engineering of process, CIM College and Mechanical
Faculty of Nis, Nis, pp 346

MILOSAVLJEVIC P. (2007) Maintaining technical
systems according to concept TPM and Six Sigma.,
monograph,  Library  Dissertatio, Endowment
Andrejevi¢, Belgrade, pp 125

MILOSAVLJEVIC P., RANDJELOVIC S,
RADOICIC G. (2010) The possibilities for
improvement of the maintenance process in the
public utility service companies, Proceedings of
International Maintenance Conference & Exhibition:
Euromaintenance 2010, Verona, Italy, pp 330-334
MLADENOVIC S., MILOSAVLJEVIC P. (2010)
The road towards a Lean Six Sigma company,
International Journal ,, Total Quality Management &
Excellence*, Vol. 38, No. 3, pp 71-78
MILOSAVLJEVIC P, MLADENOVIC S,
JOVANOVIC M., TODOROVIC M. (2010)
Improvement of Production Process and Providing
Services in the Company ,Hidrokontrol* /td. Nis,
International Journal ,, Total Quality Management &
Excellence*, Vol. 38, No. 3, pp 179-186
MILOSAVLJEVIC P., MILOJEVIC A., KRSTIC D.
(2010) Improvement of plastic coating and sheet
metal treatment process in the company
Interlemind“ a.d. Leskovac, Proceedings of
International Conference: "Mechanical Engineering
in  XXI Century", Faculty of Mechanical
Engineering, Nis. pp 225-228

MILOSAVLJEVIC P., RALL K. (2005) Six Sigma
Concept in the Maintenance Process of Technical
Systems, Facta Universitatis, Series: Mechanical
Engineering, Vol. 3, No 1, pp 93-108

Students projects from the course Industrial management
Faculty of Mechanical Engineering in Nis, Nis.

(3]

[4]

[5]

6]

[7]

8]



34" INTERNATIONAL CONFERENCE ON

PRODUCTION ENGINEERING "
28. - 30. September 2011, Nig, Serbia i
University of Nis, Faculty of Mechanical Engineering

WO Mg
‘bov &,

0gq19%

&)

»

'CpsmgP

DESIGN AND TENSIOMETRIC ANALYSIS OF THE C-CLAMP FOR RAILROAD
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Abstract: In factory “MIN-DIV " Svrljig new product is developed. This product (C—clamp) find his use for quickly joint
of railroad tracks in cases of specific situations, like high differences of daily and night temperatures. C-clamp probes
are produced by casting technology from two different materials: low alloyed steel C4A5E (EN), and cast iron GS-70.
Because of complex form of C-clamp, in program CosmosWorks finite element method (FEM) analysis are
accomplished in order to find relation between moment of a force and tightening force, and also identification of C-
clamp endings displacements. Tensometric method is used for verification of theoretical results. By these measurements
good coincidence of theoretical and experimental results are observed.

Key words: C-clamp, design, tightening force, displacement, measurement

1. INTRODUCTION

The track joint assembly (manufacturer "MIN-DIV"
Svrljig from Svrljig) is used to connect railway tracks
rapidly.

Such connection is performed in the following cases:

- assembly of a parallel railway track, when there has
been damage to the main one;

- when one must wait for optimal temperature
conditions for welding rails, and

- for rails that are subject to extreme differences
between day and night temperatures.

Since the C-clamp is the basic support element in the
railroad tracks joint assembly, full attention is paid to the
construction of this element.

The design of a C-clamp 3D model (Figure 1) was
performed in the “SolidWorks” program.

On the basis of the model, in the same program, the
technical drawing of the clamp was also done, which is
given in Figure 2.

Aside from the model, shown in Figure 2, two more
models were constructed, which differed from the
presented model only in their shape and the size of groove
for reducing clamp mass (contours marked with 2 and 3 in
Figure 2).

This was done due to customer demand that the mass of
the clamp was less than 8 kg.

“SolidWorks” program also includes an option for
determining the volume of the model, which made it easy
to determine the mass of the clamp.

The mass of the basic model (contour 1, Fig. 2) is the
smallest and it amounts to 6.8 kg, the mass of the second
model (contour 2) is 7.6 kg, and of the third (contour 3)
8.2 kg.

After this check, the second and third models were
removed from further examination.

Figure 1. 3D model of C-clamp

2. STRESS AND DISPLACEMENT ANALYSIS

Stress and displacement analysis was performed using the
finite element method (FEM) in the “COSMOSWorks”
program [1].

For the purpose of simpler calculations, tightening force
was approximated to act on the cylindrical surface of the
opening, 27 mm in diameter, which corresponded to the
average diameter of the inner thread.

Due to the symmetry of the C-clamp, only one half of this
part was analyzed. The first restraint was in the plane
section of clamp symmetry, and it had the freedom of
movement along the Y axis, while the second was on the
cylindrical surface with the freedom of movement along
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Figure 3. Basic model of C-clamp

Figure 4 and 5 show the distribution of stress and
displacement for the basic (above) and corrected
(below) model, respectively, obtained using the
FEM analysis, while the moment of tightening was
250 Nm.

It is obvious from Figure 4 that the most tightened areas
are the area of transitive radius R20 and the area of inner
thread M27. Furthermore, the stresses in the basic model
are greater in terms of the von Mises plasticity condition
[2].

C-clamp displacements were greatest in the places
subjected to the tightening force and they were directed
outwards, causing the opening of the clamp. There was a
certain displacement upwards in the middle part (in the
plane of transverse symmetry).

von Mises (N/m*2)
7.557e+008
£6.928e+008

_6.299e+008
.5.670e+008
.5.041e+008
. 4.412e+008

™

—p -2526e+008

3.784e+008
3.155e+008

. 1.897e+008

b I 1.035e+006

—PVield strength: 2.482e+00i

1.268e+008
6.392e+007

Figure 4. Stress distribution by moment of tightening of
250 Nm for basic model

A force transmitter was assembled in such a way as to
have a cylindrical steel (42CrMo4, EN) body, ©&50x35
mm in dimension with a central &9 opening, to which
four strain gauges were connected into a full Wheatstone
bridge, [3].

The calibration line was obtained after loading and
calibration.

(y = 0.0626-x + 16.278).

Screw tightening was performed manually using a torque
wrench “Dremometer” from 0 to 300 Nm (“Gedore”).

Dial indicators were used to determine the values of C-
clamp openings.
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Figure 5. Layout of displacements under the moment of
tightening of 250 Nm for the basic model

The results obtained using the FEM analysis can be
verified by the classical theoretical analysis, [3].

3. EXPERIMENTAL RESEARCH

The manufacturer chose the basic model of the C-clamp
due to lesser usage of material. Clamps were made by
casting using C45E (EN) steel and GS-70 (DIN) cast
steel. On the basis of stress-strain state analysis, strain
gauges were positioned in the arrangement shown in
Figure 6, 7 and 8. Strain gauges 10/120 LY11 were used
(“Hottinger Baldwin Messtechnik”, [4].

Figure 7. Strain gauges SG3 and SG5

Figure 8. Strain gauges SG4 and SG6

4. PRESENTATION AND ANALYSIS OF
MEASUREMENT RESULTS

The diagrams of change in relative deformation in relation
to the moment (force) of tightening are shown in Figure
9a for strain gauges SG1, SG3 and SG5, and in Figure 9b
for strain gauges SG2, SG4 and SG6 (under the load up to
M =300 Nm).

F[1T] M[ N ] M[Nm] F[IN]
400 400
5G6
20 | P9 Lse3 e | 740
66.3 "> X a0p 300 2 663
SGS\\ E S0
460 200 200 L 46.0
30,5 100 100 L 205
0 : 0 0 0
0 0005 €
a) & -0005 0 b)

Figure 9. Diagrams of relative strain

It is obvious from the diagram in Fig. 9a that the outer side
of the clamp body (SG1, SG3 and SG5) is subjected to
pressure and that it is in the state of elasticity up to the
moment of 270 Nm. Under the load of 300 Nm plastic
deformation occurs in the vicinity of the thread (SG5).

Deformations on the inner side of the clamp are tension
deformations. Relative deformations in SG2 and SG6 are
in the region of elastic deformation up to the moment of
tightening of 270 Nm, while both the middle of the
central part of the clamp body (SG2) and the spot in the
vicinity of the inner thread on the arm of the clamp body
(SGB6) are plastically deformed under higher loads.

Using the FEM for clamps made of C45E (EN) and GS-
70 (DIN) showed that they were in the state of elasticity
under all moments up to, which was further verified by
measurements.

Recorded values of the clamp arm displacement (for
appropriate values of the moment of tightening), both in
the loaded and unloaded state, are given in Table 1.
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Table 1. C-clamp arms displacement

Table 2. Moment of tightening and measured tightening
forces

C-clamp arms displacement Measured tightening force [kN]
'\"[ONVE%”‘ C45E (EN) GS-70 (DIN) Moment, [Nm]|  c45E (EN) GS-70 (DIN)
load unload laod unload 100 16.2 18.3
100 0.71 0 0.68 0 150 26.8 28.3
150 1.05 0 0.98 0 200 37.6 37.0
200 1.43 0 1.41 0 250 46.5 46.3
250 1.67 0 1.67 0 270 51.7 52.7
210 Lo ° 1.88 0 300 58.0 59.4
300 2.10 0 2.15 0

Table 1 implies that C-clamps made of both materials are
in the region of elasticity under all given moments.

Values of given moments of tightening and measured
tightening forces for clamps made of C45E (EN) and GS-
70 (DIN) are given in Table 2.

Processing of measurement results was performed in the
“Microsoft Excel” program.

In C-clamps (made of both materials), the linear
dependence between the tightening moment and force
existed up to the moment of tightening of 300 Nm
(maximum moment that could be achieved with the used
torque wrench), that is, the brace holder assembly was in
the state of elasticity.

By comparing the obtained equation for change in the
one-sided tightening force (according to Table 2) in the
function of the moment of tightening for C45E:

y =0.1953-x — 1.6091,

where: y — the one-sided tightening force in [kKN] and
X — the moment of tightening in [Nm],

with the analogue equation for clamps made of GS-70:

y =0.1995-x - 0.8974

it becomes apparent that, from the aspect of carrying
power, it is the case of C-clamps with similar
characteristics, thus clamps should be made from less
expensive or more easily machined material.

Comparing the results obtained by FEM and measurement
(see Figures 4 and 5 and Tables 1 and 2), it was
determined that the values obtained by finite element
method are higher 5 - 8 percent.

While clamps were cast, there was a deviation in certain
measures from the dimensions in the drawing. By
measuring the dimensions of the clamp body, the
following deviations were determined: in the opening
diameter (190 mm in the drawing, and 186 mm in the
mold) and in the clamp body thickness (45, 34 and 14 mm

in the drawing, and 43, 33 and 13 mm in the mold).
Figure 2 shows the mold measures.

5. CONCLUSION

Clamps made of C45E (EN) and GS-70 (DIN) are of
almost same characteristics and they satisfy conditions for
all given loads.

The testing was performed under the static load, while the
brace holder assembly works under the one-sided
dynamic load in real conditions (the movement of railroad
car wheels over the assembly).

Experimental testing showed that the measured values of
deformation and displacement were in good agreement
with the values obtained using the FEM analysis.

Special attention should be paid to the tightening of the
M27 screw to prevent the screw from coming loose
during the exploitation of the brace holder assembly.

Thermal processing of the clamp body mold is
recommended.

If it is not allowed to manufacture the clamp body by
casting, it is recommended to manufacture it by forging,
which will improve the working characteristics of the
entire railroad track joint assembly
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Abstract: The paper defines the metrological primitives as concepts of engineering ontology in the field
of production metrology. The proposed is the process acquisition of individuals and properties, as one of
the main components of engineering ontology, suitable for implementation in the appropriate software for
development of the engineering ontology. The results indicate that is justified further development of
engineering ontology methodology in the field of production metrology and its implementation in the

appropriate software.
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1. INTRODUCTION

Measuring parts whose measurement or inspection are
perform on the CMM (Fig. 1. (1a)) are determine by the
ideal (Fig. 1. (2)) and the real (Fig. 1. (2a)) geometry.
Ideal geometry from the aspect production metrology is
defined by the CAD model of the measuring parts and
describe the basic metrology primitives: point, line, circle,

ellipse, plane, sphere, cylinder, cone, and torus. Complex
and derived of the metrology primitives are obtaining
composing of the basic metrological primitives. On the
other hand, the real geometry presents of the real shape of
the measuring parts.

Describing the dimensional tolerancing and geometrical
tolerancing (form, orientation and location) are perform
across of the basic metrology primitives ideal geometry.
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Fig. 1. The principle of measurement on the CMM - based of the engineering ontology (EO)

The real dimensions are obtained as a result of comparing
the real and the ideal geometry (Fig. 1). Comparison of
these two geometries is the basis of software development
for CMM. Geometric grounds on which are basing
software’s for CMM are basic metrology primitives
(Table 1), which is detail discussed in [1]. The essence of
the metrology software is an interpretation of primitive
metrology primitives (the ideal (3) and real (3a)) in a form
suitable for their identification. This analysis is a starting
point for defining the ontological approach to the
identification of ideal metrology primitives (Fig. 1 (a)),

which is discussed in this paper an example of a machine
part.

As is known, the measurement process at the CMM
allow and coordinate systems (KS) such as KS measuring
machines, KS measuring sensor and KS measuring part.
For the analysis in this work is an essential KS
measurement part, which is to the holder of a part
metrological information, because it is using to describe
the position and orientation of the ideal metrology
primitives based on parameters given in Table 1.
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Table 1. Parameters of the ideal geometric features /2]

Parameters
Characteristics | Coordinates | Normal Parameters
Xo Yo Zy vector DD, D,W
ExE, E,
Point + + 4
Line + + + + + +
Circle + + + + + + +
Ellipse + + + + + + + +
Plane + + + + + +
Sphere + + + +
Cylinder + + + + + + +
Cone + + + + + + +
Torus + + + + + + + +

2. THE METHOD FOR MODELING THE
METROLOGICAL PRIMITIVES -
ONTOLOGICAL APPROACH

As it is said, the ideal geometry of the metrological model
is obtained by using basic metrology primitives or the
ideal geometric shapes, which are certain the appropriate
parameters (Table 1.). These parameters uniquely
determine every metrological primitive in regard to the
coordinate system of the measuring part. This set of

about ideal geometry in the coordinate system of the
measuring part.

Starting from the assumption that the basic metrological
primitives can be represented as a class engineering
ontology, on the example of metrological model (Fig. 2.)
that contains all the basic metrology primitive,
represented is its description from aspect of the
engineering ontology. To other words, given is the mini -
ontology or the ontology simpler metrological part, in
order to test what are the potential characteristics and
individuals if we know what the classes or concepts.

Fig. 2. A representation metrological primitives as an

parameters presents a set of metrological information individuals EO
Table 2. A representation of classes, individuals (i=1,2,3,...,n) and parameters
Parameters
Classes Mark | Individuals | Coordinates | Normal vector | Parameters n Subclasse | Subclasse
Xo Yo Zy | Ex Ey E; DD;D,W K 1 K 5

Point K1 K1l Xi Yi Zi 28 | K 11
Line K_2 K_2_|i Xoi Yo Zsi Eoxi Eovi Eozi 40 K_12
Circle K_3 K_S_li Xsi Yai Zai Esxi Eavi Eaz Dy; 7 K_13 K_53
EIIIpse K_4 K_4_|i Xai Yai Zsi Eaxi Esvi Eazi Dyii Dagi 2 K_14 K_54
Plane K 5 K5 | Xsi Ysi Zsi | Esxi Esvi Eszi 17 | K 15 K 55
Sphere K_6 K_G_li Xei Yei Zsi Dsi 1 K_16
Cylinder K_? K_?_li X7 Y7 Zgi Esxi E7vi E7zi D4 3 K_17 K_57
Cone K_8 K_8_|i Xgi Ygi Zgi Eg)(i EgYi EgZi ng 1 K_18 K_58
Torus K_g K_g_li Xgi Ygi Zgi ngi EgYi Egzi Dgli D92i 1 K_lg K_59

Information model about the ideal geometry based on the
ontological approach can be divided into:

— Set of metrological information about the ideal

geometry in relation to the coordinate system of

measurement,
— Set of metrological information about the
derived geometric characteristics of the

measuring parts (a set of information about the
relations between of the coordinate system task
and coordinate system measuring part).
An approach to modeling the metrology information is
presented in [3], while others in [4]. The first concerns the
integration of inspection activity while others on the
integrated design and manufacturing based on STEP.
In order to get a set of metrological information about the
ideal geometry in relation to the coordinate system of
measuring part, based on EO, we have to define what are
the classes, individuals and properties (Table 2). Classes,

individuals and properties are the main components of the
EO and as such are detail described in [5]. Given that
everything viewed in relation to the coordinate system of
the measuring part, it is necessary to introduce one more
additional class (K_10) that will be the superclass of all
other class.

From Table 2. can see that point as the metrology
primitive participate in the creation of other primitive,
which resulting in the existence of subclasses that
correspond to other metrology primitives, including
herself. Also, the table shows that in describing the
metrological primitive such as Line, Circle, Ellipse,
Cylinder, Cone and Torus participate metrology primitive
plane, as well as for itself. This results in the existence of
subclasses that match superclass plane, and which are
containing the planes for description of the listed
primitives metrology. Parameters given in Table 2.
represent properties of the individual and in developing
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the information model they can be loaded as an input
data.

By proposed method are covered all the basic metrology
primitives, so in accordance with those, measuring part
(Figure 3.) contains all the basic metrology primitives.
The proposed hierarchy of classes based on the choosing
of metrology primitives is the same for each the
metrology part, except that will change individual number
depending on the complexity of metrology part.

3. IMPLEMENTING THE METROLOGICAL
PRIMITIVES IN THE SOFTWARE
PROTEGE

Software Protégé is a free, open sourse ontology editor
and knowledge — base framework, based on Java. At its
core, Protégé implements a set of knowledge — modeling
structures and actions that support the creation,
visualization, and manipulation of ontologies in various
representation formats [6]. In this paper is used Protégé —
OWL editor that supports the Web Ontology Language,

as most recent development in standard ontology
language. An OWL ontology include description of
classes, properties and instances.

In this chapter, will be performed implementation of the
proposed method of ontological modeling of metrology
primitives, which is given in the previous chapter,
according to the modeling principles set out in [7, 8].

The implementation of metrology primitives of the part
shown in Figure 3 in Protégé includes: 1) modeling
classes, 2) modeling of class hierarchy, 3) modeling of the
individual, 4) modeling properties classes and individuals.
Classes are represented metrological primitives (Fig. 2),
which are organized in a hierarchy shown on Fig. 3.
Individuals are represented in Protégé as a specific class
(e.g. class of points consists of more individual, which are
also points that are defined across the properties). In Fig.
3. is shown a number of individuals that make up the
class K_2. Between individuals from the class lines are
also present in the individual classes of points, because
the proposed model class of points used to describe the
class lines.

Active Ontology r Ertitie= r Classes I/ Ohject Propetties r Data Propetties r Inclirvicuals I/ Oy iz r DL Gty I'

r;‘-‘qnnotations |/Usage |

F Class hierarchy (inferred) |

Class hieranzhy

(%] 2] e

Members list

themberslist(inferredj |

2 1 IEEE

[ - rnctations: k211

Annotations

description

v

¢ K210
K2
*K2n12
$K2N13
$K2n14
$K215
$K2 186
$K2n7
K218
$K2N1
K22
4K 2120
$ K221
$K2I22
¢ K223
K224
$K2I125
¢ K226
K227
K228
~ oK 229

"Marmal vectar:
EZ1 EZY¥1 E2ZZ1"™PlainLiteral

[»

Ohject property assertions

mSadrzi K 12 11

Same individuals Data property assertions

Different individuals

Negative object property ass

Negative data property assel

l

Fig. 3. A representation of classes, properties and individuals in Protégé

This occurs as a consequence of existence a subclass
K 1i,i=123, ..., 9, class K_1. Also, K_5 class consists
of subclasses K 53, K_54, K 55, K 57, K 58 K_59 and
as a result of the fact that individuals plane (K_5i_li) take
part in the description of other classes such as K_3, K 4,
K5, K7, K8 and K 9. In Fig. 3. are shown two
characteristics that fully describe the individual K_2_11:

the normal vector as the first properties and second
properties that K_2_11 include K_12 11.

The advantage of defined class hierarchy, for the case to
describing the geometry which consists of basic
metrology primitives, is that the same for all parts. In
contrast, the number of individual changes and depends
on the metrological complexity of measuring part.
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4. CONCLUSION

The paper defines the metrological primitives as class of
the engineering ontology in the field of production
metrology in order to develop an information model for
the CAl, based on the EO as an armature around which to
build a knowledge base for metrology information about
the ideal geometry in relation the coordinate system of
measuring part. Defined method of modeling metrological
primitives as classes, individuals and properties fully
provides all the information about the ideal geometry of
measuring part. The result of the proposed method is a
unique of class’s hierarchy for all metrology parts that
consist from the basic metrological primitives.
Implementation in Protégé showing that with the
optimization of individuals within classes on the basis of
metrological information about the measuring part, quite
justified further develop of EO in the field production
metrology.
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Abstract: Machine vision (system vision) it's a apply computer vision in industry. While computer
vision is focused mainly on image processing at the level of hardware, machine vision most often
requires the use of additional hardware 1/O (input/output) and computer networks to transmit
information generated by the other process components, such as a robot arm. Machine vision is a
subcategory of engineering machinery, dealing with issues of information technology, optics,
mechanics and industrial automation. One of the most common applications of machine vision is
inspection of the products such as microprocessors, cars, food and pharmaceuticals. Machine
vision systems are used increasingly to solve problems of industrial inspection, allowing for
complete automation of the inspection process and to increase its accuracy and efficiency. This
paper presents the possible applications of machine vision in the present and show analysis results

of the presence a tin alloy on copper elbow.

Key words: machine vision, image processing, inspection

1. INTRODUCTION

The introduction of the automation has revolutioni-
zed the manufacturing in which complex operations
have been broken down into simple step-by-step
instruction that can be repeated by a machine. In such
a mechanism, the need for the systematic assembly
and inspection have been realized in different
manufacturing processes. These tasks have been
usually done by the human workers, but these types
of deficiencies have made a machine vision system
more attractive. Expectation from a visual system is
to perform the following operations: the image
acquisition and analysis, the recognition of certain
features or objects within that image, and the
exploitation and imposition of environmental
constraints.

Scene constraint is the first consideration for the
machine vision system. The hardware for this sub-
system consists of the light source for the active
imaging, and required optical systems. Different
lighting techniques such as the structured lighting can
be used for such purpose. The process of vision
system starts with the image acquiring in which
representation of the image data, image sensing and
digitization is accomplished. Image sensing is the
next step in order to obtain a proper image from the
illuminated scene. Digitization is the next process in
which image capturing and image display are
accomplished. The last step in this process is the
image processing in which a more suitable image is
prepared [1]. The first aim of this article is to show
typical examples of the visions systems in the
automated manufacturing systems.
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2. OPERATION OF A MACHINE VISION
SYSTEM

A visual system can perform the following functions:
the image acquisition and analysis, the recognition of
an object or objects within an object groups. The
light from a source illuminates the scene and an
optical image is generated by image sensors. Image
acquisition is a process whereby a photo detector is
used to generate and optical image that can be
converted into a digital image. This process involves
the image sensing, representation of image data, and
digitization. Image processing is a process to modify
and prepare the pixel values of a digital image to
produce a more suitable form for subsequent
operations. Pattern classification refers to the process
in which an unknown object within an image is
identified as being part of one particular group
among a number of possible objects.

3. THE COMPONENTS OF MACHINE
VISION SYSTEM

A typical machine vision system consists of several
components of the following:

- one or more digital or analogue camera (black and
white or colour) with optical lenses,

- interface the camera to digitize the image (the so-
called frame grabber),

- processor (this is usually PC or embedded processor
such as DSP),

- device 1/O (input/output), or communication links
(e.g. RS-232) used to report the results of system,

- lens for taking close-ups,

- adapted to the system, specialized light source (such
as LEDs, fluorescent lamps, halogen lamps,



- software to the imaging and detection of features in
common image (image processing algorithm) (fig. 2),
- sync-sensor to detect objects (this is usually an
optical or magnetic sensor), which gives the signal
for the sampling and processing of image,

- the regulations to remove or reject products with
defects.

Sync-sensor determines when a product (eg. running
on a conveyor) has reached the position in which it
can be inspected. The signal from the sensor starts
the camera, which starts downloading the image of
the product, and sometimes (depending on the sys-
tem) gives a signal to synchronize the lighting in
order to obtain a good image sharpness. Light
sources are used in vision systems for lighting pro-
ducts in order to offset the dark places and to minimi-
ze the adverse effects of the emergence of conditions
for the observation (such as shadows and reflections).
Most of the panels to be used with LEDs.

Frame
Buffers

Digitizer 5
el ;.

camera

Three-jas worlpiece
chuk | PSR

Fig.1. A typical vision system operation [2]

Fig. 2. The latest software Easy Builder (Cognex)
for total analysis of image

The image from the camera is captured by frame
grabber, which is a digitalize device (included in
each intelligent camera or located in a separate tab on
the computer) and convert image from a digital
camera to digital format (usually up to two-
dimensional array whose elements refer to the
individual image pixels). The image in digital form is
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saved to computer memory, for its subsequent
processing by the machine vision softwareDefine
abbreviations and acronyms the first time they are
used in the text, even if they have been defined in the
abstract. Abbreviations such as IEEE, SI, CGS, ac,
dc, and ms do not have to be defined. Do not use
abbreviations in the title unless they are unavoidable.
Depending on the software algorithm, typically
executed several stages, making up the complete
image processing. Often at the beginning of this
process, the image is noise filtering and colours are
converted from the shades of gray on a simple
combination of two colours: white and black
(binarization process). The next stages of image
processing are counting, measuring and/or identity of
objects, their size, defects, or other characteristics. In
the final stage of the process, the software generates
information about the condition of the product
inspected, according to pre-programmed criteria.
When does a negative test (the product does not meet
the established requirements), the program gives a
signal to reject the product, the system may
eventually stop the production line and send
information about this incident to the staff.

4. APPLICATION OF MACHINE VISION

Machine vision systems are widely used in the
manufacture of semiconductors, where these systems
are carrying out an inspection of silicon wafers,
microchips, components such as resistors, capacitors
and lead frames [3].

In the automotive machine vision systems are used in
control systems for industrial robots, inspection of
painted surfaces, welding quality control [4, 5],
rapid-prototyping [6, 7], checking the engine block
[8] or detect defects of various components.
Checking products and quality control procedures
may include the following: the presence of parts
(screws, cables, suspension), regularity of assembly,
of the proper execution and location of holes and
shapes (curves, circular area, perpendicular surfaces,
etc.), correct selection of equipment options for the
implementation of the quality of surface markings
(manufacturer's numbers and geographical detail),
geometrical dimensions (with an accuracy of a single
micron) [2] the quality of printing).

Beside listed above are other area to implement
machine vision. Fig. 3 shows the simplest
arrangement of the machine vision measuring olive
oil bottles on production lines. The online defect
inspection method based on machine vision for float
glass fabrication is shown in Fig. 4. This method
realizes the defect detection exactly and settles the
problem of miss-detection under scurvinesss
fabricating circumstance. Several digital line-scan
monochrome cameras are laid above float glass to
capture the glass image. The red LED light source laid
under the glass provides illumination for grabbing the
image. High performance computers are used to
complete the inspection based on image processing.



Another interesting proposition is use the machine
vision system to validation of wvehicle instrument
cluster [10]. The machine vision system (Fig. 5)
consists of a camera, lighting, optics and image
processing software. A Cognex In-sight CCD vision
sensor was selected for image acquisition and
processing, which offers a resolution of 1600 x 1200
pixels and 64 MB flash memory. The acquisition rate
of the vision sensor is 15 full frames per second. The
image acquisition is through progressive scanning.
The camera can work in a partial image acquisition
mode, which provides flexibility for selecting image
resolution and acquisition rate.

Acquisition

production line

image Processing

Fig. 3. The simplest arrangement of the machine vision
measuring olive oil bottles on production lines [9]
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Fig. 5. System configuration for validation testing
of vehicle instrument cluster [11]

The image processing software provides a wide
library of vision tools for feature identification,
verification, measurement and testing applications.
The PatMax™ technology for part fixturing and
advanced OCR/OCV tools for reading texts are
available within the software. The primary source of
illumination is from LED ring lights with directional
front lighting, which provides high contrast between
the object and background. The selection of optical
lens depends on the field of view and the working

distance. In this setting, a lens with a focal length of
12 mm is used.

5. IDENTIFICATION OF SELECTED
CHARACTERISTICS OF ELBOW

The author made an attempt to identify the fill tube
copper tin alloy. To realize this purpose the
appropriate test bench was built. The identification
was carried out using Basler camera connected to the
computer with NI software. Using the capabilities of
NI's software author decided to perform detection in
three variants.

5.1.Pattern matching with distinguishing
shades of gray

Pattern matching using image processing black and
white, which gives each of the points of one of 256
shades of gray, and then recognize the pattern. For
comparison - the processing of binary images are
treated as black or white.

Sog

o T},

AR e BN

M®E " RS
Fig. 6. Distinguishing shades of gray
5.2. Pattern Matching with color images

The basis for recognizing the pattern in the image is
the original process of storing the image pattern.
Remembering the pattern may cover the entire
recorded image, or part of a limited manually to a
fragment. Separation of the standard windows can
accelerate the process of searching the entire image
in the search for a pop. The window scans the
specified search area, starting from the upper left
corner, ending at the bottom right to find a place that
best suits the saved model.

Fig. 7. Creating a pattern on a workpiece without tin

! Remigiusz LABUDZKI, PhD, Poznan University of Technology, Piotrowo 3, 60-965 Poznan, remigiusz.labudzki@put.poznan.pl



5.3. Matching patterns with circles

This method involves finding the edge on which to
draw a circle. If the program will recognize a few
points, after which the connection may be formed
circle - draws him. The program searches for these
points in a strictly defined by the user environment.
In the case of an experiment carried out if the
program recognized points in the test piece was a tin.
Then, in the place where the tin was found by points,
which belonged to the edge of the circle. If, however,
does not detail the groove was filled with tin program
does not draw a circle, which meant a defect part.
The status of the inspection is set to FAIL if the
program could not draw a circle and a PASS if the
circle has been drawn.

Fig. 8. Lack of recognition of an appropriate
amount of edge

6. CONCLUSION

Analyzing test results is not difficult to choose the
best solution. The results obtained for a method
which involves drawing a circle on the basis of the
edge is definitely the best. 48 tests performed in this
method were positive, that is, agree with reality. This
represents as much as 96%. Only in two cases, the
program poorly studied object recognized. The
reason for this could be for example, inadequate
lighting. However, the error rate is so low that the
solution can be applied on the machine.

Otherwise the case is when it comes to pattern
matching. In this case, as many as 10 of 50 attempts
resulted in an erroneous analysis. 20% error is too
many to be the solution to enter the production hall.
One can estimate that a similar margin of error in the
control of units have a man. There would therefore
make sense to use the vision system, which would
improve substantially no audit details. Negative
results of measurement may arise from the fact that
we do not find two identical connectors filled with
tin. Each of the surface, which creates the tin has a
different structure. Therefore, the pattern was not
always correctly compared to subsequent test details.
Ended in complete failure to distinguish between
degrees of greyness. Here, in comparison to previous
methods, the number of correct negative diagnoses
exceeds the diagnosis. As many as 32 attempts (64%)
gave a negative result, which excludes this solution.
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Too many factors can influence the outcome of the

experiment, because it is not suitable for use. The

shade of tin is relatively similar, while the color of
copper fittings may be in a significantly different.

The results show that the analysis of the presence of

an alloy of tin to copper tubes can join the many

already existing machine vision applications such:

- biometrics,

- positioning,

- industrial production on a large scale,

- small-lot production of unique objects,

- safety systems in industrial environments,

- intermediate inspection (e.g. quality control),

- visual control of inventory in the warehouse and
management systems (counting, reading bar codes,
storage interfaces for digital systems),

- control of autonomous mobile robots,

- quality control and purity of food products,

- exploitation of bridges,

- retail automation,

- agriculture,

- vision systems for blind people.
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Abstract: In the production process of every product, engineers are faced with different kind of problems.
Most of these problems are caused by external factors which cannot be taken in consideration during the
design, construction and production process. The produced part often differs from the CAD model,
designed by the engineer. In this paper, technology of reverse engineering is used in order to control the
quality of the final product produced by injection molding. Measurements and scans are made by using
the optical device from the producer Gom, ATOS Il. The necessary corrections of the die are made as a

result of comparative analysis of the CAD models.

Key words: reverse engineering, die design, injection molding

1. INTRODUCTION

Reverse Engineering is a technology that is used for
transformation of the produced physical models into
3D CAD models. This technology has vast use in the
field of mechanical engineering, but at the same time
in many different fields as medicine, architecture, art,
cultural inheritance. Purpose of the reverse
engineering is not just simple scanning on the models
and making their copies in computer environment,
but it is much more. With the help of this technology
we can get any physical model that we want in
computer environment, and after that make changes
and analysis directly on the model or include it in any
part of the CAD/CAM/CAE system.

One of the many uses of this technology in the
mechanical engineering is conduction of dimensional
comparison between two models, where one is the
actual scanned data from the physical model and the
other one is designed CAD model. The dimensional
comparison of the scanned model is done by
receiving point cloud, which has to be segmented
aligned. This way the surfaces are identical with the
produced part and can be compared with the given
CAD model for determination of the deviations.
Reverse enginering in the tooling is used for
reconstruction or reparation of the parts, tools and
dies (Figure 1-1; 1-2).

Fig. 1-1. Tool reparation

Fig. 1-2. Part reparation
(a — damaged part, b — point cloud,
¢ — STL model, d — CAD model)

Softwers that are used in the reverse engineering
have the possibility to compare the scanned model
with the CAD model. Usually the CAD model is
imported as STL or IGES model, and is placed in the
same coordinated system as the scanned model and
the comparison is run (Figure 1-3).

Fig. 1-3. Comparison of scanned and CAD model
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2. USE OF THE REVESE ENINEERING
FOR QUALITY CONTROL OF TOOL

Reverse enginering enables fast control of the
dimensions, as well as the surfaces of the produced
model with the technology of injection molding of
polymer material. Some of the dimensions (diameters
of holes, lengths, widths etc.) can be controlled with
classical measuring instruments but everything gets
complicated when it should be controlled and
determent if the quality of the surfaces is in the
defined tolerance range. In cases like this, the
technology of the RE is irreplaceable.

2.1. Description of the product — housing for star

The product — housing for star is compound of the
ridge switch — type BS (Figure 2-1), made from —
ULTRAMID B3S. This product has very risponsable
role in the hole assembly since it is used as a switcher
of the electromotors, transformer stations, welding
aparatures, resistors, heaters. The product has also
high built-in power, long electric durability and
safety from contact voltage. The characteristics of
this product are completely regulated with the
international standard IEC 60947-3.

Fig. 2-1. Ridge switch - type BS

Housing of this product has to satisfy many
requirements. At the same time it has to be made
from a certain material and has to have certain
precision of the functional and built-in dimensions,
given in the technical documentation (Figure 2-2).

Fig. 2-2. 2D drawing of the part- housing for star
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Ridge switchs typical are produced in many different
sizes. In this case the process of the reverse
engineering is used for quality control of the tool, or
more precise for determination of the deviations of
the produced model from its 3D model. The control
is conducted with the 3D model (design in Solid
Works 2010, figure 2-3), created from the 2D
technical documentation (fig. 2-2), and 3D scan
(made with ATOS II) of the produced model (figure
2-4). After creating CAD models of the two models
they are joined in same virtual environment and
comparative analysis is conducted.

Fig. 2-4. Produced model

2.2. Process of creating 3D scanned data with
Atos Il

ATOS Il (Figure 2-5) is 3D scanner that is
characterized with high precision, fast work and
mobility. It has light source — projector (pos. 2, figure
2-5) and two photosensible devices — cameras (pos. 1
and 3, figure 2-5). The possession of two cameras
puts this 3D scanner in advantage before the
competition.

Fig. 2-5. ATOS Il — contact-less device
for collecting data

ATOS Il works on the same principal as the human
eyes. Same way as the human register only the
information seen by the both eyes, the camera
collects the data that is seen by the both cameras
(Figure 2-6).



Fig. 2-6. Working principal of the ATOS Il

ATOS Il can scan models with vast volume range
from 35x28x20 mm to 1700x1360x1360 mm. It has
digital camera that is working with 1.300.000 pixels.
Time needed for one scan is 0,7 seconds. Distance of
the points in the cloud point is from 0,08 to 1 mm.
Accuracy of the 3D scanner is 0,002 mm, which
makes it optical measuring device.

Phases of the process of scanning:

1% phase — preparation of the 3D scanner and the
model

Before the scanning is started, the volume of the
model needs to be calculated. This is important step
because according to the volume of the part the 3D
scanner is prepared. This means that the adequate
size of the lenses is chosen and put on the two
cameras and the projector. Next step is calibration of
the equipment, step very important for the accuracy
of the final results. During the calibration, except
setup of the optics, setup of the temperature and the
humidity is made.

Also according to the volume of the model, the size
of the referent points is chosen. These referent points
are important because they are the link between the
model and the 3D scanner. The 3D scanner captures
the surface of the model through these points and
also merges all of the scanned data through them.

2" phase — process of scanning

Scanning is the process in which the data collected
with the 3D scanner is transfer into the computer.
The scanning of the whole model is done scan by
scan (Figure 2-7), which are well merged through the
referent points.

Fig. 2-7. Scanning process

The process of 3D scanning should be conducted in
highly controlled conditions (temperature, lighting,
movement) since the precision of the device is very
high and with only a slight change of the conditions
there is a possibility of incorrect results. When the
whole process of collecting data is finished, in the
software we have one point cloud (Figure 2-8) which
resemble of the model that is scanned but it is useless
for many operations and has to be finished adequate,
depending of the purpose of the scanning.
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This process of scanning the model is done in Project
mode which is finished with the process of
polygonization.

Fig. 2-8. Housing for star — point cloud

3" phase — poligonization

This is the phase in which from point cloud we get
polygon model (Figure 2-9). The poligoznization is
automatically run, but there are some aspects of it
that can be controlled, as precision and size of the

polygons.

Fig. 2-9. Housing for star — polygon model

These modifications are controlled manually because
they depend on the precision of the finishing surface
that we need.

After the poligonization, we automatically enter into
new mode in the software, called Evaluation mode.
In this mode slight changes can be made on the
geometry of the model. First thing, that is necessary
to be done is to remove the places were markers used
to be because of the irregular finishing. These
surfaces are cut off, and then are replaced with new
ones. If the whole surface is a little bit noisy,
smoothing can be applied. In this mode, model can
be presented with sections by the desired axis and the
desired distance between the sections. In this mode
also comparisons between scans or models can be
made.

3. COMPARATIVE ANALYSIS

The comparative analysis in condactued in the
software Atos v5.1.1. CAD model from the 2D
drawings is drawn in Solid Works 2010 and it is
exported as STL file, so it can be imported in this
software for the analysis. The imported model is set
as a reference, which means that the analysis is going
to be according to it. The poligonized model from the
scans is also imported in the software in the same
window as the CAD model. When the both models
are imported, they are overlapped by the coordinate
systems. The overlapping of the model is very
important because the validity of the whole analysis
is in risk. So before importing the models we assure
that the coordinate systems of the both models are
identical actually that the both models are set
identically in the space. The analysis of the deviation



is run automatically but the analyzed degree of the
deviation is set manually by the operator. This means
that we can determent how precise should be the
analysis depending on what is our final goal. Since
we wanted to see if the deviations of the dimensions
and surfaces are higher than 10* mm, we set the scale
that way, so the deviations less than 10 mm will not
be shown on the screen. The results of the analysis
can be seen on the figure 3-1.

Fig. 3-1. Analysis of the deviations

4. DISCUSSION

From the comparison between the two models it is
clear that there are some deviations in the geometry,
bigger that the permitted ones. Deviations can be
caused by two groups of problems:

- Deviations from the shape,

- Deviations from the tolerance dimensions.

2 .
Fig. 4-1. Deviation from the shape

Unformed places of the model, shown on the figure
4-1 with red colour (position 1) are as a result of
traped air in the tool. Crack, shown on the figure 4-1,
with yellow colour, (position 2) is a result of so
called “cold joint” which is caused by early
hardening of the melted polymer. Deviations of the
surface are cause of the uneven cooling.

Coorection of these imperfections can be made by
changing the techological parametars in the process
of injection molding or by changing the tool. Bigger
devations that the ones permitted by the constructor
can be solved only by correction of the segments of
the tool.

0.05 =  Deviation is 0.2 mm.

Tolerance dimension is 30**%mm

Fig. 4-2. Deviation from the dimensions

5. CONCLUSION

Unlike the use of classic coordinate measuring
machines, here, with only one quick session of
scanning, we can detect and define all the deviations
and irregularities of the produced part:
- Of the all free and tolerant dimension,
- Geometric tolerances of the shape and form
etc,

Irregularity of the complex surfaces indicates on
incorrect values of the technological parameters.
With their change and by re-scanning and re-
comparing produced part with 3D model, we shall
determine the optimal values of technological
parameters. This way we perform optimization of
production process, to obtain correct product.

It is important to notice that this is not just simple
measurement of one part but it is much more. Use of
the reverse engineering is part from a whole process
of development and adaptation of a technology for
serial production of a certain part. Through analysis
of the dimensions and the form of one product
produced with the technology of the injection
molding of polymer materials, we can make
conclusions not only for the tool itself but also for the
technological parameters within the process. This
results in increasing the quality of the overall process
of production.

Apart from the scanning of the part it is good to scan
the tool/mold, which in this case it is not done. By
conducting analysis on the tool itself we can get
additional information, which can be used for better
optimization of the whole process.

The whole system ATOS Il is adequate for
transportation and change of the working
environment.
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Abstract: Goal of this paper is to describe manufacturing strategies used in 3D milling and possibilities
to simplify the choice of manufacturing strategy, especially for inexperienced user. Main attention is
directed to creation of simple software tool for optimization of suitable milling strategy selection,
functional principles of this program and conditions related to its creation.
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1. INTRODUCTION

Currently in the field of CAD/CAM systems there is need
of using such systems for improvement of production’s
efficiency, production time shortening, simplification of
production, saving of energies and materials and that also
in implicated form of better exploitation of production
devices and lesser tools consumption. This request of
productivity improving concerns all the participants from
the field of tool, automobile and aero-industry, producers
of moulds and different parts of variable shapes in various
usage areas.

Optimization of suitable manufacturing strategy selection
is important matter mainly for new and inexperienced
users of CNC technique, for the acquirement of
knowledge about strategies and their importance and
utilization of new software tools would present barrier
from economical and time aspect. Simple but helpful
software product should assist in faster decision about
strategy fitness and produce positive impacts of this
decision correctness. Further chapters consist briefing of
computer aid of manufacturing strategies and creation
method of software which mitigates the selection of
milling strategy.

2. CAMANUFACTURING STRATEGIES

There are a huge number of products offering computer
aid in different production spheres including
manufacturing strategies area. Common effort of these
CAM systems is to simplify the work of NC programmer
and to ensure the correctness of his decisions or even to
substitute his own decision by software process and so to
ensure best possible milling efficiency. To most used
CAD/CAM  systems solving the problems of
manufacturing strategies currently belong: EdgeCAM,
Pro/ENGINEER, ProTOOLMAKER, CADDS, CAM-
TOOL, Catia, FeatureCAM, SurfCAM, Unigraphics,
MasterCAM, PowerMILL, ESPRIT, VX CAD/CAM and
other.

Fig.1. Milling strategies in different CAM systems

These software systems concern milling in the scope of 2

— 5 axis machining. They offer section designing for

roughing, which is machining with goal of cutting as

much material as possible considering additional material
for further operations. They also offer finishing, which
means the process of removing residual material left on

workpiece after some previous technology [1].

To main roughing strategies supported in CAD/CAM

systems belongs:

o raster milling — tool path is parallel with coordinate
system axis, tool is moving upright with minimal
steps,

e contour milling — tool path copies the contour of
machined element,

o profiling — tool path copies the contour of machined
element while keeps moving with defined steps,

e raster and profiling — combination of two previous
strategies.

To finishing strategies offered in CAD/CAM systems

usually belongs [2]:

e projection milling — means projection of 2D
predefined motion to the model,

e constant Z-hight milling — mill moves in certain hight
while copying model’s contours,

e corner milling — for removing the residual material
after previous tool or in between two surfaces,
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e nib milling — mill down the model
continuously like a pen,
e rotary milling — tool moves linear, workpiece rotates

around its axis.

moves

S

Radial Raster
—
®
SpiralV Box

(<

Fig.2. Projection strategies of finish cutting

In most software concerning manufacturing strategies NC
programmer has an option to choose suitable strategy,
which would allow surface machining in shortest possible
time while preserving requested quality. However only
few programs select optimal strategy without choice
process of its user.

3. SOFTWARE FOR OPTIMAL MILLING
STRATEGY SELECTION

For creation of application we use program language
Object Pascal and its visual implementation called Delphi.
Every application created in Delphi is based on
components. They generate its design and executive
kernel. Most of necessary components are implied with an
installation pack of Delphi, other can be created by user
or downloaded from web [3].

Application should terminate optimal strategy after
consideration of certain criteria such as machining time,
residual stresses volume and tool wear. To do so it will
compare the output values of computations for each
strategy (length of absolved trajectory, number of
contours, etc). To perform these computations program
needs input data given by user corresponding with cutting

conditions. That concern tool diameter, feed rate, side

motion and sizes of machined surface.

User’s environment consists out of 4 main parts:

e Geometry selection section — buttons for choice of
machined surface type according to its geometrical
characteristics.

e Input information section — space for writing of
cutting parameters related to suitable strategy
selection.

e Graphical information section — visual information
giving user a view of planned strategy and
dimensions.

e Output information section — space for quoting the
results of computations and final strategy selection.
For comparison, numerical values of results are shown
for each strategy. Optimal variant will be highlighted.

(T -5

TECHNICKA UNIVERZITA KOSICE

FAKULTA VYROBNYCH TECHNOLOGII

a b s0 sidlom v PreSove

Fig.3. User’s environment of software — a) geometry
selection, b) input information, ¢) graphical information,
d) output information section

Program for its computation uses mathematical operations
summarizing length of tool trajectory. When entering
input data into the editable labels, it assigns them to
relevant variables. Numerical dimensions of machined
surface and tool diameter serves as limit borders decisive
about stopping of tool motion. After pressing the
COMPUTATION button program starts the procedures
that calculate the length of tool path for each strategy
according to input data received from user. Optimal
solution presents the variant with lowest value of
machining time criteria.

4. CONCLUSION

From programmer point of view, application uses events
control of particular visual components — panels, edit
fields, labeled edit fields, buttons, images. From the
aspect of computation, main part of program code
consists of cycles, that ensure computing determination in
case of reaching the borders of machined surface. Final
border contouring of machined element is added to result
in order to make the final faces and edges smooth.

Slovak Ministry of Education supported this work,
contract VEGA No. 1/0036/09, KEGA No. 047-
004TUKE-4/2010 and ITMS project code 26220220125.
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Abstract: This article presents recent developments in dental computer aided design and manufacturing
systems for fabrication of custom inlays, onlays, crowns and fixed partial dentures from perspective of
different materials, manufacturing technologies and digitization methods. The use of dental CAD/CAM
systems is promising in terms of minimising time and effort made by dentists, technicians and patients for
restoring and maintaining patients oral function and aesthetic, while delivering high quality end result.
Components and methodologies of the existing commercial dental CAD/CAM systems as well as systems

in development are analyzed and discussed in detail.

Key words: CAD, CAM, crowns, inlays, onlays, bridges, digitizing

1. INTRODUCTION

Automation of the production process or computer aided
manufacturing (CAM) can be regarded in two ways: as a
computer aided system which purpose is to support
activities in manufacturing; or as software which is used
to develop control programs for the numerically
controlled systems.

CAM systems evolved historically in the industrial metal
manufacturing environment with beginnings in 1950’s as
concept of numerically controlled machine tools. A major
milestone in the development was in 1970’s with
introduction of microprocessors. This enabled broader
and more intensive development of CAM. In the 1980°s
complex systems for automation of product design —
computer aided design (CAD) and manufacturing
emerged. These systems were named CAD/CAM systems
(IDEAS; CADAM, CATIA). In the 1990’s six major
corporations were dominating available CAD/CAM
choices: Computervision, EDS/Unigraphics, SDRC, PTC,
Matra Datavision and Dassault Systems. Software
systems developed by these corporations were made from
modules for various areas in engineering and are still
dominating the choice of CAM software solution until
present [1].

With computer hardware getting more available, the
CAM systems also made it to manufacturing areas and
users other than industrial metalworking.

The first steps in dental CAM application were made in
1980°s with first concept of the CEREC system. The
concept evolved to functional CAD/CAM system
CEREC-1 five years later [2].

2. DENTAL COMPUTER AIDED
MANUFACTURING PROCESS MODEL

The overall quality of recovering patient’s oral function
and maintaining their oral health has been largely
dependant on technology and materials used for
fabrication of crowns and fixed partial dentures (FPDs).
The classical fabrication process relies heavily on manual
labor and its quality is resulting in part from
craftsmanship, skill and experience of dentists and dentist
technicians.

In terms of the manufacturing engineering, fabrication of
dental crowns and FPDs can be considered highly
complex and low in production volume, driving the
fabrication method selection towards CAM, i.e. the usage
of CAM can be recognized as an immediate benefit for
improving the quality of the restorations.

2.1.

The traditional fabrication process is presented in detail in
Figure 1. The process starts with the tooth or teeth
preparation and ends with aesthetically and functionally
restored tooth or teeth (restoration). The algorithm shows
the process steps grouped to form three main phases: a)
stone model fabrication, b) custom restoration design and
manufacturing, and c) final restoration in vivo testing,
fitting and cementing.

Stone model fabrication starts with placing viscous fluid
into the mouth with prefabricated tray and, optionally,
using customized tray. After some time, the liquid
hardens to become an elastic solid. After removal from
the mouth, the material retains shape of the preparation,
and is referred to as the impression. Custom dental model
cast (also known as work model) is than made based on
the impression. A wax pattern is then applied to the
surface of the model and hand-modeled to have desired

Traditional process
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shape of the future restoration. A lost wax or investment
casting process is then used to produce metal restoration.
This investment casting method is time consuming and
comprised of many manual steps including manual post-
processing or finishing. Post processing includes:
veneering, thermal processing, grinding and pre delivery
quality control. This functional quality control is being
done utilizing specialized mechanical device (articulator)
to check interaction of the restored teeth to adjacent teeth
and the occluding teeth.

— &l
p—
b

‘ Finishing

TR
ES

bt o

| Finaloemoming]

Fig.1. Traditional wax modeling based fabrication
process flow for metal ceramic crowns

Final adjustments are being made in vivo and require
extensive experience.

2.2.

With the simultaneous introduction of numerically
controlled machining and fast digitization techniques a
major breakthrough has been achieved in: application of
new materials, reducing labor, cost effectiveness and
quality control [3]. This concept has been named dental
CAD/CAM.

Figure 2 shows the flow of a typical dental CAD/CAM
fabrication process. The wax and investment casting
phase has been replaced with three new functional
components: data capture, restoration design and
fabrication.

Digitization is a data aquisition process of the oral
environment (tooth preparation, adjecent teeth and
occludiong teeth geometry). This data capturing step
differs between commercially available systems [4].
Extraoral 3D scanning systems capture data from models,
using  mechanical or optical methods. With few
exeptions, extraoral digitizers use technologies that
prevent them from being used intraorally [5].

Intraoral digitizers capture data from the patients mouth
directly. When having this capability, the model making

Computer aided manufacturing process

and impression taking phase is avoided (Figure 2).
Consequently, this digitization technique is also refered to
as digital impression taking.

)}
m l g\'i

| oo |

Fig.2. CAD/CAM fabrication process flow in case of
intra oral digitization

The device used for data aquisition is an integral part of
the CAD/CAM system and can be used only in
combination with the CAD software [5]. In contrast to
these closed systems, there are systems available that
allow such type of component interchange. These systems
are refered to as open systems. For the digitizer
component, this usualy means that the digitized result can
be exported in one of the common data formats: ASCII,
DXF, IGES, STEP or STL for use in CAD software.

The CAD software is used for restoration design based on
data captured in digitizing stage. The puprose of the
dental CAD software is to enable individual design of the
restoration. This digital design replaces traditional
restoration shaping in wax.

There are many CAD software choices available for this
activity [6]. Like the data acquisition systems, software
component is usually proprietary and cannot be
interchanged among systems.

In case of the full crown restoration, the restoration design
consists of inner face and the outer face. The inner face is
modeled based on the preparation digitization, while the
outer face is retrieved from the CAD software internal
database of teeth shapes. The line where those two
surfaces meet is called margin line. The gap between the
preparation and restoration must be designed to leave
space for adhesive material (cement) as shown in Figure
3. This gap can be viewed as one of the components of
error budget for the digitization, design and fabrication
process. Acceptable marginal opening for full crowns for
instance is 50 um up to 75 um [7].

The degree of interaction in the CAD stage varies,
ranging from substantial to no required user operations.
Even in the most automated systems, the user generally
has the option to modify the automatically designed
restoration to fit his or her preferences [5].

~COPING

Fig.3. The position of the cement space relative to model
and restoration [8]
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Finally the CAD modeled shape is transformed to
physical crown or a bridge by means of computer aided
manufacturing. During the last years, a spectacular
amount of production systems has been developed and
made commercially available. These advanced systems
use a subtractive or an additive approach.

The subtractive approach usually implies usage of
dedicated milling or grinding NC systems. The NC codes
are calculated by the CAM software and transferred to
these systems. One approach is to have fully automated
system capable of one-appointment  restoration
fabrication. The other possibility is that the dentists
handle only the data capturing and CAD issues, while
central production centers deal with the CAM issues and
NC milling .

Fig.4. An example of calculated milling tool path
resulting from the dedicated CAM software module [9]

Grinding/milling systems subtract the material from
prefabricated ceramic blocks. These ceramic blocks are
machined mostly in pre-sintered state because of their
mechanical properties. This means that the restorations
need to be heat treated in furnace after machining. One
example is dense zirconia-based ceramics which is very
hard for machining [10]. The NC milling approach is also
being successfully used in machining of metal alloys and
composites.

Rapid prototyping processes like selective laser sintering
(SLS), stereolithography (SLA), ink jet printing (1JP) and
3D-Printing are successfully used to produce wax or resin
based master patterns for mould fabrication [11]. Rapid
manufacturing approach such as selective laser melting
(SLM) is used for direct manufacturing of crowns/bridges
from cobalt-chromium and precious metal alloys. The
CAM task here is to position the parts virtually in the
build volume of the SLM machine, slice this positioned
CAD model and set the optimal process parameters.

3. EXISTING SYSTEMS

The commercially available systems vary dramatically in
their advantages and limitations. Table 1 gives an
overview of few selected systems.

The CEREC system was the first successful
implementation of integrated intraoral digitizer and
numerically controlled grinding system for restoration
fabrication. The development started 30 years ago and is
continued with the latest version that uses the “step-bur”
diamond tool for 5-axis grinding (Figure 6) and a blue
light fringe projection system for intraoral digitizing
(Figure 5). This highly integrated system is intended to be
single-visit chairside restoration system.

Table 1 Dental CAD/Cam systems overview

CAD/CAM Data . .
system acquisition Mat_erlal Production
(reference) method options technology
intraoral/ex | Al, Zr
CEREC traoral ceramics, NC milling
[12] (optical — | composit
blue light) | es
intraoral/ex
LAVA traoral Zr NC milling
[13] (optical — | ceramics
blue light)
. . extraoral | Zr cer.,
Me{d;ﬁﬁtgamg (optical — | Titanium | SLM
white light) | alloys
. intraoral
Evolution 4D (optical- * NC milling
[16] laser)

* The system is in development; no information about the material
options has been specified.

Fig.5. CEREC acquisition center: intraorally projected
fringe pattern of short frequency visible light [12]

Fig.6. CEREC: 5-axis double tool milling system [12]

Lava system is a two option system with intraoral or
extraoral digitizing capability. The both options can be
integrated with the dedicated Lava CNC milling unit, or
used in standalone mode (Figure 7).

Fig.7. LAVA intra oral scanner (left), 3shape extraoral
scanner (right) [13] [14]

The BEGO Medifacturing uses alternative method of
direct restoration fabrication - SLM. The available
materials include: titanium alloys, precious metals and
CoCr alloys. The digitizing option is the “open” 3shape
extraoral scanner (Figure 7). Sirona infiniDent uses the
similar SLM approach. Because of the high price of the
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laser sintering machines, they are rarely seen in in-office
dental applications (such as CEREC). The pragmatic
approach taken by both companies is to centralize the
production of the restorations while leaving data
capturing and CAD issues to the dentists.

Evolution 4D CAD/CAM system uses intraoral laser
stripe scanning system for data capturing. The E4D
milling system is a double tool with a tool magazine. This
complete system is still in development stage.

4. FUTURE TRENDS AND CHALLANGES

As already mentioned in the article, there are several
directions to develop CAD/CAM systems in dentistry.
One of them is further integration of the CAD/CAM
system, including intraoral digitization phase, design
phase and manufacturing phase in the dental office. With
doing so, a single-visit treatment approach is made
available. While this approach has advantages of shorter
treatment and patients convenience, it has drawbacks in
terms of skills required for its deployment (dentists
should have additional training in CAD/CAM) and the
price of investment and maintenance. This approach
implies further improvements of intraoral scanners (which
are less accurate then their extraoral counterparts). Higher
automation and simplification CAD user interface may
lead to an integration of virtual articulators, which would
facilitate automatic design of the occlusal surface.
Because of these limitations, centralized approach has
been introduced. By using this alternative approach, only
digital equipment needed in dental office is a digitizer.
The digitized result is sent from the office electronically
and final physical restoration is being received after
fabrication in centralized manufacturing center. This
business model is being used in both CNC milling and
SLM manufacturing approaches.

An introduction of industrial CT digitization of cast
models is likely, because it has already been used in
orthodontic applications (Invisalign [17]). Utilization of
medical CT technology can also be an interesting
development since the optical scanning or impression
taking techniques can’t capture sub gingival structures.
Another opportunity could also be in improving of the
accuracy of the restoration, tackling errors being made in
digitization, design and fabrication stage. This may
enable, e. g., fabrication of thicker and more durable
restorations while retaining the same preparation depth
and decreasing the cement space.

5. CONCLUSION

The application of dental CAD/CAM is promising not
only in the fields of dental prosthetics, but also in other
fields of dentistry. The available CAD/CAM systems
have been contributing to improvement of patient’s
quality of life. Emerging technologies and further
engineering developments will expand capabilities of
future systems and also may lead to less required training
for their use in full capacity.

The automated CAD/CAM concept taken from the
industrial metalworking may completely substitute the
traditional manually intensive wax based method.
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Abstract: The need for accurate shape measurement and modeling of human musculoskeletal system
appears to be important for both, clinical practice and incorporating emerging technologies to
orthopedic and rehabilitation devices and systems. Particularly important emphasis is set on non-
invasive, i.e. radiation-free approaches. The contemporary optical and probe-based measurement
systems, together with 3D modeling and computer graphics techniques, provide the key platform for
methodology development. We present the generic algorithm for reconstruction of patient’s back surface
from clouds of points in the case of female spinal deformities. Basic registration methods that enable
comparative analysis before and after applied therapy are described too. The key benefits of the global
and local 3D registration methodology are shown through the matching analysis of the reconstructed
surfaces and illustrated by the sample case study of spinal deformity diagnostics.

Key words: Complex shape registration, clouds of points, global and local registration, spinal deformity

diagnostics
1. INTRODUCTION

Combined registration of a 2D/3D shapes is critical to
various medical imaging modalities and clinical
applications. There are numerous shape alignment
methods which are proposed to address global and local
registration and combination. Also, the registration
problems can be under constrained, especially in the case
of non-rigid or deformable registration when reliable
correspondence is needed in order to determine the local
deformation parameters of contours or surfaces [1, 4].
Global registration method is also known as shape
alignment. It aims to realize a global transformation that
has source image or shape as close as possible to a target
one by optimization algorithm (Fig.1) [2, 5].
Similarity
Metric

Target
Image

Optimizer

Source
Image

Fig.1. Main components of a 2D/3D image registration
framework (adopted from [5]).

Methods of a rigid or non-rigid 2D and 3D registration of
pre- and intra- interventional data sets are one of the key
technologies for image guided therapies and minimally
invasive surgery procedures [3].

Furthermore, non-rigid local registration of the object of
interest is needed to achieve appropriate correspondences
over the basic deformable elements of shapes, such as
points, curves, etc.

2. MEDICAL IMAGING MODALITIES

Modeling of anatomical structures (bones and soft tissues)
is a critical component of 3D medical image analysis
process. Precise and compact representation that can
describe the wvariation in an anatomical structure of
interest across individuals requires establishing local and
global correspondences across a set of scans (2D slices).
Contemporary medical imaging modalities employ
noninvasive methods to retrieve images from inside the
human body for diagnosis, to study of normal and
abnormal anatomy, and plan therapeutic procedures. Most
of these methods involve exposing the patients to harmful
ionizing radiation, since the properties of internal
structures are inferred from the observed X-rays [3, 5].
The most common types of medical image modalities are:

- Computed Tomography (CT),

- Single Photon Emission Computed Tomography

(SPECT),

- Positron Emission Tomography (PET),

- Magnetic Resonance Imaging (MRI),

- Ultrasonography Methods (US).

These modalities record valuable information about the
patient’s state and they are part of standard daily
diagnostic procedures for many fields of medicine. In this
paper we present noninvasive optical diagnostic method
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for patients with scoliosis deformities and introduce
methods for 3D registrations.

3. 3D RECONSTRUCTION AND ANALYSIS
OF PATIENT’S BACK SURFACE

3.1. 3D reconstruction

In order to create 3D CAD anatomical model of spinal
deformities, patients’ back surfaces are digitalized using
optical 3D measurement system FORMETRIC 3D/4D
(Diers, Germany). This optical system is based on the
spatial triangulation and rasterstereography principle. As
a result of surface scanning, clouds of points, which fully
represent deformed shapes, are generated.

Using adequate reverse engineering software (Raindrop
Geomagic Studio) and reconstruction algorithms for free
form modeling, we have created 3D surfaces (Fig.2). The
reconstruction process goes through the following
characteristic phases: (a) Acquisition of clouds of points,
(b) Generation of a polygonal model, (¢) Grid and
NURBS (Non-Uniform Rational B-Spline) surface model
fitting [7, 8].

*.ixt *wrp

[ 1 [

| ¥ 1
POINT CLOUD 3D POLYGONISATION
ACQUISITION = TRIANGULATION —
Optical Measurement Commercial Reverse
System Engincering Software
(FORMETRIC Diers) (Raindrop Geomagic)

NURBS |
surfaces

ANATOMICAL MODEL GENERATION

Fig.2. 3D reconstruction of the back shape from
clouds of points

3.2. Shape analysis

The aim of the back shape analysis is to obtain relevant
parameters of deformities from the reconstructed shape
and to relate them to other findings, e.g. x-rays. When the
recording and reconstruction are complete, the results are
initially available as three-dimensional coordinates
(%, y, z) for all the measured clouds of points [6]. There
are several reasons why this representation is unsuitable
for a direct interpretation and relation:

* The coordinate values are dependent on the
random position of the patient relative to the recording
system,

* The measurement points are distributed more or
less irregularly over the surface of the skin,

* In contrast to the technical objects, the surface of
the body has an irregular and variable shape.

The advent of rasterstereography methods, based on
Moiré topography and common mathematical principles
of surface analysis (e.g. Gaussian curvature distribution),
opened a new field in medical diagnosis, which aim

specifically lay in the
trunk deformity (Fig.3).

three-dimensional recording of

[

(@) (b)

Fig.3. Reconstructed shape: (a) 3D cloud of points of the
back shape, (b) medial spinal line created by Gaussian

method

In a healthy state the central spinal line has a two-
dimensional shape, which is modified into a three-
dimensional through vertebral rotations and lateral
deviations of the vertebrae, with trunk and back shape
asymmetry [9] (Fig.4).
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Fig.4. 3D analysis of back shape before and after applied
kinesitherapy

In case of spinal deformities, rotational movements of the
spinal segments are different from normal range of
motion. Such abnormal rotations cause spinal deformity
(kyphosys, lordosis and scoliosis) or a combination of
these deformities. It is thus desirable to measure and
confirm such three-dimensional pathological deformities
objectively. Until recently this has been possible only by
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using supplementary two-dimensional methods (x-rays
films on two planes) [9].

4. 3D SURFACE REGISTRATION

4.1. Registration Framework

In a typical image registration framework, it is necessary
to define the source images (point clouds as well as
polygonal surfaces) as f(x) and the target images as g(x),
where x is a current position in n-dimensional space. By
considering the registration process as an optimization
problem in medical imaging, main task is to find the
optimal transformation function, defined as t(x), which
matches the source image to the target image.

A similarity indicator is used to measure how well the
transformed source image t(f(x)) aligns to the target image
g(x). Since most medical images have different sizes in
discrete pixel space, as well as in the level of voxels, all
computation which is performed in continuous space
requires some interpolation [5].

4.2. 3D surface shape registrations

There are innovative tools for registering and merging
multiple unaligned clouds of points or polygonal models
using a variety of automatic and semi-automatic methods.
Surface registration allows easy steps to create a single
polygonal model from unaligned scans. It is necessary to
perform global, tolerance based alignment to minimize
deviation between scans [1, 5, 10]. In the case of spinal
deformities, we performed global and local registrations
over two polygonal models of back surface of one female
patient to determine progress or stagnation of the scoliosis
deformity. Second optical scanning is done two months
later in the same condition. Figure 5 shows overlay of
globally transformed source shape on the target shape.

Fig.5. Global registration using the similarity
transformation model

Registration methods have ability to align and merge
point data that is tremendous advantage and allows

compatibility with any scanner, digitizer or medical image
modalities.

Manual registration is done by selecting local anatomical
landmarks on target and current shapes (n-points
registration). In this case we use vertebral prominences
and sacrum points, as well as points on left and right
patient’s scapula.

Current shape
(Moating shape)

LU |
Left
scapula

Farget shape
(fixed shape)

(b)
Fig.6. Local registration for 3D polygonal back shape
scan data (source and target shapes) using 4 anatomical
reference points (a) matching (b) registration
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Figure 6 shows that locally deformed source shape after
registration overlay on the target establishing point-by-
point correspondence between the source and target
shapes. The registration process is finished when one of
the main conditions is satisfied [10]:
1. The desired tolerance is achieved,
2. The number of maximum
performed,
3. A specified number of iterations are run
without convergence.

iterations is

One of the most important applications of 3D surface
registration is for matching a cloud of points acquired at
one time-point during a treatment to another one from a
different time-point. 2D registration procedures are
known as intra-patient registration, which is often used to
monitor progress during treatment of non-visible
structures. Matching set of images or clouds of points
from different patients can be used for generating a model
of motion across a population of patients, or to match an
image to a PACS atlas. In the case of spinal deformities,
registration can be significant to show possible postures
and shapes of patients’ back.
Having in mind that image registration is the process of
transforming different images into a single coordinate
space, the data obtained from the different image
modalities can be compared by pixel-to-pixel or a voxel-
to-voxel level. The most important features to address
global registration are:

1. Rigidity (shape translation and rotation),

2. Similarity (shape translation, rotation, and

isotropic scaling),

3. Affinity (shape translation, rotation, isotropic

or anisotropic scaling, shearing).

Surface registration frameworks feature the choice of best
transformation between two anatomical surfaces of the
same object and involve spatially transforming the source
image to accurately align with the target image.
Registration can be performed as a single operation
between images from a single-modality or from multiple
modalities. The voxel-based registration algorithms have
been utilized mostly for the registration of soft tissues
images from various medical modalities based on 2D
slices.

5. CONCLUSION

Several techniques have been proposed for automatic
medical image registration. In this paper we demonstrate
a complete application for main types of registration
between optical scans of back surfaces. The results
demonstrate superior performance compared to surface-
based or landmark-based deformable registration
methods. We firstly apply global registration to align
polygonal model to target one in order to compare
progress of deformity. Local registration based on free-
form deformations demonstrates non-rigidity of surface
registration over common anatomical landmarks. We used
single-modality registration method which tends to
register optical scans acquired by the same scanner.
Further development of the methodology is directed to the

multi-modality registration that processes
acquired by different scanners (sensors).

images
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Abstract: Simulation of the casting process of dynamically loaded drip moulding in engineering is widely
accepted as technological activity in almost all world foundries in recent years. This methodology
significantly reduces the time of the products manufacturing, in relation to traditional methods of testing
the prototypic product. However, reliability of simulation results imposes a good knowledge of both
technical and technological parameters and boundary conditions of simulation application. This paper
presents an example of the application of MAGMASoft software system for simulation of casting process
of split tooth connecting part of the excavator of continuous action in open pit “Kolubara”.

Key words: casting, designing, final elements, simulation, software

1. INTRODUCTION

The most important changes in the field of drip moulding
construction have emerged by introduction of CAD
(Computer Aided Design) technologies. New current
computer technologies, such as simulation of the
development process of CAM (Computer Aided
Manufacturing), computer  optimization of  drip
moulding’s construction and optimization of casting
process CAE (Computer Aided Engineering) have
significantly improved casting environment. With the
products obtained by casting, there are constant
requirements for the reduction of price, increase of quality
and performances, i.e. requirements for their optimal
construction. Optimal form of drip moulding with walls
that have required thickness and appropriate mechanical
characteristics that will meet necessary loads and stresses
must be predicted in the phase of drip moulding
construction as a product. These requirements can only be
met by applying an integrated CAD/CAM/CAE approach
in the development of the product. In many cases of
construction optimization, the aim is to save materials,
minimize the mass, maximize the allowed load, even
distribution of stress, optimization of rigidity and
dynamic behaviour during the vibration of machine
systems.

2. CAD/CAE DESIGNING

By the analysis of the conditions of exploitation and wear
of the mentioned tooth (fig.1), maximum wear of the
cutting part to 30% of total mass of the tooth was
observed. As cost-effectiveness in production is an
important factor of all studies (coal production, in this
case), having in mind the geometry of cutting tooth, the
goal of designing is to develop split tooth whose cutting

part is changed after the wear, and the connecting part is
reusable. In addition, through technical and technological
parameters of the cutting part of tooth, we can influence
its operating characteristics (wear resistance, toughness,
hardness, dynamic solidity etc.) that can be adapted to the
conditions of working environment and thus, significant
reduction of the costs of coal mining.

working wheel
© excavator

bucket excavator

connecting pd]l\A s/

b k cutting
f part

split tooth

b3 )

/A

Figure 1 Split tooth and working wheel of rotary
excavator

Construction of cutting and connecting part of split tooth
fig. 1 is done in SolidWorks that implies 3D CAD
software with an integrated package of programmes that
have solutions offered for a series of industries.
SolidWorks includes advanced tools for defining complex
geometry and surfaces, creating alternative solutions for
family products and simulating working conditions,
which enables the realization of highly complex products.
In addition, it contains an integrated software model for
calculations by finite elements method (FEM- Metod).
The paper presents an example of identification of the
solidity of cutting and connecting part of the split tooth
modelled by finite elements in trihedral shape by applying
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COSMOSWorks. Stresses and changes of stresses are the
main cause of the fatigue of material structure of cutting
teeth, their deformation, formation of cracks and
fractures. Intensities of stresses and their distribution are
exceptionally significant for development and analysis of
the state and working ability of cutting teeth. By applying
integrated approach, simultaneous analysis is provided,
which has a goal to generate the shape of cutting tooth
and its dimensions, and based on the analysis of results
obtained about size and distribution of stress. In that way,
it is possible to perform adequate changes on virtual
model very rapidly and optimize the shape and
dimensions, until optimal distribution and size of stress
and deformation is achieved. In Figure 2, there is one of
the analyses that are done for the purpose of developing
modular cutting tooth TF14038 for rotary excavator.

Figure 2 Stress analysis of split tooth

3. CAD/CAM CASTING SIMULATION

3.1. Basic CAD elements of casting process

For the simulation of casting process by applying
MAGMASoft [3],[6], it is necessary to do 3D CAD model
of all elements of the mould cavity that is filled by liquid
metal, i.e. pouring system (pouring basin, sprue, collector,
distributor and ingates), risers and dischargers of gases.
Correctly constructed pouring system should provide for
liqguid metal to flow into moulding cavity rapidly and
without any turbulence. Turbulent flow can cause
entrance of gases, air and slag into the moulding, which is

the main cause of defect drip moulding’s appearance. In
addition, we should provide the entering of non-metal
inclusions in the moulding, provide the extraction of
gases from moulding cavity and ensure a rapid enough
filling of moulding cavity. Volume shrinkage of liquid
metal during cooling causes the reduction of drip
moulding’s volume. This effect causes the creation of
shrinkage porosity (cavities) in places that solidify the
rear ones. In such cases, riser with main function to
provide enough liquid metal are designed for the most
massive sections of drip moulding, which provides
solidification without shrinkage porosities. Place of the
riser is determined empirically. For optimal cooling, it is
necessary to provide the inflow of liquid metal on the
basis of “directed solidification”, from thinner to more
massive parts of drip moulding. Risers are set on the top
or at the side of the drip moulding, so that the last part of
liquid metal should solidify in risers themselves. Place of
the riser is mostly limited by the shape of drip moulding
(its most massive part). Dischargers of gases prevent the
creation of air pockets in moulding cavity and they are set
at appropriate places to vent them. They are always set at
the highest places of drip moulding. Places of air pockets’
appearance are defined on the basis of the analysis of
liquid metal flow through moulding cavity. Figure 3
shows basic elements of the usual pouring system for one
drip moulding.

Pouring
basin
Ingate —4

Sprue Ingatez

Pressure

Potential =
.~ Velocity

Frictiona‘lgs,/

Figure 3 The usual basic elements of pouring system

Calculation of the elements of pouring system is based on
laws on fluid flow and application of Bernoully equation:

mh+mpv+(mV?)/2g+mF =C 1)
where: mh - head, mpv -
(mV/?)/ 2g - Velocity head, MF - Friction loss of head,
C - Constant.

Potential Pressure head,

3.2. Basic CAD elements on the example of cutting
part of continuous action excavator teeth

Split teeth [7] are connected by cutting part to the bucket
of working wheel that performs the excavation in certain
time intervals, by cutting tops. As a consequence of
periodical entrance of teeth into the digging grab, cutting
and connecting elements of teeth are exposed to
significant dynamic loads. In mentioned conditions of
exploitation, both of connecting and cutting elements, the
possibility of appearance of internal voids (cavities),
which are rather sensitive to stress concentration and
often are the cause of fracture, must be eliminated. In
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such cases, it is very important, prior to developing the
tools necessary for shaping the mould, to perform the
simulation of casting process, i.e. perform virtual casting
process, based on which a wide range of technical and
technological characteristics of drip moulding can be
tested. Fig.4 presents CAD model [4] of the system drip
moulding, pouring system and riser for the simulation of
casting of the connecting part, by MAGMASoft software
system.

riser

connecting
part

pouring
system

=— core 2
connecting
part

Figure 4 CAD model of the system connecting element,
pouring system, riser with cores

MAGMASoft software system is a computer tool that
enables the simulation of casting and solidification of drip
moulding. That is a very powerful and reliable simulation
software used when studying parameters of improvement
and optimization of casting process. It provides a rapid
and efficient testing of a series of possibilities and
alternatives within the limits of casting process and
selection of optimal combination of technological
parameters. Potential problems are easily discovered and
eliminated in the phase of designing the shape of drip
moulding, which allows the designer/technologist to
optimize the casting process. Simulation results are shown
in 3D graphical environment, where, by X-ray view into
the mould, we can see the process of filling the mould
cavity, velocity of filling the mould, as well as
temperature field. With cross-sections of drip moulding,
we get the front of solidification and possible places of
porosity due to metal solidification. The input data
necessary for simulation are: 3D geometric model of drip
moulding and other components (pouring system, riser,
filter, bench etc.), parameters of casting technology
(starting temperature of casting, mould material, coating
type, drip moulding material, type of foundry ladle — tilt/
with a stopper) etc. MAGMApre module uses 3D models
in standard graphical formats (STL or STEP). After
processing the casting, recommendations and conclusions
are given. Based on them, new simulations with changed
parameters are performed when necessary. In addition,
when observing the results of simulation, the pictures of
critical and interesting ideas, necessary to the user of
simulation results, are done.

4. RESULTS OF CASTING SIMULATION OF
SPLIT TOOTH’S CONECTING PART

For conceptual solution of two drip mouldings in one
mould, fig. 4, and based on theoretical assumptions given

in [1],[2], as well as having in mind symmetrical
arrangement of drip mouldings in relation to the axis of
casting, it is predicted that the riser should be above the
pouring system, fig. 4. Material for drip moulding is
0545, mould and cores are obtained by CO, procedure
and protected by zirconium coating. Casting is
gravitational from tilt foundry ladle. Group FILLING of
software package MagmasSoft has many modules, among
which there are: module "Fill Press" for showing the
arrangement of pressure in metal during the casting,
module "Fill Velo" for showing the velocity of metals
during the casting and module "Fill Temp" for showing
the change of temperature during the casting. In figure 5,
the time of filling the moulds is shown t(s). Simulation
shows in which moment the elements of mould cavity are
filled.

Figure 5 Time of filling the mould

In Figure 6, the velocity of filling the moulds v (cm/s)
with 35% of mould impletion is given. This simulation
gives the possibility of the flow of liquid metal in
particular moments of mould impletion.

Figure 6 Velocity of filling the mould

Module SOLIDIFICATION is used for showing the
results of solidification with isotherms and temperature
fields. Figure 7 shows the time of solidification of
connecting parts of split tooth with shown temperature
fields. This test provides the detection of critical spots in
drip moulding, both in 3D overview of drip moulding and
in the cross-sections by the requirement of technologist.
The figure shows directed solidification, i.e. the riser is
the last one to solidify, which prevents the cavities.
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Figure 7 Time of solidification of metals in mould

Figure 8 shows hot spots in drip moulding that show the
volumes of metals that are solidified in the end. In
addition, the simulation shows the places at which
cavities (blue places) may appear.

Figure 8 Hot spots in drip moulding with possible errors

Module POROSITY enables the analysis of porosity,
cavities, as well as phase structure in drip moulding.
Figure 9 shows a completely solidified drip moulding
with two connecting parts of the tooth. The overview of
simulation through cross-sections does not imply the
possibility of porosity in drip moulding.

Figure 9. Porosity in drip moulding
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5. CONCLUSION

Figures 7 and 9 show that, according to designed
technology, connecting part has no porosity, and
temperature fields are properly arranged, which is a
precondition for good drip moulding. Figure 8 shows
possible places of porosity, so the extension of additional
risers with the reduction of cross-section of the existing
riser is recommended. MAGMAsoft package, within
enormous database, includes many world experiences
from the field of casting that are used for testing the
technologies in foundries. Its use shortens the time of
product development cycle. This, together with today’s
strict requirements of the market and with the lack of
experienced staff in foundries, presents very important
segment, both in winning new positions and optimization
of the existing ones.
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Abstract: An automated programming system was developed in SolidWorks environment in order to
design modular fixtures. This paper presents identification of face functionality for positioning and
clamping purposes using production rules and specifically developed software tool. Verification of
developed software system was carried out on a workpiece which is a subject of modular fixture design.
Key words: face functionality, API, application, SolidWorks

1. INTRODUCTION

In this paper, a software application for identification of
planar face functionality of a 3D workpiece model was
introduced. Developed application was integrated into the
SolidWorks environment and it was part of the overall
program system for automation of modular fixture design
that has been developed at the Faculty of Mechanical
Engineering in Banjaluka. Automating modular fixture
design, one of the activities of the CAPP system, belongs
to the class of knowledge that is hard to formalize and
mathematically describe [5]. With application of
production rules, SW tools and APIs in the SolidWorks
software system [7] as well as integration with object-
oriented programming, modeling, development and
verification of application for identification of the face
functionality using 3D workpiece model were executed.
The identification of the face functionality was
implemented for automation of positioning and clamping
of the workpiece using modular fixture [6].

2. DEVELOPMENT OF SOFTWARE
APPLICATION

A software application was developed within the
SolidWorks software system (Fig. 1) using production
rules, VB6 programming language and MS Excel. The
basic structure [1] of developed application for
identification of face functionality of the 3D workpiece
model is shown in Fig. 2 and detail structure is shown at
Fig. 3.

Qi solidWorks Irae View Tools Help Analiza pristupacnosti ravnih povidi

Fig. 1 User interface in the SW environment

Developed applications are primarily used for
identification of planar face functionality of CAD models,
i.e. face that have a constant normal vector different from
(0,0,0).

l USER INTERFACE |

: APPLICATION FOR 5
H l INPUT; }7" FACE AMALYZING OuTPUT

Fig. 2 The basic structure of developed application

The basic idea that is implemented through the
application for identification of face functionality of the
CAD model is based on an examination of configuration
of the face from the point of occurrence of openings
(holes) or new contours (boss) on it.

CAD model of
workpiece

AR Skl RTINS E

»| Face selection

Mormal vector End
of face exist?
Face funcionality »| Results
analysis
yes
no
End

Application for face functionality

Fig. 3 The detail structure of developed application
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Existence of such features prevents modular fixture
component to be placed on observed face of the
workpiece.

In developed application, according to Fig. 3, as first step
is necessary to import CAD model of workpiece, than
user execute selection of face at interactive manner.
Developed application check does selected face has
normal vector, if yes application calculate face
functionality at automated manner, if no application stop
the procedure of functioning. After calculation of face
functionality, application generates results. If we need
results for face functionality of another face, it is
necessary to select desired face. After analyzing of faces
functionality for import CAD model of workpiece,
application ends its processes.

Mathematical apparatus upon which the application is
based was presented in detail in [2], while the basic
parameters that are necessary to understand functioning of
the application are presented in this paper.

The software application for identification of face
functionality provides output in the form of accessibility
coefficient (AC - accessibility coefficient) for
corresponding segment of the face in the form of a
numeric value between 0 and 2. Calculation of
accessibility coefficient (AC) consists of four coefficients
i.e. [2]:
* The coefficient of the position of the test area in
relation to the selected face - Sy;
« The obstruction coefficient of the test area - S,;
» The coefficient of matching test area to the selected
face in mm? - Sg;
» The coefficient of accessibility of neighboring points
- PST which takes into account the result of the S;
coefficient for all neighboring positions of the test
area;
Calculation of accessibility coefficient for the observed
face is done using relation (1):

AC =S, + PST @
Depending on the position of the test area in comparison
to the face of the CAD workpiece model, S; coefficient

generates values for three respective cases, as shown in
Fig. 4 [2]:

]

C) 81:2

Fig. 4 Positions of the test area and limit values of the
coefficient S;

The coefficient of the test area position in relation to the
selected face gives value S; = 0 when a position of the
contour of the test area is outside the outer contour of the
observed face (Fig. 4a). The value S; = 1 is generated
when the contour of the test area intersects the contour of
the observed face (Fig. 4b), and S; = 2 is generated when
the whole contour of the test area is inside contours of the
observed face of the CAD workpiece model (Fig. 4c).

Two boundary cases exist for the obstruction coefficient
of the test area. The first case (Fig. 5a) is defined by a
state when the test area is not obstructed from other faces,
bodies or workpiece model. In this case, the obstruction
coefficient obtains value S, = 0. Otherwise, when the test
area is obstructed by the workpiece model/body, the
obstruction coefficient is S, = 1 (Fig. 5b). Identification of
obstruction for an observed face with respect to the test
area is performed using SW tools Extrude and Interface
detection.

a) S,=0 b) S,=1
Fig. 5 Positions of the test area and the limit values of
coefficient S,

The coefficient of matching test area to the selected face
in mm? - S; only exists in the case when the coefficients
S; and S, have values S; # 0 and S, = 0. In this case, the
calculation of coefficient S is based on relation (2) [2]:

POV
S; = =5

(2)

Where
POV is Value of test area which matches observed face
T is Length of the side of the test area

The case in which a coefficient of matching test area to
the selected face exists is shown in Fig. 6 as a hatched
area.

Fig. 6 The case when coefficient S; exists

In all other boundary cases, coefficient S; does not exist
or it is equal to 0. It results in the fact that the respective
position of the test area in comparison to the face of a
CAD model is not available for placement of modular
fixture component.

The coefficient of accessibility of neighboring points
(PST) shows the state of accessibility of observed face in
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the vicinity of respective point Pc (Fig. 7). The space
around the point Pc is 3x3 test area which contains 8
points from P, to Pg. After identification and calculation
of coefficients S;, S, and S; the coefficient of
accessibility of neighboring points is calculated on the
basis of relation (3):

8
PST(UV) =2 2S5, ©
i=1
P P P
ti<i v Gved) (“LL;H)
I I R
(u— 1, v) (u, l") (u+1, v)
5 ? A
(=1, v =D (v-1) [@+1, v-1)

Fig. 7 3x3 area for calculation purpose of coeff. PST [2]

If the sum of all accessibility coefficients is higher, the
observed face for positioning or clamping has greater
facility for realization of automated process of positioning
and clamping using modular fixture components.
Identification of face functionality for bottom positioning
is carried out with a standard 50x50 mm test area. The
reason for using this area lies in the fact that the contact
area of modular fixture components for positioning, in
most cases, can enter the selected test area.

The process of identification of face functionality for
bottom positioning follows four characteristic steps [4]
that are shown in Fig. 8. In the first stage, an analysis is
performed with initial coordinates (0.0) corresponding to
the initial position of the test area. In the second step,
initial coordinates of the test area are moved into the
position (0.25), then in the third step in (25.0), and in the
last step in the position (25.25). The reason for
introducing four steps of analysis lies in the fact that the
application is developed for modular fixture with standard
50 mm distance between hole centers. Developed
application can easily apply arbitrary distances.

After obtaining results for each of the four cases, further
analysis for the evaluation of these cases was performed.
The evaluation aiming to determine which one of the four
cases generates greater value of face functionality is based
on relation (4):

FC, =Y ACy, (4)
i=1

Where

FC, is Functionality coefficient of the entire observed
face

ACv; are Accessibility coefficients whose values exceed
50% of the maximum value of AC for each of the points
on the observed face.

Fig. 8 Typical cases in the face analysis

The respective case where value for FC, is maximal has
been adopted as a case whose coordinates give the
greatest chance for placement of modular fixture
components on the observed face. In other words, the
selected case means that for the corresponding
coordinates of a workpiece moving relative to the starting
position, functionality of the analyzed face has the highest
value.

After executing functionality analysis of face(s) for
bottom positioning and obtaining the analysis results, an
algorithm for point selection is applied on selected points
on the observed face. As algorithm output, selected points
become points of contact with a modular fixture
component for positioning.

An analysis of face functionality for side positioning and
for clamping is done after points for bottom positioning
have been selected and after the workpiece relative to a
base plate of the modular fixture has been fixed.

Developed application for identification of face
functionality allows the user to adjust and select the
necessary distance and dimensions of the test area used
for analyses of the selected face of the workpiece.

3. VERIFICATION OF DEVELOPED
APPLICATION

Developed application for identification of planar face
functionality of the CAD model was verified using the
example of the workpiece shown in Fig. 9. In this case,
the selected face of the CAD workpiece model is a face
for bottom positioning.

Face selection, starting of developed applications and
identification of face functionality are performed in an
automated manner (Fig. 10). With further analysis of the
selected face according to Table 1, “case no. 3” is chosen
as the best functionality case with coordinates of
displacement (0.25). For the selected case, the
functionality coefficient for observed face has the highest
value.

1 MSc. Stevo Borojevié, PhD. Vid Jovisevi¢, PhD. Gordana Globo¢ki Laki¢, PhD. Porde Ci¢a, Branislav Sredanovié¢,
Faculty of Mechanical Engineering, Stepe Stepanovic¢a 75,Banjaluka, stevoborojevic@hotmail.com




Fig. 9 A workpiece example

Table 2 shows the values of accessibility coefficients for
“case 3” for each of the analyzed points. In Table 2, AC
values are emphasized which have been included in
further analysis for selection of specific points on the
workpiece which are in contact with modular fixture
components.

Fig.10 Details of the functionality analysis process
The analysis given in this paper has not covered how
many points may be chosen depending on the model and
standard schemes for positioning and clamping.

Table 1. Cases and values of FCu for the observed face

I\éc;.sgf FC, = i ACv, m%?/?r:dinate 01_‘ a
— g workpiece
1. 26,293 (0,0)
2. 24,342 (25,0)
3. 27,876 (0,25)
4. 21,470 (25,25)

Table 2. Values of accessibility coefficients for case 3

PA u

0.000|0.000(0.000(0.000(0.000|0.000| 0.000 | 0.000|0.000|0.000| 0.000

0.000]0.000(0.256 (0.525(0.582|0.583| 0.583 | 0.566|0.363|0.000| 0.000

0.000|0.256

0.000]0.525

vV 10.000(0.582

0.000|0.583

0.000|0.510

0.000|0.252

0.000|0.000

0.000 {0.000 (0.000|0.000
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Calculated results are also generated using MS Excel
application in the form of a Table 2 and a diagram shown
in Fig. 11.

Fig. 11 Histogram of accessibility coefficients for case 3
4, CONCLUSION

Identification of planar face functionality using developed
application generates results in the form of diagrams and
tables. Based on the results, functionality of the observed
face for the purpose of modular component positioning
can be identified. The results can also be interpreted in a
form of histogram of accessibility coefficients for each
analyzed point. In this way, developed application gives
mathematical record of face functionality for previously
defined conditions and restrictions. The obtained results
can be further analyzed and used for different purposes.
Thus, contribution to the development of CAPP
technology was given in the form of identification of
plannar face functionality of a CAD model for the
purpose of automating modular fixture design.
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Abstract: Virtual reality (VR), as a novel technology, represents one of the most powerful tools to assist
or even play the major role in many areas, such as development of new designs, training medical
practitioners or assembly operators, entertaining industry, etc. On the other hand, the finite element
method (FEM) imposed itself as an essential technical support for the needs of computing flexible bodies’
deformational behavior. FEM together with CAD are important ingredients of VR. In the VR applications
that imply interactive simulations with flexible bodies included, the efficiency of FEM formulations is of
crucial importance. The paper presents features of some existing as well as some recently developed
FEM formulations designed to meet this important requirement.

Key words: virtual reality, finite element method, interactive simulation

1. INTRODUCTION

In the last several decades, classical computer aided
engineering (CAE) software packages have offered
invaluable assistance to engineers. For years, they have
represented the maximum in terms of performance and
reliability in a variety of engineering tasks. The initial
development of virtual reality (VR) technology aimed
primarily at displaying models previously made in other
CAE applications, thus facilitating the review process of
developed design. However, the strong development of
advanced visualization systems, followed by further
development of already existing components (CAD,
FEM, etc.) and necessary hardware, have enabled the
integration of VR technology into the very core of
engineering tasks. And further more, the possibility of
application of VR concept in a number of other fields has
also been recognized.

With the VR concept, the user is offered the possibility of
manipulating and analyzing a 3D virtual world, as if the
objects were right in front of him. In certain applications,
it suffices to incorporate rigid-body behavior in the VR
environment. But in many areas of application, VR
requires simulation of deformable object’s behavior, quite
often involving large or moderately large deformations.
An example of such a requirement is found in some
special applications of VR technology, such as various
surgical simulators, especially those involving soft
tissues.

A number of methods have been developed with the aim
of predicting physical behavior of deformable objects
with very high level of accuracy. The finite element
method (FEM), as dominant one in the field, has
deservedly gained the reputation of the ‘state-of-the-art
method’. Typical engineering tasks rely on the so-called
“off-line” FEM calculations, which pose the accuracy as
the primary simulation objective, as it is aimed at

authentic representation of the real world. Numerical
efficiency, i.e. the CPU time needed for the calculation,
always plays an important role, of course. But regarding
the VR concept, the efficiency of applied FEM
formulation gains in importance and may even become
the primary objective, thus reducing the accuracy
requirement to “plausible deformational behavior”. This,
of course, strongly depends on the field of application.
The paper presents features of some already existing as
well as some recently developed FEM formulations that
may find their application in different fields, VR
technology being only one of them. The solutions for high
efficiency have been sought in modal reduction technique,
but also in some novel simplified geometrically nonlinear
formulations based on full FEM models. Examples are
given to illustrate the proposed formulations.

2. MODAL SPACE BASED FORMULATIONS

One of the basic ideas on how to reduce the
computational burden required to determine flexible
bodies’ deformational behavior consists in model
reduction. Actually, this idea enables to perform a large
portion of computation in a pre-step, i.e. prior to
interactive simulation. Among different approaches for
model reduction, the one that has established itself as the
method of choice for simulation of dynamic behavior is
modal reduction. It implies that orthogonal mode shapes,
calculated in a step prior to simulation, determine modal
degrees of freedom, in terms of which the elastic behavior
of the body is described. Not only is the number of
degrees of freedom in this manner significantly reduced,
but the equations for elastic behavior are also decoupled,
i.e. the generalized mass and stiffness matrices are
diagonal.

This method is already a common choice in a number of
Multi-Body System (MBS) software packages. The
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solution used by commercial software package like
ADAMS is the Component Mode Synthesis (CMS)
technique, particularly the Craig-Bampton method. The
method requires to partition the flexible body degrees of
freedom (DOFs) into boundary DOFs and interior DOFs,
the former belonging to the nodes of the FE-model that
the user wants to retain in the simulation model mainly
for the purpose of defining (kinematic or dynamic)
boundary conditions. In the next step, the method requires
to determine two sets of modes: 1) constraint-modes,
which are static shapes obtained by giving each boundary
DOF a unit displacement, while all other boundary DOFs
are fixed; 2) fixed-boundary normal modes, which are
obtained by fixing all boundary DOFs and computing an
eingensolution. Since the so-obtained Craig-Bampton
modes are not a usual orthogonal set of modes, they are
not suitable for direct use in MBS dynamics and are,
therefore, orthonormalized prior to simulation.

Fig. 1 depicts an interactive deformable model of a car
rear axle, with interaction programmed by the authors.
The full FEM model contains approximately 300,000
DOFs, involving over 44,000 shell elements and almost
5,000 solid elements with altogether over 50,000 nodes.
At the present hardware technology level, such a model is
not suitable for simulations at interactive frame rates. But
once reduced to modal space, a reasonable number of
mode shapes, found to be adequate for the purpose of
interactive simulation, can be determined and the
simulation can run effectively enough to be used in
combination with a VR environment.

Fig.1. An interactive deformable car rear axle model
2.1.

MBS programs apply the approach denoted as floating
reference-frame. The idea behind the approach is to
decompose the overall motion into a large rigid-body
motion, which is described by the motion of the
reference-frame, and a small deformational motion,
described in modal space with respect to the floating
reference-frame.  This enables consideration  of
nonlinearities resulting from large rigid-body motion,
which was actually the original aim of programs for MBS
dynamics. Depending on flexible body topology and the
exerted deformational behavior, this approach might yield
satisfying results even for deformations that would
typically be described as moderately large and that would
require geometrically nonlinear FEM formulation to
determine the deformational behavior with satisfying

Geometrical nonlinearities

accuracy. But quite generally speaking, the approach
based on modal reduction is meant for linear
deformational behavior, as the used degrees of freedom
(mode shapes) are characteristics of the FEM model
linearized in its original configuration. The authors have
recently developed original methods to resolve up to
certain extend the issue of geometrically nonlinear
behavior computed in modal space. Those methods are
only briefly mentioned below, as more details are already
available in published literature.

2.2. Geometric  stiffness matrix  based

approach

The idea is based on the assumption of relatively small
displacements, similar to the assumption of linearity. But,
while linear models consider only the linear stiffness
matrix, the proposed formulation extends the linear
approach so that the stress stiffening effects are
additionally accounted for through a simplified
computation of the geometric stiffness matrix. The
formulation keeps the advantages of computation in
modal space. This is done by computing the geometric
stiffness matrices for each of the used mode shapes and
using the principle of their superposition to determine the
overall geometric stiffness matrix. The method needs to
be used with caution since it is suitable for specific cases
of deformational behavior characterized by small
displacements and large stiffening effects. More details
about the approach can be found in [1, 2].

2.3.

The approach denoted as partial rotation of displacements
aims at consideration of geometrically nonlinear effects
caused by relatively large rotation of single sub-domains
of the structure with respect to the structure as a whole.
The method consists in partitioning a complex structure
into segments that perform relatively large rigid-body
rotations with respect to the rest of the structure. Upon
deformation, the average rigid-body rotation of the
segments is determined and this amount of rotation is
used to rotate the part of displacement field (determined
in modal space) belonging to the segments. More details
about the approach can be found in [2, 3].

What should be noticed here is that this approach is rather
complementary to the previously described one. As a
matter of fact, the two approaches can be combined in
order to meet the requirement to simultaneously account
for both causes of geometrical nonlinearities.

Partial rotation of displacements

3. FORMULATIONS BASED ON FULL FEM
MODELS

Linear FEM-models are known for high efficiency and
stability. Furthermore, as long as deformations remain in
the realm of materially linear behavior, translations of
elastic bodies are easily handled with linear models.
However, already moderate rotations suffice to deteriorate
the accuracy of the linear FEM results beyond the limit of
applicability, even if only visual representation of
deformation is of interest. On the other hand,
geometrically — nonlinear ~ formulations, in  their
theoretically pure form, offer more than a satisfying
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degree of accuracy, but are rather expensive and may also
exhibit problems with simulation stability. A relatively
simple but therefore efficient formulation that is supposed
to combine the advantages and avoid the drawbacks of the
previous two has been recently developed [3, 4].

The developed formulation is of corotational type. Its
essence consists in extension of the already mentioned
floating reference frame approach. Whereas in the
floating reference frame approach, as used in MBS
systems, a single local reference frame is assigned to the
whole body in order to describe its rigid-body motion, in
the developed FEM-formulation the idea is extended so
that each single finite element is assigned a local
coordinate system. Furthermore, it is assumed that the
element behavior with respect to the local coordinate
system remains purely linear. This allows the computation
of linear stiffness matrices of single elements prior to
interactive simulation. Over the course of simulation, it is
necessary to use the information about the last determined
and the original configuration in order to extract the rigid-
body rotation for each single element, described by the
rotational matrix R.. Once the rotation is known, the last
determined configuration of the element is rotated back,
i.e. through R.' The so-obtained configuration is
compared with the initial configuration to determine the
displacements free of rigid-body rotation. Multiplication
of the element stiffness matrix with rotation-free
displacements yields internal elastic forces of the element
in the original frame of the element. What remains is to
rotate the forces to the current element frame, i.e. through
Re, which yields internal forces in the current
configuration.

Another important aspect is the time integration scheme
and solver. Since the formulation aims at high efficiency
and low frequency behavior, the authors take advantage
of an implicit time integration scheme, which is indeed
more expensive regarding the necessary computational
effort for a single time-step, but, on the other hand, allows
significantly larger time-steps compared to an explicit
solver. The implicit time integration scheme keeps the
coupled system of equations and, thus, requires forming
the complete stiffness matrix of the structure and solving
the system. Instead of commonly used direct solvers, the
authors use an iterative solution procedure — the
preconditioned conjugate gradient method (more
information in [5]), which benefits from the system
matrix in the sparse form. The method is very convenient
for real-time simulations. First of all, the conjugate
gradient method involves one matrix-vector product, three
vector updates, and two inner products per iteration,
which makes it computationally very attractive for
nonlinear systems. Furthermore, it provides a very easy
way of performing a trade-off between the solution
accuracy and computational effort by limiting the number
of performed iterations.

The applicability of the developed formulation is quite
wide. In following, a several possible applications are
tackled.

3.1. Example of models for entertaining

industry

Although the quality of the animation and rendering
determines the very first impression in entertaining

industry, it is actually the displayed physical behavior of
deformable objects that eventually determines the degree
of realism. The main objective here is plausible behavior,
which allows certain model manipulations. One of the
very effective techniques to achieve a plausible behavior
of very complex geometries in combination with the
presented formulation is the coupled mesh technique. The
idea consists in introducing two meshes — a volumetric
FE-mesh, which is used to calculate the deformation and a
detailed triangularized surface mesh, which is used to
represent the actual, complex geometry of the object. As a
pre-step of interactive simulation, the two meshes are
coupled to each other. For each vertex of the surface mesh
a corresponding finite element is found and the surface
vertex is assigned to this element.

A model of a dog shown in Fig. 2 illustrates the above
described approach. The FE-mesh (700 elements, 314
nodes) of the model is given in Fig. 2a. Fig. 2b depicts
12520 surface vertices, which are connected to form the
topology of triangularized surface — 24835 faces (Fig.
3c¢), which can be covered by a texture to provide a
realistic appearance (Fig. 3d).

a) [EPRN b)

<)

Fig.2. Model of a dog: a) FE-mesh; b) surface
vertices; ¢) triangularized surface, d) texture

Fig. 3 shows large deformations of the dog model
during an interactive simulation. The combination of the
corotational FEM-formulation with the coupled mesh
technique yields plausible deformational behavior.

- I /8

Fig.3. Large plausible deformations of the dog model
during an interactive simulation
3.2.  Examples of models for
simulators

surgery

Certain types of surgeries, such as laparoscopic surgery,
are performed under very difficult conditions, thus
requiring very special skills from the surgeon, which can
only be gained with extensive training. This is where
surgery training devices come into account.

If soft tissues are involved in the surgery, then models
need to provide a satisfactorily accurate representation of
the internal organ mechanics, while still allowing real-
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time computation — two requirements which are not easy
to conciliate. The presented FEM formulation in
combination with the above described coupled mesh
technique is applicable here just as well. A model of a
liver in Fig. 4 illustrates the approach once again. The FE-
mesh (2640 elements, 660 nodes) of the model is given in
Fig. 4a, with Fig. 4b showing 2598 surface vertices,
which are interconnected to form the topology of
triangularized surface — 5192 faces (Fig. 4c).

Fig.4. Liver model: a) FE-mesh; b) surface vertices;
¢) triangularized surface

Similar to Fig. 3, Fig. 5 depicts deformations of the liver
model over the course of an interactive simulation.

- e A

Fig.5. Liver model deformations during an interactive
simulation

Bone tissue is, however, pretty stiff and deformation of a
bone would typically not require a geometrically
nonlinear computation (with respect to the local reference
frame). On the other side, interaction with bones in a
surgery simulator imposes the need for large rigid-body
motion. Hence, the above described FEM formulation
may be simplified so as to take a single rigid-body motion
into account. In fact, that would be essentially the already
mentioned floating reference frame based approach,
however with the slight modification that the rigid-body
motion is not determined based on physics of rigid-body
behavior, but rather on physics of elastic-body behavior.
This means that the “rigid-body” rotation is computed by
averaging rotations of single finite elements. Of course,
this is only one of possible approaches to extract the
rotational part of motion which is further used to rotate
the stiffness matrices of all elements. But the major
difference between this approach and the floating
reference frame approach as used in MBS systems is that
this one retains the FEM model in its full extent, i.e. no
model reduction is performed. This offers a greater
flexibility and accuracy in interaction with the model.

Fig. 6 depicts an FEM model of a femur containing nearly
8,000 tetrahedral elements and which supports large rigid-
body rotation. An important difference compared to the

Fig.6. Femur model in an interactive environment

liver model is that the FEM model now reflects the actual
femur geometry. In other words, models of bone
structures should principally avoid the approach based on
coupled mesh technique. The reason for this resides in the
fact that an acceptably accurate prediction of stress fields
excited in bones through various external stimuli is of
crucial importance. The FEM meshes used with the
coupled mesh approach are just unacceptably rough from
the point of view of structural mechanics. Having at hand
an acceptably accurate stress prediction in bones allows
surgery planning, optimal choice of implant geometry,
design of adequate scaffold for bone reconstruction, etc.

4. CONCLUSION

Virtual reality technology calls for a multidisciplinary
approach. Mechanics of deformable objects is only one
segment of it, but in certain applications very important
one. The paper presents some existing as well as some
originally developed FEM-formulations for efficient
computations of flexible bodies’ deformation. The
features of those formulations, such as high efficiency
combined with possibility of accounting for geometrical
nonlinearities, render them suitable for applications in the
field of VR technology.

The presented models demonstrate applicability of the
development in a variety of fields, such as training
assembly operators and medical practitioners, or
entertainment industry. This certainly does not exhaust
the potential of the development, as new ideas for
possible applications are coming out each and every day.
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Abstract: The paper presents some results of the CATIA application in milling simulations of parts with
thin walls using end mill tools. The considered surfaces have linear and curved directories — concave and
convex and low stiffness or a high ratio for width/thickness. These situations are met in large number of
parts for moulds, rotor blades, aerospace assemblies, etc. The simulations offer numerical values of the
elastic deformations and stresses, these results being very helpful in the establishment of the working
regime parameters in real conditions, in the adaptation of the technological processes to CNC machine-

tools.
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1. INTRODUCTION

The use of modern CAD/CAM/FEM techniques in the
manufacturing processes has a large application in the
mechanical, automotive or aerospace industry domains.
The specialty literature [1], [3] highlights remarkable
results of FEM applications used to determine the elastic
deformations values and the stresses induced in parts by
the contact with the machining tools during the working
processes. The influences of the technological system
(machine-tool precision, tools, fixture devices) determine
dimensional variations and irregularities of the processed
surfaces, dynamical behaviour of the machine-tool in the
cutting process and also the premature wear of the cutting
edges [5]. The results of the surfaces generation by
simulation, with the aid of CAM techniques (tool path,
division pattern of the stock left for machining, different
working strategies, etc.) offer a large number of data:
machining times, surface accuracy (roughness size),
behavior of the machine-tool in working conditions
(power and cutting torque), both for roughing and
finishing operations. For the optimization of the
technological process there are considered and applied
various criteria, software environments, tables of data.

2. THE CAM SIMULATION

Preparing the part for processing on a machine-tool with
numerical control involves the generation of command
information, all data is then stored in a preset order within
a storage device. Programs can be generated directly on
the machine using a CAD-CAM program and a virtual
model of the part [2], [3], [4]-

Defining the part in a CAD environment is an important
entry date to generate the NC program with one of the
complex existing programming languages. Thus, the
simulation is justified to optimize the process because

CAM programs elaborate the NC code. Each program,
compatible with the machine, consists of a group of
sentences written in a logical sequence based on a specific
syntax (words, numbers, addresses) [4]. On the modern
CNC equipments the user may program, in addition to
coordinates, other geometrical information regarding the
compensation of length and tool diameters. Thus, it is
possible to do various corrections on the dimensions,
clearances and vibrations that may appear in the fixture
devices of the part on the machine-tool, etc.

For the purposes of this paper, it is considered a part
having its 3D model made in CATIA Part Design module
and presented in figure 1. The overall dimensions of the
stock part are 100x100x32 mm.

V

/
==

Fig. 1. The part’s 3D model

From the analysis of the part’s surfaces it is identified the
cavity delimited by a closed contour whose walls have
thickness of 2 mm and 20 mm height. To express (by
comparison) the material influence over the part’s
stiffness in  manufacturing conditions, there are
considered two materials: high-alloyed steel and
aluminium alloy, having the yield strength of 2.5x10°
N/m?, respectively, 9.5x10" N/m?.
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To manufacture the part it is used a 3-axis CNC vertical
milling machine-tool having the following main
characteristics: spindle speed: 20000 rpm with infinite
variable speed range (direct drive spindle), movement on
axes X = 1020 mm, Y =550 mm, Z = 560 mm, the power
of the main electric drive: P = 15 kW (continuous rating),
cutting feedrate max: 8000 mm/min and rapid traverse
rate: 30000 mm/min. The machine-tool has a CNC
Sinumerik controller.

The tools used in manufacturing simulation are chosen
from a company catalogue [6]. Also, the toolholders are
in correspondence with the spindle nose and with the
holding system of the machine-tool.

Below are presented (as parameters) the main steps of the
CAM simulation in the case of aluminium alloy working,
with 75 HB.

a. Face mill, one pass, D, = 50 mm - tool diameter, h,, =
0.08 mm - average chip thickness, v = 960 m/min -
cutting speed, n. = 5600 rpm - spindle speed, v; = 3400
mm/min - feed speed, P, = 4.6 kW - cutting power for
removal of chips, M, = 7.7 Nm - cutting torque, f, = 0.1
mm — feed per cutting edge, a, = 2 mm - cutting depth, z,
=5 — number of teeth, t,, = 9 s — machining time, t; =11 s
— total time.

b. External roughing profile contouring mill, one pass, D
=25 mm, h, = 0.04 mm, v, = 1000 m/min, n. = 12000
rpm, vi = 2600 mm/min, P, = 13 kW, M, = 11 Nm, f, =
0.04 mm, a, =20 mm, z.=5,t, =195, t,=20s.

c¢. External finishing profile contouring mill, two passes,
D, = 16 mm, h,, = 0.02 mm, v, = 1000 m/min, n, = 14000
rpm, v; = 2400 mm/min, P, = 11 kW, M, = 5.3 Nm, f, =
0.02mm, a, =20 mm, z. = 6,t, =50, t; =52 s.

d. Internal roughing profile pocketing mill, one pass, D, =
16 mm, h,, = 0.02 mm, v, = 1000 m/min, n. = 14500 rpm,
vs = 1300 mm/min, P, = 13 kW, M, = 6.4 Nm, f, = 0.02
mm, a, =20 mm, z. = 4, t, = 24 s, t, = 27 s.

e. Internal finishing profile contouring mill (fig. 2), two
passes, D, = 12 mm, hy,, = 0.03 mm, v, = 735 m/min, k¢; =
700 N/mm? — specific cutting force, m, = 0.25 — exponent,
n. = 19500 rpm, v; = 8000 mm/min, P, = 4.4 kW, f,=0.11
mm, a, = 20 mm - cutting depth, a. = 1 mm — working
engagement, z. =4, t, =27s,t;,=31s.

Fig.2. Profile contouring mill, finish surface

f. Drill @12 two holes, D, = 12 mm, v, = 200 m/min, n, =
5300 rpm, v; = 2100 mm/min, P, = 3.5 kW, M, = 6.4 Nm,
f,=0.02mm,a,=6mm, z.=2,t, =5s,t,=7s.

g. Drill @5 two holes, D, = 5 mm, v, = 140 m/min, n. =
8900 rpm, v¢ = 1800 mm/min, P, = 0.7 kW, M, =0.6 Nm,
f,=0.02mm, a,=2.5mm, z. =2,t, =165, t;= 18s.

Figure 3 presents the part after its final simulation
operation; it can be observed all the machined surfaces
and also the drill tool.

Fig.3. The part’s machined surfaces

In the case the part would be processed of high-alloyed
steel, with 200 HB, all the data above will be modified.
For the operation e. Internal finishing profile contouring
mill the parameters become: two passes, D, = 12 mm, h,,
=0.03 mm, v, =235 m/min, ky; = 1950 N/mm?, m, = 0.25,
n. = 6235 rpm, v¢ = 2750 mm/min, P, = 4.3 kW, f, = 0.11
mm, a, =20 mm, a, =1mm, z.=4,t,=30s,t,=34s.To
determine the cutting power for this operation, it is used
the next equation:

p =2 8 Vi ke ] 1)
60-10° 1

where: k.=k¢ - hy™ = 4685 N/mm? and n = 1.
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Fig.4. CNC code for the internal finishing profile
contouring mill, high-alloyed steel case

After the CNC simulation of the considered operation, the
resulted code is shown in figure 4.
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3. THE FEM SIMULATION AND ANALYSIS

The Finite Element Method (FEM) is one of the best
existing approaches that accomplish a vast range of
engineering calculus and simulation [1]. The method and
FEM based programs becomes a main constituent of
modern engineering computer-aided design. A FEM
based analysis is now mandatory for high performance
engineering tasks.

The FEM analysis of a structure is in fact a numeric
computation review. Hence, for a specific geometrical
model, particular loads and constraints will result the
required values of the deformation, stress, bearing
reaction and natural frequency [1], [2].

In this FEM simulation it is considered a finishing end
mill with the diameter D, = 12 mm, number of cutting
edges z. = 4, pitch of the helical cutting edge P, = 37.4
mm, helix angle o = 45°. On the contact line between the
mill and the part there are created four cutting spots
placed on the height of the helix pitch. Two of the spots
corresponding to the cutting depth (a, = 20 mm) are
shown in figure 5.

Phc
Phc/4
Lch

ap

1
Fig. 5. Positioning of the cutting spots

In order to establish these spots where the tangential
medium cutting force is applied it was necessary to
determine the contact length of each helical edge with the
part. The dimensions of these spots and also the contact
angle ¢ between the part and the cutting edge are
calculated with the following equations:

D2 (D, Y _
bC = T—(7—ae) =3.32, [mm] (2)
D -
L, =Y % _346, (mm] 3)
lgo

0=2- |2 <0577, [rad] @

The medium cutting force acting on a contact spot for the
contact angle ¢ is determined by the relation:

Fm(p = Lch : hm . kc’ [N] (5)

With the previously determined values for cutting power
(aluminium alloy and high-alloyed steel) it is calculated
the tangential medium cutting force:

_ 60000-P,

Fim +[N] (6)

VC
and it has the values: 360 N, respectively, 1098 N.
The medium radial cutting force (which is practically
applied on the two spots) is Fr, = (0.3 ... 1) - Fyy,
considered F;, = 0.45 - Fyp.
As follows, there are presented some results of FEM
simulations and analysis in the cases of the part being
processed of aluminium alloy and high-alloyed steel.
Thus, the medium radial cutting force is different for each
case (Fyn, = 164 N — aluminium alloy and F,, = 536 N —
high alloyed steel).

Fig. 6. Example of Von Mises Stresses for the flat
milled surface S1

Figure 6 shows the Von Mises Stresses calculated by the
FEM analysis in the case of aluminium alloy and flat
surface. For a force of 164 N applied on the two spots the
results are: max. stress = 4.68x10” N/m? and max. elastic
deformation = 0.062 mm with an error of 48.8 %.

The error is too high, so a new analysis is done after a
refinement of the part structure. Although CATIA
software defines a default net of nodes in a process named
digitization, it is highly recommended for experienced
users to edit this net and establish the dimension of the
finite element, the maximum deviation of the virtual
digitized model from the real model and the type of the
finite element. After the refinement, the error is 32.7 %
and the values become: max. stress = 6.22x10" N/m* and
max. elastic deformation = 0.083 mm.

In the high-alloyed steel case (flat surface S1, F,, = 536
N), for an error of 48.8 % the max. stress = 1.53x10°
N/m? and max. elastic deformation = 0.07 mm. Also, for
an error of 31 % the values are: max. stress = 2x10® N/m?,
max. elastic deformation =0.09 mm.

In the FEM practice, an error of 20 - 35% is acceptable
and it’s very close to the real case. Anyway, in both
situations for the flat surface S1, the max. stresses are
lower than the materials’ yield strengths, so the surface is
deformed only in the elastic domain.

On the convex surface S2 it is applied the same force for
each considered material. In the aluminium alloy case, for
an error of 38.3 %, the max. stress is 3.47x10" N/m” and
the max. elastic deformation is 0.014 mm.

After the refinement, the error is 25.5 % and the values
become: max. stress = 5.35x10" N/m? and max. elastic
deformation = 0.0175 mm.

Figure 7 shows an example of the Von Mises Stresses
determination in the high-alloyed steel case. Thus, for an
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error of 38.13 % the max. stress is 1.12x10® N/m? and the
max. elastic deformation =0.016 mm.

After the refinement is applied, the error is 25.3 % and the
values are: max. stress = 1.34x10® N/m? and max. elastic
deformation = 0.02 mm.

361

on Boundary

Fig. 7. Example of Von Mises Stresses for the convex
milled surface S2

The last analysis simulations consider that the radial
cutting force is applied on the concave surface S3. In the
aluminium alloy case, for an error of 34.4 % the max.
stress = 3.39x10" N/m* (fig. 8) and the max. elastic
deformation = 0.0214 mm (fig. 9).

After the refinement, the error is 22.3 % and the values
become: max. stress = 4.28x10" N/m® and max. elastic
deformation = 0.0245 mm.

Von Mises Stress (nodal values). 1
_m2

On Boundary

Fig. 8. Example of Von Mises Stresses for the concave
milled surface S3
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Fig. 9. Example of wall deformation for the
concave milled surface S3

In the high-alloyed steel case, for an error of 35.1 % the
max. stress = 1.11x10° N/m? and the max. elastic
deformation = 0.024 mm.

After the refinement is applied, the error is 22.2 % and the
values are: max. stress = 1.47x10® N/m? and max. elastic
deformation = 0.027 mm.

For an increased precision and higher improved model for
each simulation, the user may continue an iterative
analysis and to refine the model to decrease the error.
Such errors like those obtained in the previous
simulations seem to be high, but they indicate in fact all
the differences between the proposed virtual model and
the real structure.

The user is interested in the outputs of the maximum
stress that must not exceed the admissible material yield
strengths.

4. CONCLUSION

The determination of the cutting forces with which the
cutting edges action on the machined surface was
acomplished using the values of the cutting power, of the
chip thickness and of the specific cutting force. The radial
cutting force is distributed on the contact spots between
the cutting edges and the part. These spots have calculated
dimensions corresponding to the cutting parameters.

The simulations’ results show that the stresses induced in
the part’s thin walls do not exceed the elastic domain. The
maximum elastic deformations of the machined surfaces
are greater in the case of the high-alloyed steel than in the
case of the aluminium alloy.

It can be distinguished the dependence of the stresses and
of the deformations with the shape of the machined
surface. The elastic deformations are greater in the case of
the flat surfaces than in the case of the convex or concave
surfaces.

Also, these deformations corresponding to the considered
working regime (max. 0.09 mm) seem to be unacceptable,
influencing the dimensions of the processed surfaces. If
the aim is a higher precision, the parameters of the
working regime should be decreased and the process
simulation resumed.
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Abstract: This paper deals with creation of finite element tire models with detailed tread pattern. Such
models are necessary when interaction between the tire and the surface is going to be analyzed in detail.
Different methods for creation of tire tread mesh are systematized by two different criteria: the most
common approaches and the finite element analysis type. Some of the representative approaches found in
literature are described in more detail and their advantages and disadvantages are discussed. An
example from author’s experience, which describes the creation of finite element tire model with detailed

tread for steady-state rolling analysis, is also given.
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1. INTRODUCTION

Tire tread provides the necessary grip or traction for
driving, braking and cornering. Both tread pattern and
tread compound must be designed to provide effective
performance in various driving conditions, while also
meeting customer expectations for acceptable wear
resistance, low noise, and good ride quality. Tread pattern
is designed to provide uniform wear, to channel water out
of the footprint, and to minimize pattern noise on a
variety of road surfaces [1].

Typical features of tread pattern design are described in
[1]. They are combined in order to primarily satisfy the
function of tire tread and also to conform to aesthetic
trends, which form the customer's perception of product
performance. Parametric and knowledge-based design
systems may efficiently be used to streamline the process
of tread design, as may be seen from [2], [3] and [4].
They help in merging the strict constrains, determined by
tread function and manufacturability, with tacit
knowledge of tire designer. This paper, however, does not
deal with the rules of tread design but with tire tread
modeling for use in finite element analysis (FEA). FEA is
often deployed in tire design to predict the behavior of the
tire during it's service life, as described in [5], [6] and [7].
Depending on the type of results that tire FEA should
yield, tire tread is modeled in different level of detail,
using different approaches, of which the most common
ones are:

1. Simplified tread modeling: the tire is modeled
as a smooth one or only the circular channels are
included in the finite element (FE) model while
the other features of tire tread are omitted. If the
goal of the analysis is to find the tire forces and
moments during cornering or braking, or to find
the first approximation of footprint shape, size
and contact pressure distribution, such a model is
often sufficient [5], [6], [7].

209

2. Global-local approach: at first a simplified
(global) tire model is built and analyzed. Then
the portion of the tire is modeled in detail (local
model) and displacements and stresses are
transferred from global to local model as
boundary conditions [8], [9].

3. Detailed tread modeling: tire tread is modeled
in detail and assigned a dense mesh of finite
elements. The rest of the tire is modeled in less
detail and assigned a relatively coarse mesh.
Then the two meshes are tied along the
contacting surface. If the contact pressure on
tread surface is to be analyzed in detail, the FE
model with detailed tread will produce the output
which is closest to the experimental values [7],
[10].

The level of detail in tire tread modeling is also
determined by the type of FEA. If tire behavior on dry
and stiff surface is considered, three different cases may
be identified:

1. Static FEA - only the behavior of the tire
subjected to static loads is considered [5]: finite
element mesh on tire tread may be of arbitrary
density; very large densities are possible; the
most important consideration is how to merge
the dense mesh in the vicinity of the footprint
with the mesh on the rest of FE model [8], [10].

2. Steady-state rolling analysis: the behavior of
steady-state rolling tire is analyzed using mixed
Eularian-Lagrangian formulation [6], [7], [11];
until recently only the circular channels could be
modeled with the benefit of having the dense
mesh only in the vicinity of the footprint; the
method is now expanded to include detailed
tread modeling where an identical tread segment
is patterned and scaled in circular direction [11],
[12]; the approach of typical segment patterning
necessarily implies the approximation of tread



shape; mesh density is limited by model size, i.e.
the time needed for the analysis to finish.

3. Implicit FEA using purely Lagrangian
approach or explicit FEA [7]: tread pattern
may be modeled without approximation of tread
geometry; FE mesh may be of arbitrary density,
which is limited by model size, nevertheless this
limitation is very significant for those analysis
types.

In this paper, the generation of finite element tire model
with detailed tread is described trough literature review
and an example from author's experience.

2. TREAD MODELING - EXAMPLES FROM
LITERATURE

This section does not bring a detailed literature review of
tire tread modeling, but rather presents some typical
examples that illustrate the cases mentioned in the
introduction.

In [13] an attempt is made to model the influence of tread
pattern to behavior of steady-state rolling tire by assigning
orthotropic material properties to simplified tread tire
model. Material properties are obtained by FEA of a flat
portion of tire tread, containing several tread blocks. This
approach had been introduced before the mixed Eularian-
Lagrangian formulation was expanded to include detailed
tread modeling. The analyses were performed on two FE
tire  models, with isotropic and orthotropic tread
properties, and then compared to each other and to
experimental results. The results showed that introduction
of orthotropic tread properties brought the results closer to
experimental ones.

A global-local approach is used in [8] and [9] to analyze
the behavior of tire model with detailed tread pattern in
the vicinity of footprint area. In order to transfer the
solution results from global to local model, a tying
algorithm for the linking of two originally geometrically
incompatible finite element meshes with different degrees
of refinement is proposed in [8], and applied to FEA of
the model of an automobile tire with a simplified tread.
Consideration of tread profile is restricted to the
anticipated region of contact with the road surface and to
its vicinity. For the remaining part of the analysis model a
coarser finite element mesh is used (Fig. 1).
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Fig.1. Global-local approach to tire tread modeling [8]

Simplified and global-local tire models are roughly
criticized in [10]. It is said that simplified tire models may
produce poor numerical results because some of the major
tire interactions, such as footprint shape and size, contact
pressure distribution, frictional energy and rolling
resistance are characterized by the deformation of tread
blocks and the interaction between belts and adjacent
parts of tire. Considering the global-local approach, it is
claimed that even though the local model is able to
provide the numerical results associated with tread block,
its accuracy is strongly influenced by the reliability of
simplified model. The reason for this claim is found in the
fact that the local model uses the results obtained by the
simplified model as boundary conditions and it also
ignores any interaction between the tread blocks and the
belts and the adjacent parts or tire.

The approach to detailed mesh generation described in
[10] is based on a method for tying of two incompatible
meshes: coarse regular mesh of tire body and dense tread
pattern mesh, which is inserted either partially or fully,
depending on analysis purpose (Fig. 2). Tread mesh is
constructed from 2D 1-pitch pattern, which is multiplied
and transformed into 3D pattern by the subroutines coded
in Fortran. When partial mesh is used, a transitional area
must also be added, which serves to relax the abrupt
density change in overall tread mesh and to avoid
problems in assembling the tread mesh and body mesh.
Resulting tire model is shown in Fig. 3. The paper also
compares footprint stresses obtained numerically and
experimentally, confirming the quality of proposed
approach.
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A Wi L-pitch pattern | * 2-I) tire section
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@ * Multi-pitch pattern |

v r
= 3-D Mesh ;
3D Mesh * 31D body mesh
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| *Tread + Body meshes |

Fig.2. Tire meshing process considering detailed tread
blocks [10]

Fig.3. 3D tire model with partial tread mesh [10]
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An example of detailed tread generation for use in steady-
state rolling analysis is given in [12]. Similar to method
described in [10], tread pattern mesh is created by
multiplying and scaling of a repeating tread section and
assembled to body mesh (Fig. 4). The main difference
between the two approaches is that the latter requires that
the repeating section is bordered by two planar surfaces,
which contain the tire axes. Such and approach is
described in more detail in the next section.

It is obvious that a typical segment of tire geometry would
be easily created if the tire was cut along the bottom of
lateral grooves. However, the FE method requires that
the slices are cut along the planes that contain the tire
axes [11]. Thus, the tread geometry was idealized by
removing of smaller features, sipes and kerfs, and then the
optimal location of cutting planes was identified and
typical segment produced (Fig. 6).

Fig.4. Finite element meshes of the (a) symmetric part
without tread pattern, (b) tread pattern and (c) symmetric
part + tread pattern [12]

3. AN EXAMPLE OF DETAILED TREAD
MODELING FOR FEA OF STEADY-
STATE ROLLING TIRE

In this section the finite element tire model with detailed
tread, developed by the authors for steady-state rolling
analysis, is described. The nature of mixed Eularian-
Lagrangian formulation, which is used for tire FEA,
implies that the mesh is composed of typical segments,
("slices™) that are topologically equal. The segments have
to be chosen in such way that by their multiplication and
scaling in circular direction the best approximation of tire
tread geometry is obtained. In this way a certain level of
approximation of initial geometry is inevitably
introduced, but it is a consequence of requirements
dictated by the finite element formulation.

The initial geometry of the tire which is modeled in this
example is shown in Fig. 5.

Fig.5. 3D parametric model of an existing tire type,
dimensioned 165/70R13 [2]

Fig.6. Identification of typical tread segment. The
multiplication of the segment is shown for better
visualization of resulting approximated tread geometry

Independently from the tread segment, the typical
segment of tire body (without tread) was created, which
spanned the identical angle of 5.6° (the angle of
intermediate pitch). The two segments were then
assembled to form the complex typical segment of the tire

(Fig. 7).

1]
Node tying

Fig.7. Typical mesh segment formed by assembling of
body and tread segments. Nodes on contacting surface
are tied by DOF coupling
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Finally, the FE model of the tire was created by rotation
of complex typical segment along circular direction (Fig.
8). The segment was multiplied and scaled in such a way
that a realistic disposition of tread blocks was achieved,
which corresponds to a predefined pitch sequence (Fig.9).

Rotation and multiptication
of typical segments with
scaling along circular direction

Fig.8. FE tire model creation by multiplication of
complex typical segment

Fig.9. Final 3D FE model of the tire

4. CONCLUDING REMARKS

Various methods for creation of finite element tire model
with detailed tread were systematized and discussed in the
paper. The systematization was introduced by two
criteria: the common approaches and the type of finite
element analysis. In this way the understanding and the
choice of tire tread meshing methods are facilitated.

Some of the most important meshing approaches found in
literature were also described, along with the criticism of
their quality. Detailed tread modeling approach with node
tying between tread and body meshes was identified as
the best one. Such a method, performed by the authors
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and adapted for steady-state rolling analysis was
presented in more detail in the last section.
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Abstract: In injection molding, the design of the molds is of critical importance for the product quality
and efficient processing. This paper describes a knowledge-based parametric design system for mold
design, which requires only a minimum set of injection molding parameters to be established before being
able to complete the design of the main components of a mold. This CAD/CAE system contains of Pro/E
and special developed modules for calculation, selection, modification and design. Developed CAD/CAE
system can greatly improve the design quality while reducing the development time and cost.

Key words: CAD/CAE system, injection molding, mold design

1. INTRODUCTION

The highly competitive environment makes it necessary
to reduce the time and money spent on mold design while
maintaining high standards for product quality. Therefore,
using computer-aided systems has become one of the
most important manners to increase productivity. Most
CAD software offers only simple geometrical modeling
function. However, they fail to provide users with the
sufficient design knowledge, which is of great help in
most design tasks. Therefore, the design of automatic,
knowledge-based, and intelligent systems has been an
active research topic for a long time. Regarding the
construction of a dedicated system, Deng et al. [1]
developed an expert mold design system based on the
configuration design method. This system allows users to
design a mold in the CAD/CAE environment. Kong et al.
[6] developed a Windows-native plastic injection mold
design system based on the Solid Works using Visual
C++. Lou et al. [7] utilized the set-based design approach
with the parametric modeling technique to handle the
uncertainties that are intrinsic at early stages of the mold
design. In the stamping tool design area, authors [8, 9]
developed a knowledge-based strip layout integrated
design system in Pro/E. An interactive mold design
systems were developed for dividing the mold design into
four major steps, as well as for parting surface design,
core and cavity design, runner system design, and mold
base design [2,7]. It also provided the ability to control
and manage projects, and assist designers in completing
projects correctly. Systems have been constructed using
the experience and knowledge of a product design and
mold manufacturers. The researchers first determine the
parting line for the plastic part, followed by the
calculation of the number of cavities required. The cavity
layout is created based on the input information of the
layout pattern and the orientation of each cavity. The
mold base is loaded automatically to accommodate the
layout. Alternatively, Low and Lee [8,9,10] proposed a
methodology of standardizing the cavity layout design
system for plastic injection mold such that only standard

cavity layouts are used. When only standard layouts are
used, their layout configurations can be easily stored in a
database for fast retrieval later in the mold design stage.
Other mold design system was developed by Ma [11],
offering collaborative design systems, a standard mold
base, and a decision-making system to improve the
concurrent mold design efficiency in CAD software.
Constructing standard components is an efficient manner
to shorten the mold design cycle in the mold
development. The advantages of using standard
components include the ability to ensure the consistency
of mold development and the reduction of manufacturing
costs and time. The most important purpose of an
interactive CAD/CAE environment’s standard mold base
is to assist designers in managing and using standard
components correctly and efficiently. A mold base
controls components via a three-level classification by
class, type, and order number. Using the standard
components library, designers browse for the components
they need and save valuable time lost in searches. The
standard components library includes three techniques for
constructing models: general type, program type, and
family table type [14]. General type components are
typically complicated and invariant. Users need only to
specify the component needed, and are not required to
specify any dimensions, such as slide groups. Program
type components have similar shapes but different
features, such as date-code inserts. Family table type
components, such as ejector pins, have variable
dimensions. There are two ways to find components in the
mold base by class and type, or by directly linking to the
window containing the desired components.

2. KNOWLEDGE-BASED APPROACH

A knowledge-based approach broadly means to build up a
system, usually called a knowledge-based system (KBS),
for solving complex decision problems in a specific
domain. A KBS, normally in the form of an intelligent
computer program, uses knowledge and inference
procedures to solve problems that are difficult enough to
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require significant human expertise for their solution. The
typical structure of a knowledge-based system is shown in
Fig. 1. [11, 14]

Domain Knowledge I
Imansfer of Knowledge
"—1 KBS Developer I——
Control Structure Knowdedge Structure
SR
Data Tof Engi |
| ¢ Engime Knowledge Base
Base ;
——a=aa—
Problem Data Updates
Solutions

User Interface
{ConsultationExplanation

System Users

Fig. 1. The typical structure of a knowledge-based system

The developed interactive CAD/CAE system is based on
a typical structure of a knowledge-based system. It
comprises of the knowledge base, containing encoded
expertise from the expert. The inference engine on the
other hand provides strategies for processing the encoded
knowledge in order to reach KB solutions. The KB
system also provides a user interface for the KB
system/user interaction. Links to a traditional database
provide the KB system with the opportunity to import and
use data in the inference or reasoning process. Knowledge
is represented by a set of primitive components. Such
primitive component is called a knowledge object, and it
consists of a functional features and associated data. Mold
design represents a generic sequence of activities, and
each activity is represented by a mold function. A
function defines effects on associated data, and it is
represented by various forms, such as mathematical
formula, decision tables, constraints and logical formula.
Data types include simple data types, such as numerals
and their aggregation, and also complicated data types,
such as geometry and other objects.

3. GENERAL STRUCTURE OF AN
INTERACTIVE CAD/CAE SYSTEM FOR A
MOLD DESIGN

Generally, plastic injection molding design includes a
plastic part design, a mold design, and an injection
molding process design, all of which contribute to the
quality of the molded product as well as the production
efficiency. The developed program system makes
possible to perform: 3D modeling of the parts, analysis of
part designs, numerical simulation of injection molding,
and mold design with calculation [3,4]. By the realization
of the proposed integrated system, this problem could be
solved. The main part of the system consists of a
knowledge base. The knowledge base is organized by
knowledge objects, and practically managed by a
commercial database system. A knowledge engine
accesses to the knowledge base, and invokes appropriate
applications. General structure of a developed interactive

CAD/CAE system for a mold design is presented in Fig.
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Fig.2. General structure of an interactive CAD/CAE
system for a mold design

System consists of four foundation modules. These are:
o CAD/I module for the solid modeling of the part,
o CAE/l module for the numerical simulation of the
injection molding process,

o CAE/Il module for the calculation of parameters of
the injection molding and mold design,

e CAD/Il module for the final mold modeling (Core
and Cavity design and the design of all residual
mold components).

CAD/I module is the first module in an interactive
CAD/CAE system for a mold design. This module is used
for generating the CAD model of the plastic products. The
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result of this module is a solid model of a plastic part with
all necessary geometrical specifications. CAE/l module is
utilized for the numerical simulation of the plastic
injection molding. Using Pro/Plastic Advisor, a user can
optimize the injection molding parameters and optimize
the part geometry and a plastic material. CAE/Il module
has been developed to solve the problem of a mold
thermal, rheological and mechanical calculations and the
mold selection. The next section shows the details of the
general structure of the CAD/I1 module.

3.1 Structure of the CAD/I1 module

CAD/Il module is used for the final CAD modeling of the
mold (core and cavity design). This module uses
additional software tools for the automation, creating a
core and a cavity from the CAD model, including the
shrinkage factor of plastic materials and the automation
splitting mold volumes of the stationary and movable
plates. The product information standard in a CAD/CAE
system has different types which deal with the geometry
representation, the feature representation and the
integrated representation. The integrated representation
can incorporate some kinds of non-geometry information,
such as expert experience and knowledge, into product
modeling, resulting in an efficient manner to realize the
intelligence and the automation of a product design and a
mold design.

Additional capability of the CAD/Il module are software
tools that:

o Apply a shrinkage that corresponds to the designed
plastic part, geometry, and molding conditions,
which have been computed in the CAE/I and CAE/II
module for the automation of core and cavity design;

e Make a conceptual CAD model for non-standard
plates and mold components;

¢ Design core and cavity inserts, sand cores, sliders,
lifters, and other components that define a shape of a
molded part;

¢ Populate a mold assembly with standard components
such as standard D-M-E mold base, and CAD
modeling ejector pins, screws, and other components
creating the corresponding clearance holes;

e Create runners and waterlines, whose dimensions
have been calculated in the CAE/Il module;

e Check the interference of components during the
mold opening, and check the draft surfaces.

After applying the dimensions and selecting the mold
components, the CAD/II module generates a 3D model of
the fixed and movable plates. Geometry mold
specifications, which are calculated in the CAE/II
module, are automatically integrated into the CAD/II
module; as a result, the CAD/II outcomes are an assembly
of mold plates. Features and specifications of the CAD/II
module are as follows: specialized 2D GUI enables the
instant customization of a mold base and components;
automatic assembly of components — ‘pick and place’;
necessary clearance holes, threads, counter bores, etc. are
automatically added to plates; part-level features are
already fully dimensioned; custom components can be
created, saved and reused; mold base consists of ,,D-M-
E*“ mold components. The structure of the CAD/Il module
is presented in the Fig.3.
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Fig.3. Structure of the CAD/II module

Mold base assemblies and components with automatic
functions, such as the on-the-fly customization
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component, sizing, placement, trimming, and clearance
cut and thread creation, are provided for the following:
Complete Mold Base Assemblies, Plates, Leader and
Return Pin Assemblies, Locating Rings and Sprue
Bushing, Screws and Washers, Automatic Drawing, and
BOM Creation. The drawings of the mold assembly and
plates, completed with hole charts, are created
automatically. Mold opening simulation, completed with
the slider and ejector simulation is created automatically.

4. CONCLUSION

Completing the mold design stage in the shortest possible
time is the goal of every mold designer. Design
automation substantially increases the overall efficiency
of the design process, reducing the occurrence of the
design flaws as well as the time-to-market reduction. An
interactive CAD/CAE system proves to be a confident
software tool for the plastic industry for the injection
molding dental parts whose material is an integral part of
the plastic material database. All modules of the
CAD/CAE system are 3D solid-based, feature oriented,
and parametric. Plastic flow simulation product is in the
CAE/l and allows engineers to determine the injection
molding parameters. CAD/II module also enables
engineers to capture their own unique design and best
practices directly within the database components. The
module for the calculation of the mold specification and
the parameters of injection molding (CAE/Il) improves
the design efficiency, reduces the mold design errors, and
provides the full information needed for the mold
selection. The future work of this research can focus on
two issues. The first one is to analyze the market to define
which plastic parts used in dental laboratories are in
deficit and to determine the commercial for the injection
molding in the Serbian industry. The second one are
research possibilities for the full application of an
interactive CAD/CAE system for the mold design for
plastic parts, which is used in the dentistry.
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Abstract: Virtual manufacturing as concept applied in the design of advanced manufacturing systems,
enables realization of manufacturing processes in synthetic computer environment in the same way as
under real conditions. The paper describes the concept and architecture of the Control-Centered virtual
manufacturing environment defined by integration of different tools for products, manufacturing

processes and manufacturing resources modeling.

The applications of developed concepts and

environment for the advanced manufacturing system modeling are also given with an example of the
robotized welding and industrial and truck tires manufacturing.

Key words: Virtual manufacturing, Robots, Welding, Tires manufacturing

1. INTRODUCTION

The globalization of the market of today requires the
manufacture of increasingly complex products, with a
great range of project design variants to adjust with and
meet the specific needs of the end buyer. This imposes
the need for as short as possible manufacturing cycle, as
well as the distribution of design, development and
manufacturing tasks to several geographically distant
sites. In order to achieve success in this context,
manufacturing company need to develop capabilities to
quickly respond to customers needs and to make correct
decision as earlier as possible during the product
development process. Advanced manufacturing systems,
however, require an increasing use of computer for
accomplishing of a large number of activities for
computer information processing, CAD/CAM or process
control.  Such intensive changes in the field of
manufacturing and computer technologies demand
continuous development of existing concepts and the
creation of new concepts. In the design field a new
concept is being defined - Virtual Manufacturing (VM).
This paper presents the concepts and architecture of the
virtual manufacturing environment, developed in the last
ten years for domestic industry. The applications of
developed concepts for the pellet stove robotized welding
and industrial and truck tires manufacturing are given.

2. VIRTUAL AND
INDUSTRY

MANUFACTURING

Leading industries in many sectors use VM to support
many of the stages of their product development process.
Automotive industries identified very early VM as the
emergency technology. For example, USCAR (United
States Council for Automotive Research) in the project
PNGV (Partnership for the new generation of vehicles)
identified in advanced manufacturing technology, among
all, agile manufacturing, rapid prototyping and virtual

manufacturing as  technological areas  where
improvements and innovation are needed [1]. Exactly,
VM has its roots in the automotive industry, where the
need to shorten time to market, reduce costs, and improve
product quality are especially acute, and today is being
widely used in the worlds leading automobile
manufacturers.

In the last ten years, there are lot examples of the research
in areas of VM from major automakers [2]. One of the
examples is DaimlerChrysler, which announced its
Digital Factory plans, a project to reducing the company s
new-vehicle cycles by up to 30%. DaimlerChrysler began
using the Digital Factory approach as part of the project to
build new engine-manufacturing plant in Koelleda,
Germany (February 2002). Basic of the project is the
simulation of the entire production process — from initial
drawings of facilities to final functioning assembly line,
with plan to design, retrofit all of its plants by 2005.
Another example is car company Rover. Rover has
introduced an electronic build (E-build), process that
enables prototype vehicles to be built, component-by-
component, in the virtual world. During the E-build
process, a multi-disciplined team of engineers and
managers meets in specially built E-Build Theater where
they don stereoscopies glasses to view the assembly
process in full 3D stereo.

Others industry see the benefits of technology and today
customers of VM includes most of the world leading
manufacturers in the aerospace, automotive, electronics,
and heavy machinery industries.

At the same time, there are trends for fundamental
changes and transformation of the manufacturing industry
from traditional, vertically integrated value-chain to
collaborations  between  specialized  independent
companies. These trends are resulting in global
manufacturing virtual networks and the meaning of
'virtual manufacturing' has been extended to signify inter-
firm relationships used to form a temporary supply chain
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In production engineering, virtual manufacturing concept
is used in design of complex advanced products. For
example, in [4], a virtual machine tool is defined as a
complex mechatronical system and the paper presents the
design, analysis, optimization and operation of machine
tools in virtual environment. The concept is complex and
includes kinematics, dynamics, Finite-Elements-Analysis,
optimization of structural components and coupled
simulation of structural dynamic and control loops of
machine tools, simulation of CNC control with a virtual
model, NC-path simulation, optimization of NC programs
for five-axis machines, simulation of metal cutting
processes and integrated simulation at the machine and
process.

3. VIRTUAL
DEFINITIONS

MANUFACTURING -

According to the professional literature virtual
manufacturing (VM) system may be defined in several
ways.  According to [5], this concept executes and
estimates manufacturing processes in computers, without
the use of real facilities. Computer system entitled as
"virtual and informational system" simulates real and
information system, and generates control commands for
the real and physical system. On the basis of an analysis
dealing with the information dependence between the
tasks, [5] proposes that VM system architecture should be
defined with seven types of the following activities:
device model preparation, service development, virtual
shop floor definition, operation definition, product
handling, virtual shop simulation and simulation interface.
The core idea of the other concept given by [6] is that a
parallel to the real world of CIM enterprise is a modeled
virtual world comprised from product model, virtual
prototype model, manufacturing resource model and
manufacturing environment model. According to [7] VM
system is an integrated, synthetic ~manufacturing
environment, whose purpose is to enhance all levels of
decision and control comprising design-centered VM,
production-centered VM and control-centered VM.
According to [8], virtual manufacturing proposes the
creation of a synthetic and integrated environment,
composed by many software tools and systems as
simulation and virtual reality (VR), offering turnkey
solutions for the entire product development process from
design to manufacturing. VM represents an important step
toward the factory of future providing ability to make
changes in a virtual environment, saving money and time,
and resulting in better design.

As with most emerging technology, VM goes by many
names: digital factory, digital plant, digital
manufacturing, virtual factory, and others; some experts
feel the term computer-aided production engineering
(CAPE) is perhaps best. Just as an integrated
CAD/CAM/CAE system can allow an organization to
make a change in one place, VM permits production
engineers to study the effects of the change, whether they
are made in an individual operation, or the entire
facilities, or even in the CAD model.

4. APPROACH OF CONTROL-CENTERED
VIRTUAL MANUFACTURING

Three paradigms defining specific view of the VM, were
proposed at the "Virtual Manufacturing User Workshop"
held in Dayton, Ohio on 12-13 July 1994 and published in
the "Technical Report, Compiled and Edited by Lawrence
Associates Inc." These three paradigms, Design-Centered
VM, Production-Centered VM and Control-Centered VM,
have been analyzed in more detail by other authors as
well, and particularly in [7]. Design-Centered VM uses
manufacturing-based simulation to optimize the design of
products and processes for specific manufacturing goals
such as: design for assembly, quality, lean operations,
and/or flexibility. Production-Centered VM provides an
environment for generation of process plans, production
plans and resource requirement planning. Simulation is
used to allow inexpensive, fast evaluation of many
processing alternatives. Control-Centered VM provides
information for optimizing manufacturing processes and
improving manufacturing systems with the use in
simulation of control models and actual processes as well.
Taking into consideration the above mentioned paradigms
with further development of virtual manufacture for
extended CIM enterprise [9], the authors of this paper
have built the concept and the architecture of control-
centered VM.

The basic concept of this model illustrated in Figure 1
was made with IDEFO methodology for functional
modeling. The main inputs are product and process
models. For  the established production
planning/scheduling model different variants of shop floor
and machine control models may be defined and modeled,
so that control optimization elements (control strategy,
process performances and possible shop floor layout) may
be obtained through distributed simulation process. For
this model, in agreement with the previous concept,
detailed architecture and functional models of the control-
centered virtual manufacturing system are defined in
several MSc and PhD thesis.
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Fig. 1. Control-centered VM concept
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5. VIRTUAL ENVIRONMENT FOR
ADVANCED MANUFACTURING -
EXAMPLES

According to the basic functional concept (Figure 1),
activities and life cycle of the virtual manufacturing
system are modeled. Four stages are defined: product
design, processes planning, manufacturing resources
modeling, simulation and analysis.

Main supports of the presented concept are modelers for
the  system  components. The "big four"
CAD/CAM/CAE/PDM vendors--Dassault Systems/IBM
Corp., Parametric Technology Corp. (PTC), SDRC, and
Unigraphics Solutions Inc.--all claim to offer "design-
through-manufacturing solutions.” As such, all have ties
into the virtual manufacturing world [10].

According to that, virtual products, virtual processes and
virtual resource are mainly modeled using standard
advanced CAD/CAM/CAE systems (Catia [11] and
Reengineer), with models based on STEP and other data
files types. In same case own developed software was
used. For further developing of the system, other software
tools will be used (Delmia, Enovia, Quest, etc.).
Examples are made for the advanced manufacturing
automation, Automotive, Aecrospace’s and other
manufacturing industries in several projects.

This paper presents the modeling of virtual manufacturing
heat exchanger for pellet stoves and modeling the plant
for industrial and truck tires manufacturing.

The modeling of virtual products is first phase in
realization of the virtual manufacturing for pellet stove
heat exchanger. Main components of the pellet-stove heat
exchanger are: base, bottom, special mounts and ribs.
Without entering into detail about design, in the Fig. 2
Catia 3D model for the pellet stove heat exchanger is
given and exploded view in the Fig. 3.

Fig. 2 Pellet stove heat exchanger

All parts are obtained by cutting on the machine for laser
cutting, and then bent on the press. After that, the worker
put all the pieces together. The special grooves on the
parts help him to do the job much easier and efficient. The
robot Yaskawa Motoman SAA2000 is used for welding
heat exchanger subassembly in two operations. The robot
is equipped with a special gooseneck that gives it much
more freedom in positioning and orientation. Utilizes a
MIG welding process. We have two robotic welding
operations: outer welding to fix the base with the bottom,
special mounts and ribs and inner welding to enforce the

base with bottom. Fig. 4. presents simulation of outer
robotized welding.

BOTTOM

SPECIAL MOUNTS

Fig.4. Outer robotized welding of the heat exchanger

Virtual Programming is used for programming robot for
welding. All welds are defined in the 3D CAD model of
the heat exchanger subassembly. In NRL Teach (Native
Robot Language Teach box) robot is virtually
programmed for welding of all defined welds. Positions
and welding speed are set here as well Simulation of
robotic welding is used to verify the existence of the
collision, and then export program in the programming
language for the specific control unit. Example of the
dialogues in the robot programming is given in Fig. 5.

abot Controfer: MOTOMAN MRC “ NJ

Currently Sefected Rabot Tack | pen] SIS
anfi IRl

Ewcute | Motion tructiens VO Signaks  Actions Mise Arc Vrele
step ot | MOV setoutpat| _suseor_| o | aecon|
Geplwd | MOVL | Settuime | SVGUNCL | Comeent | aRCOF |
Run | MOVCVa Waitkngut | _GUNPICK | Robot Lasgusge |
Hod | _move Tunes | _GUNPLACE |

oo — hd

Suleticn Contreks

T R A N e SO =

L Clowe

Fig. 5. Robot programming dialogues

The other approach, with special own developed software,
was applied in modeling virtual manufacturing for the
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industrial and truck tires manufacturing. Example is the
plant for elastomer (rubber) vulcanization. Digital model
of the manufacturing plant is build with the main goal —
optimization, control and monitoring of the vulcanization
process and reduction of the energy consumption [12].
Developed system is complex and contains: special
developed SCADA system, process parameters data base,
dynamic graphical interface, 3D manufacturing resources
models (vulcanization presses, transport system, energy
flow, etc.), plant layout and MMI interface. The example
of the plant model and the vulcanization presses detail
models are shown in Fig. 6. The entire virtual models are
developed in AutoCAD environment using AutoLISP
functions.

%

b) Vulcanization press model

Fig. 6. Example of the plant layout modeling
6. CONCLUSION

The new paradigm in the design of advanced
manufacturing systems - virtual manufacturing is
presented in the paper with examples of applied concepts,
research and development in the world. It is emphasized
that the virtual manufacturing, by definition, is a great
challenge and of great importance for production
engineering. Different virtual environment and the
software tools where used for the particular cases. For
example, modeling of virtual manufacturing of the heat
exchanger for pellet stoves uses the standard CAD/CAM
systems for products and processes modeling, Application
for the elastomer vulcanization plant use different CAD
system and AutoLISP function together with the object
oriented programming languages and standard data base
systems. These experiences open the problem of the
integration of different software tools and virtual
environments subsystems. The further research will be
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directed to the integration of current and new technologies
in integrated virtual environment solutions.
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Abstract: Manufacturability analysis of a product is used at early stages of a design process in order to
asses the possibilities of product realization, reduce the number of design iterations, thus also reducing
the cost. One of the conditions for the automated manufacturability analysis is parametric modeling and
feature-based design. This paper presents the concept of the system for the manufacturability analysis of
die-cast parts. It presents the way to create knowledge basis containing recommendations and
restrictions used for die-casting of a part. The paper also describes advice CA system gives the designer
during the design process by means of which the design process itself is upgraded and the concurrent

engineering environment is created.

Key words: manufacturability analysis, die-casting, part attributes, feature recognition.

1. INTRODUCTION

Die-casting is a method of producing finished castings by
forcing molten metal into a hard metal die, which is
arranged to open after the metal has solidified so that the
casting can be removed (Fig.1).

Undercut

Cavity half Side-core

A
4 _ Core half

/{. M .

A

A Parting direction

Part
Fig. 1. Die-casting process terminology

Die-casting is a ‘near net shape’ manufacturing process
extensively used for realizing quality products required in
many engineering applications [1]. Advantages of die-
casting process are higher production rate, lower cost,
better quality and process automation. A part to be made
with die-casting should be designed keeping in mind
many process considerations. Involving production
engineers in the product development during the design
phase is the process of concurrent engineering which has
the aim to get critical suggestions and advices related to
part design which is, in fact, manufacturability analysis.

Industries today are striving to achieve lower product
development time, higher productivity and efficiency. In
large enterprises, where design and manufacturing
personnel may be stationed at different locations, the
concept of Design for Manufacture (DFM) is preferred
[2]. Implementing DFM will have the benefits of
improved manufacturability of product design, shorter
time-to-market and reduced cost. Three areas where DFM
can be applied are: Verification; Quantification and
Optimization [3]. Gupta et al [4] have classified DFM into

direct or rule based approaches. In rule based approach,
rules are used to identify design attributes which are
beyond process capabilities, while in direct based
approach the first step is to generate feasible process plan
and to find most suitable plan in order to reduce time or
cost. Shah and Wright [5] have identified DFM metrics
which include qualitative (good practice rules etc.) and
quantitative (cost and time estimates etc.) methods.

Most of the work in DFM has been done in the machining
[4,6] or sheet metal processing [7,8] domain, while little
attention has been given to die casting. In die-casting,
implementation of DFM is important as production lead
times are significantly longer. This is due to greater
number of iterations required between design and
manufacturing teams; die design and manufacturing, and
process simulation and testing are required before
production is started [1]. Certain progress in reducing
production lead time has been achieved in the area of
mold design. [9, 10]. Manufacturability analysis of feature
based model has great importance during virtual product
development [11].

2. FEATURE-BASED DESIGN AS A
PREREQISITE FOR
MANUFACTURABILITY ANALYSIS

Manufacturability analysis requires the application of
feature-based modeling techniques which, besides
geometrical ~ descriptions,  contain  technological
recommendations and restrictions [12]. Depending on the
manufacturability analysis moment, two approaches can
be defined: analysis during the design process itself (on-
line); analysis done upon the completion of the
constructing process (off-line).

If the term “feature based design” [13] is used and if the
product database, in a specific CAD system, is object-
oriented, then we can perform on-line analysis. One of the
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possible ways to do it is to do it during the constructing
process, i.e. during the process of inserting certain
elements in the product model and to automatically
correct inserted value of a certain parameter if necessary.
Another approach to manufacturability analysis is the
analysis after the design process completion. Using this
approach the whole product model would be analyzed
and, if certain illogicalities are observed the report could
be sent to the designer. This report may take the form of a
warning, or alternatively the model could be changed and
this changed model sent back to the designer. This off-
line analysis approach is implemented using an expert
system with the expert shell where, as in the case of an
on-line analysis, the product model is object-oriented.
Both analyses are based on parametric design and feature
based project modeling. In order for a feature to be
functional its attributes and characteristics have to be
thoroughly described. Feature attributes carry the
information about specific feature characteristics
important for a current application and they can be
determined at different levels- from the feature level, or
feature set level to the level of describing part or an
assembly [14]. Attributes can also be used to determine
characteristics of a relationship between features and
feature sets. Feature attributes can be position, orientation,
dimensions, shape or tolerancies. Assembly attributes can,
besides other things, contain the information such as:
assembly surface, overlaps/gaps, relative orientation.

3. PROCESS CONSTRAINTS AND DESIGN
GUIDELINES

A part to be die-cast should possess certain design
characteristics to make it suitable for manufacturing with
die- casting process. Following sub-sections elaborate
these constraints and guidelines.

3.1 Part Geometry Limitations

Hui [15] has discussed some of the geometric aspects
related to mouldablility of a part. According to Madan et
al [1] some features which cause accessibility problems
are not allowed in die-casting. These are explained in the
following paragraph with the help of figure 2 (a-f):

= Internal undercuts are not allowed in die-casting.

= Features with reverse draft and void features.

= Partially visible depression features like holes
with smaller opening diameter and larger
diameter at the base.

Ve 7 R _ﬂ\}\
i b
/ ,/ (2/
NP

.
A

/. /

Internal undercuts Partly visible depressions Reverse draft

Fig. 2: Part geometrical limitations.

3.2 Overall Part Attributes

Die casting process has limitations on overall part
characteristics, such as part weight, surface area, wall
thickness, material, size, tolerance and surface finish.
These limitations depend on the type of material which
makes it necessary for the designer to evaluate part
against material specific process constraints. Table 1
shows representative database of material specific process
capabilities.

Tab. 1: Die-casting material and process constraints
(source: [15, 16])

. Material
Attribute 7n Al Mg cu
Weight (kg) 30 45 16 7
Efective projective area (m?) 0.77 | 0.77 | 0.77 | 0.77
Recommended minimum wall thickness (mm)
0.38- 1.5-
<25 075 0.75-1.3 20
< 0.75- 2.0-
= _ _
5 25-100 13 1.3-18 55
3 1.3- 2.5-
s 100 - 500 18 1.8-22 30
& 1.8-
€ 500 - 2000 22-28 | -
3 2.2
2.2-
2000 - 5000 46 28-6.0 | -
Minimum wall thickness 6 6 | 6 6

3.3 Good practice rules

There are certain rules in die-casting part design which
should be followed in order to make a good part.

There are many such good practice rules, some of which
are shown in Figure 3.

Undesirable Desirabie Undesirable Desirable
T
""\\\‘
Thick saction Thin section
Thick section should be replaced with thin section
Sharp edge Rounded edge
f——— 2
g / g
A J,{"
[ ) b .
\_-_-y Flat plane
fy —

Large flat surfaces should be relnforced with rib
Sharp edges to be Bendsd wilh round of radius les =
1.5 times nominal wal! thickness

Deep cavitles in
cpposite directions
Desp cavitias showld be on core half side I possible

Rounded corners

Sharp circular edges lo be blended wilh 0.07 - 0.015
Hmes radiug coneave round 1o faciitate sssembly

Fig. 3: Good practice rules in die-casting (Source: [16,
7).

3.4 Manufacturability of Individual Features

Some recommendations regarding individual feature
characteristics in die-casting should be followed in order
to make a good part. Design rules for ribs in die-casting,
limitations on hole diameter and their relationship with
core length, as well as tolerance limitations for a die-
casting part, are described in the following sections of this

paper.
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4. PART ATTRIBUTES AND FEATURE
RECOGNITION

Feature recognition is a key for automation of any
automated manufacturability evaluation system and that
also applies to die-casting process [1]. Geometric
reasoning or feature recognition rules are applied to get
and store required information of die-casting features.
Feature recognition is done in following domains: Non-
manufacturability features, Features requiring side-cores,
Part attributes, Wall thickness, Sharp edges, and Rib
features.

Any features or regions of the part which pose molding
tool disengagement problems are identified so that same
can be reported to the designer. Side-core diameter and
maximum length limitations depend on the type of alloy
used. Recommended tolerances for die-casting part
[16,17] also depend on material.

During manufacturability analysis of die-casting parts,
determination of parting direction is important for
identifying those die-casting features which require a
side-core for molding.

Overall attributes of the part such as volume, surface area
are directly extracted from the part CAD model, while
tolerance and surface finish evaluation is performed
interactively because of non availability of this data in
machine readable format.

It is important to identify regions of the part which violate
thickness constraints like minimum and maximum
allowed wall thickness and even sharp thickness
variations [18]. It is very critical in die-casting process to
obtain parts with uniform wall thickness and smooth
variations.

Die-casting process requires that, as much as possible,
sharp edges be rounded or smooth, therefore the process
of edges identification is important in the whole
manufacturability analysis assessment. It is important to
identify both sharp edges and smooth edges with
insufficient round radius.

Rib features are those protrusion features in die casting
which have wall thickness comparable to the nominal
wall thickness and much larger length.

Taking into consideration part attributes and feature
recognition, we can create rules and give advices to the
designer. Depending on the available computer aided
systems for manufacturability analysis, we opted to
include necessary rules into parametrically designed gear
housing (fig. 4).

Fig. 4: Parametrically designed reductor housing.
Considering the fact that during the parametric designing
each feature was defined and related, we can include
adequate relations. This was done by defining features

using CATIA V5 (Knowledgeware) software. Using CAx
Template, which contains information and inserted
knowledge necessary to the expert, we define Knowledge
Embedded Template — KET [19]. For example, sharp
corners are undesirable because they become a localized
point of heat and stress built-up in the die steel, which can
cause die cracking and early failure. This is done by using
rounding off sharp edges of the part. Manufacturability
restrictions are directly inserted in parametrically
designed product model in the form of rules. Radius of
this round depends on the wall thickness of the part and is
generally 1.5 times wall thickness. This rule can be of a
great importance when a designer modifies parametrically
defined product. If he wants to change radius user defined
feature at the same time keeping the wall thickness, he
will get an advice stating “radius r, should be 1.5 times
greater than the wall thickness”.

The rule was inserted in CATIA V5 Knowledgeware in
the following form:

. If ‘Fillet_Radius_Value’ < ‘1.5*Wall_Thickness’
R

Message (“Radius should be 1.5 times greater
than the wall thickness !
Modify a parameter according to the rule.”)

And as such was tested at a redactor housing. The figure 5
presents the advice in the form of information given by
knowledgeware to a user who wants to change the
described radius outside restrictions.

Fig. 5: Knowledgeware gives advice on the basis of
previously defined rule.

Knowledge based technologies enable a user to define
object-oriented product model and to include material
characteristics, technological process requirement,
standards and rules necessary for rule based design. It is
important to note that these rules are not unchangeable,
but can be customized to a user.

If we use relational dependency to connect, for example,
rib thickness with the wall thickness and set the
requirement using if/then relations to emphasize that the
rib thickness has to be equal to the wall thickness, we get
manufacturing restriction that a designer will use as an
advice during product designing (Tab. 2).

Previously stated rule, along with some other rules, were
described in table 2 where manufacturability evaluation of
each rule was also described. In addition, adequate
advices were given in order to help designer during the
continuation of product development.
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Tab. 2: Part manufacturability evaluation and advice.

Part attribute /| Manufacturability evaluation and
feature advice

Weight: 4.12 kg Is within limits of process.

Maximum wall Maximum wall thickness should be
thickness: 30mm reduced below 6.3 mm.

Number of side- Number of side-cores required is high

cores: = 4 and should be reduced.
L Thickness of the rib is high and should
Rib with = 8mm .
be made equal to wall thickness.
Sharp edges Sharp edges in the part should be

rounded or smoothed.

Nowadays, different methods [20] are developed for
assessing manufacturability of parts created during die-
casting process.

1. CONCLUSION

Specificities of die casting processes and the available
resources have to be taken into consideration during
manufacturability analysis and presented to the designer
in the form of either on-line or off-line advices, depending
on the chosen process chosen. Previously presented on-
line process is parametrically modeled part with inserted
rules according to the if/then relations. The advice
designer gets is the result of the set of experiential rules
(examples of good practices) inserted during previous
phrases of project design. Advice received aims at final
product being produced more easily, distributed more
cheaply, at the same time following the product life-cycle.

In general, working with knowledgeware systems
provides control and monitoring reduction during
designing process and unites product development phases
raising a concurrent engineering to a higher level, which
is extremely important in terms of manufacturability.
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