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ABSTRACTS

Leszek Adam Dobrzanski, Rafal Honysz
Materials science virtual laboratory innovatory didactic tool in the teaching of material engineering performed
by traditional and e-learning methods

The purpose of this article is to describe the Material Science Virtual Laboratory, which is an open scientific, investigative, simulating and didactic
medium helpful in the realization of the didactic and educational tasks from the field of material engineering in the Institute of Engineering
Materials and Biomaterials of the Silesian University of Technology in Gliwice, Poland. The application possibilities of the virtual laboratory are
practically unrestricted. It can be a base for any studies, course or training programme performed by traditional and e-learning methods. As the
implementation example of the laboratory for the didactic and educational tasks several virtual devices, such as microscope or hardness tester
are presented.

Sezgin Ersoy, Ozgiir Yilmaz
The design of remote controlled bomb destruction robot implemented using mechatronics design method

At the present day, the duration of product life is much shortened as a result of the customer demands changing rapidly and intensive competition.
The customary design and production technologies have remained incapable against such hard conditions and consequently new concepts and
methods have arisen. One of those concepts is “Mechatronics Engineering”. The mechatronics design method is based on an integrated approach
to form the design eventuating in mainly match-purpose products instead of sequential design. The basic combination of the mechatronics
approach is based on the usage of system model and simulation through prototype stages. The first step in development of the mechatronics
systems is analyzing customer demands and the technical frame in which the system is combined. Generally the Mechatronics Design Process
is rounded up the under seven mean headings. At the present day, remote controlled robotic systems are required for various purposes such
as research, education, commerce etc. The target in this study is to design a remote controllable robot equipped with control capability with
a robotic arm, to be developed following the Mechatronics Design Processes and used for the purpose of bomb defusing.

Boris Gotlib, Vladimir Tarasyan, Anderej Vakalyuk
Application of the hybrid controller for isothermal extrusion process control

Nowadays most of critical machine elements are manufactured by means of extrusion method. Such workpieces are widely applicable
in aeronautical and rocket engineering as well as transport mechanical engineering. One of the methods allowing workpiece quality improvement
is isothermal extrusion which provides constant temperature on the surface of the workpiece by changing extrusion velocity. To control over
isothermal extrusion process was designed hybrid intelligent controller. This controller was realized as neuro-fuzzy system.

Mikhail Thnatouski, Anatoly Sviridenok, Vladimir Lashkovski, Bazyli Krupicz
Biomechanical analysis of anthropometric and functional zones on human plantar at walking

The methods of representing barometric information obtained by the pressure measuring instruments of the human plantar onto the contact surface
during walking have been developed. The presentation of barometric data in terms of time and phase variables along with the patterns of data
elements makes grounds for analyzing independently of of the type of the barometric instrument.

Krzysztof Kalinski, Marek Chodnicki, Michal Mazur
Examples of a use of the optimal control at energy performance index in mechatronic approach

Purpose of the paper is to present some examples of application of the optimal control at energy performance index in mechatronic solutions.
In the paper were presented methods of vibration surveillance of mechanical systems idealised discretely. These methods were applied in robotics
(industrial robots) as well as — for high speed ball end milling processes of flexible details. As example of non-linear system, a possibility of the
use of optimal control at energy perfor-mance index for wheeled robots was presented.

Aleksander Karolczuk, Jacek Slowik
Application of two-dimensional probability distribution in fatigue life calculation

The paper presents a methodology to determinate a two-dimensional probability distribution Pz of fatigue crack initiation as a function of fatigue
life N and damage parameter c/e: Pz-N-c/e. The proposed probability function uses the parameters of standard fatigue curve and allows
calculating the fatigue life of element with the non-uniform stress distribution.

Tomasz Kopecki
Numerical-experimental analysis of post-critical deformation states of tensioned plate weakened by the crack

Paper presents the methodology of determining of the stress distribution in post-critical state of deformation of the rectangular plate weakened
with the crack subjected to tension. The problem was formulated as physically and geometrically non-linear. Using finite elements method the
numerical analyses were performed. While solving the nonlinear issue, the progressive change of geometry of the structure in the successive
incremental steps were compared with results of an experimental studies, performed simultaneously. In order to reproduce the crack coming into
existence in the real conditions, the tested plate was subjected to pulsating tension loading, increasing the length of the crack. During application
of the static load, after exceeding the critical force value, in the weakened zone appeared the displacement in the normal direction to the surface
of the plate, determined as the wrinkling. This kind of deformation is a cause of both membrane and bending stress state in the structure. In order
to determine the influence of the extent of weakness to the stress magnitude and its distribution in the plate, the numerical analyses were
performed for three selected cases of the weakness state, presented by three different lengths of the crack. Applying shadow moiré method for
these cases, applying the same value of the load: P=1500 N , the deflection distributions were registered. Obtained results made the base of the
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assessment of the reliability of the effects of nonlinear numerical analysis, conditioned by the presence of imperfections of the plate in the neutral
state. Two kinds of the imperfection were considered: geometric - based on the assumption of the preliminary deflection of the plate in the zone
of weakness and second one, in the form of load perturbation, normal to the middle surface of the plate.

In the conclusion, one focused a special attention to the legitimacy of the concept of the problem formulating and to the choice of the solution
strategy in the non-linear formulation, with the simultaneous experimental verification of the results

Elena Kotova, Alexandr Korotynsky, Victor Kirichenko, Valentin Zharov
Experimental research of the reconfigurable multimodular mechatronic system for inside work

The urgency of the multimodularity concept in a modern robotics is connected to increase of requirements to the created mobile technical systems
intended for performance of the broad variety of tasks, including problems of development of space, safety of ability to live and counteraction
to terrorism. The modular approach is considered to be the most perspective. There are considered functionalities of multimodular system of wheel
type and given characteristics of working breadboard models of modules. The purposes are formulated and results of experimental researches
are given.

Tamara Kovalevskaya, Mikhail Thnatouski, Anatoly Sviridenok, Sergey Zhdanok, Andrey Krauklis, Vladimir Voina,
Andrey Stepuro
On the relationship between optical and structural properties of polymer films modified by carbon micro and nanopartciles

The studies were concentrated on investigations of optical and structural characteristics of polymeric films filled by carbon micro
and nanoparticles. Light transmission in the region of visible spectra of the films based on gelatin and polyvinyl alcohol was found to be almost
independent of the wavelength. Carbon particles appeared to have no intrinsic absorption bands within the UV region. In the case of aggregation,
nanotubes start to form clusters with an optical fractal structure, while the films display spatial fluctuations in transparency accompanied
by deviations from the Bourguer-Lambert-Beer law. In contrast to nanoparticles, microparticles reduce the roentgen level of crystallinity of the
films.

Tomasz Kubiak
Dynamic responce of thin-walled girders subjected to pure bending puls loading

The paper deals with the dynamic buckling of thin-walled girder with rectangular cross-section subjected to pure bending. The local dynamic
buckling was analysed. The analysed girders was short (girder’s segment between diaphragm) with the length L equal or three times greater then
width a of girder’s web. The material is subject to Hooke’s law. It was assumed that loaded edges of girders are simply supported. Influence
of different shape imperfection was analysed.

Stanistaw Kut
FEM modelling of ductile fracture phase in blanking process

This paper presents the numerical simulation of the blanking process including the ductile fracture phase. The beginning of ductile fracture phase
and its trajectory has been predicted using the formability utilization indicator. The specialized subroutine for MSC Marc Mentat software
has been developed and implemented to calculate the formability utilization indicator. The fracture progress has been modeled
by step-by-step deleting the segments, where the formability utilization indicator’s critical value has been exceeded. FEM simulation has been
performed for samples made of sheet steel (thickness 3.5 mm) for clearance Lj = 0.5 mm. The influence of element size and computational step
on accuracy of fracture phase modelling proposed method has been determined. The simulation results have been compared with experimental
results. The cross-cut section has been carefully checked.

Thar A. Miklashevich
Control of the crack trajectory by the electromagnetic field in media with embedded actuators

The variation principle is applied for defining a crack in the solid body. Crack propagation in non-homogeneous media has been considered.
It is shown that electromagnetic fields in the material are essentially affecting the trajectory. The crack trajectory stability has been studied
as function of fracture energy, phase portraits of the trajectory in different media have been built, and various attractor types have been revealed.
Different crack morphologies from single straight and oscillating crack propagation to straight double crack propagation were theoretically
founded.

Jitka Mohelnikova
Determination of angular transmittance of glasses for light guides

Tubular light guides transport daylight into internal windowless parts in buildings via multi-reflections on highly reflective surface. They consist
of roof dome of glass or transparent plastics, metal hollow core light pipe with mirrored internal surfaces and ceiling cover from diffusive glass
which scatters daylight into interior. The investigation of light efficiency of these new systems of tubular light guides needs correct data
of transmittance of transparent roof domes and ceiling covers of these systems. Angular transmittance of curved glasses and glasses with pattern
are not available. A method for determination of angular transmittance of transparent components of light guides was set up. The method is based
illuminance measurements within an experimental box with glass samples.

Gatis Muiznieks, Eriks Gerins
Conditions of materials choice in manufacturing of pressure originated details

Materials are evolving today faster than at any time in history. In nowadays developing a technique and techno-logy considerably enlarge the
exposure of the applicable materials, new materials are created still with much better mechanical and technological properties. Their development
and prevalence quickly increase. Today wide use such materials that still recently call by future materials. In the several responsible engineering
industry, as well as instrument engineering and other industries do better with “high — performance” composites, new engineering ceramics, high —
strength polymers etc., what had previously been done with metals.

Choosing of materials is very important in several engineering industries, construction and instrument engineering industries, for example, crash
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of bench constructions is one of the reasons that the engineer who designed them used wrong materials or did not understand the properties of
those used. Therefore for rational utilization materials, we need to know not only their properties, but also need understand factors, witch provides
this properties. Therefore we should know how to select mate-rials which best fit the demands of the design — economic and aesthetic demands, as
well as demands of strength and durabi-lity. Choice of materials of pressure originated details, as also many manufacturing of other important
details, which is one of the most actual problems in nowadays.

First of all this article shows advantages and disadvantages of the conditions of materials choice of pressure originated details in. The most rational
conditions of materials choice, way how to eliminate possibility mistakes, witch can lead down to different difficulties are given for the
manufacturing of the definite group of details.

There is an example witch describes conditions of materials choice for oil flooded screw compressors.

The denotations of different standards of the utilized materials are analyzed in this article. As well as the economic parameters of the various
materials in the manufacturing of the oil flooded screw compressors are analyzed.

At the end of the article are given possibilities of the improving of materials. We can achieve improving of materials with different materials
processing methods, which | had analyzed, for example, using mechanical, thermal, thermal-chemical processing or using different surfaces
covering. In nowadays thermal processing method based on metal physic, dislocation theory and changes of metal structure regularity. These
processing methods improve physical and mechanical properties of materials.

Egor Nemtsev, Yuri Zhukov
Adaptive neural network control of mechatronics objects

This paper presents an adaptive neural network approach to control of mechatronics objects. This approach is applied in adaptive control of DC
motor in SISO-system and 3-DOF robot arm actuators in MIMO system. Results of computer simulation and comparison with other control
techniques are introduced.

Piotr Tarasiuk
Influence of FEM modeling strategies of tires on the accuracy of calculated stress distribution in wheels

The present paper deals with the FEM modeling strategies for tubeless tires and their influence on stress distribution in the remaining part
of wheels of the low speed vehicles. Dif-ferent modeling approaches were discussed considering structural tire properties, linear and non-linear
materials as well as geometrical description of the tire initial shape. Some conclusions found in the literature and useful for modeling of car
and airplane wheels were applied for modeling low speed vehicle wheels subjected to quasi-static radial loading. Quantitative and qualitative
results of numerical solutions were discussed compared to experimental results of strains obtained by means of strain gauges.

Leanid Vaitsekhovich , Vladimir Golovko
Employment of neural network based classifier for intrusion detection

Most current Intrusion Detection Systems (IDS) examine all data features to detect intrusion. Also existing intrusion detection approaches have
some limitations, namely impossibility to process a large number of audit data for real-time operation, low detection and recognition accuracy.
To overcome these limitations, we apply modular neural network models to detect and recognize attacks in computer networks. They are based
on the combination of principal component analysis (PCA) neural networks and multilayer perceptrons (MLP). PCA networks are employed
for important data extraction and to reduce high dimensional data vectors. We present two PCA neural networks for feature extraction: linear PCA
(LPCA) and nonlinear PCA (NPCA). MLP is employed to detect and recognize attacks using feature-extracted data instead of original data.
The proposed approaches are tested with the help of KDD-99 dataset. The experimental results demonstrate that the designed models
are promising in terms of accuracy and computational time for real world intrusion detection.

Kirill Voynov, Helena Samoylova
Measurement of the quality of lubricants for mechanical systems

One of the basic factors which plays the dominant role in different machines and mechanisms (and in robots too) is a lubricant (oil, grease, fat,
plastic lubricant, organic or synthetic lubricant etc.). In the paper the new effective method of quality test for different lubricants is represented,
because a bad lubricant may be a reason of any mechanical system damage.

Krzysztof Wierzcholski
Numerical review of friction forces in microbearings with curvilinear journals

The research showed in this paper lead to presentation of hydrodynamic HDD micro-bearing with orthogonal curvilinear profile of journal
for example for conical, hyperbolic and other cooperating micro-bearing surfaces. Pressure distributions and load carrying capacity values
on the conical micro-bearing journals are calculated. The formulae describing the friction forces and friction coefficients for micro-bearing
curvilinear journals are derived. Up to now, the dynamic behavior of HDD micro-bearings was considered mostly by Jang at al. (2005). Presented
paper indicates that on the memory capacity have influence not only herringbone or spiral grooves but in many cases the shapes of micro-bearing
journals and sleeves too.
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MATERIALS SCIENCE VIRTUAL LABORATORY
INNOVATORY DIDACTIC TOOL IN THE TEACHING OF MATERIAL ENGINEERING
PERFORMED BY TRADITIONAL AND E-LEARNING METHODS

Leszek Adam DOBRZANSKI', Rafal HONYSZ"

"Division of Materials Processing Technology, Management and Computer Techniques In Materials Science,
Institute of Engineering Materials and Biomaterials, Silesian University of Technology, ul. Konarskiego 18a, 44-100 Gliwice, Poland

leszek.dobrzanski@polsl.pl, rafal.honysz@polsl.pl

Abstract: The purpose of this article is to describe the Material Science Virtual Laboratory, which is an open scientific,
investigative, simulating and didactic medium helpful in the realization of the didactic and educational tasks from the field
of material engineering in the Institute of Engineering Materials and Biomaterials of the Silesian University of Technology
in Gliwice, Poland. The application possibilities of the virtual laboratory are practically unrestricted. It can be a base for any
studies, course or training programme performed by traditional and e-learning methods. As the implementation example
of the laboratory for the didactic and educational tasks several virtual devices, such as microscope or hardness tester

are presented.

1. INTRODUCTION

The specific of passing on knowledge performed by the
use of e-learning systems caused the creation of the new
virtual reality. At present the process of gaining knowledge,
skills and abilities takes place beyond class benches and
laboratory workrooms - in the virtual reality. This process
aided by telecommunication technologies, leads in the con-
sequence to emerging of the virtual academical community
and to the development of new building methodology
of educational materials. Special case of such materials are
the simulator programs of investigative equipment, that are
simulating the work of real devices used for scientific,
investigative and educational tasks on several technical
universities (Stec,1996; Bidzinski et al., 2004; Lau et al.,
2003; Referowski et al., 2000; Dobrzanski et al., 2006).

2. E-LEARNING SYSTEM AND ITS FORMS

E-learning (also called electronic or distance learning)
is a method of leadership and education. It makes the
learning procedures possible in any place, any time and
at any speed. E-learning means aided didactics by use
of personal computers connected to the Internet and permits
teaching and graduating students without necessity
of physical presence in lecture room.

The e-learning system is a purposely separated whole,
composed from parts and connections between them,
meaning, that it is an advisable composition (intentional
by his creator), can realize aims in one or on many man-
ners, does not have part isolated in relation to other of his
elements, connections between parts and with whole
(of system) rely familiar, that every part of system has
to contribute to successes of whole.

E-learning systems are found as separating lectures
from student in time and space for the greatest duration
of lectures, identity of technology of remittance for
teaching and studying persons, disengagement of commu-
nication between lecturers and students, individualization
of programs of student occupations, high level of self-
observation and self-control of progress of studies by the
students themselves

An advantage of an e-learning system is this same re-
peatable quality of education process. There are no limita-
tions, if goes for time, place and number of students. Esti-
mations of results are made by the computer, always
according to identical criterions (Wodecki, 2005;
Zajac, 2006; Dabrowski, 2004; Piech, 2003; Krupa, 2004;
Vermunt et al., 2004; Barraya et al., 1999; Cox et al., 1999).

E-learning can be realized in many various ways.
Because of accessibility in the time, we distinguish
the synchronic mode, that is called ,,education online”
with use of suitable communication software making
possible the contact in the real time with teacher and stu-
dents, and the asynchronous mode, ,,own work” with
use of forums, audio-visual recordings, e-books etc.
(http://www.platforma.imiib.polsl.pl)

As an example of e-learning system, we can show the
e-learning platform applied in The Institute of Engineering
Materials and Biomaterials of the Silesian University
of Technology in Gliwice (Fig. 1).

It offers the access for students and academical staff
to the electronical didactic materials helpful in courses
guided in the traditional way on the university. It is also the
basis for material engineering e-learning courses performed
into the Mechanical Technological Department (Dobrzanski
et al., 2006).

Another e-learning system applied in Institute is a Mate-
rials Science Virtual Laboratory, described in coming
chapters.
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Fig. 1. E-learning Platform applied by the Institute of Materials and Biomaterials

3. VIRTUAL LABORATORY DESCRIPTION

Generally, virtual laboratory is an idea, that serves for
facilitation of the work of students and engineers interested
in acquiring skills and abilities from field of engineering
materials This is a perfect environment to learn about inves-
tigations performed with the use of equipment, to which the
students do not have access, or which they do not want
to serve, because of inadequate knowledge on its working

In the virtual reality, the laboratory devices are replaced
by corresponding to them computer programs created
in different programming languages and technologies (e.g.
Flash, Java, Delphi, C++). They are virtual reproductions
of real equipment installed in a real laboratory. User has
on his computer screen new possibility for realization
of various defined tasks from given field answering to the
given device. (Fig. 2) (Krupa, 2004, Vermunt et al., 2004;
Barraya et al, 1000; Cox et al, 1999, Dobrzanski
and Honysz, 2007).

Fig. 2. The conception of the virtual laboratory - replacement
of expensive equipment by the computer simulations
in the virtual reality on the initial level of education
and laboratory practices (Dobrzanski and Honysz, 2007)

Material Science Virtual Laboratory is an open scien-
tific, investigative, simulating and didactic medium helpful
in the realization of the didactic and educational tasks from
the field of material engineering in Institute of Engineering
Materials and Biomaterials of the Silesian University
of Technology in Gliwice, Poland (Fig. 3).

Virtual laboratory offers the access for students and aca-
demical staff to the electronical didactic materials helpful

in courses guided in the traditional way on the university.
It is also the basis for material engineering e-learning
courses performed in the Mechanical Technological De-
partment (Dobrzanski and Honysz, 2007).

The possession of practically imperishable equipment
will certainly encourage students to individual researches
and experiments. Inexperienced users can affect experi-
ments without threatening to their life or to health and
without anxieties for the equipment damage caused by
unsuitable use. Irregular service will end only with simu-
lated irregular work of machine or with damages only on
the computer screen. Then it suffices to restore the settings
to the initial state and repeat the experiment with a new
setup. Possible to the execution will be however only ear-
lier prepared and conducted model experiments. The true
investigative work is impossible to obtain (Dobrzanski
and Honysz, 2007).

The use possibilities of such virtual laboratory are prac-
tically unrestricted. Such laboratory can be a base for any
studies, courses or training programmes performed by tradi-
tional and e-learning methods. Practically imperishable,
cheap in exploitation and safe in usage virtual simulated
scientific equipment encourage students and scientific wor-
kers to independent audits and experiments in situations,
where the possibilities of their execution in the true investi-
gative laboratory are restricted. During the work with the
simulations users learn the functioning principle as well as
the investigation and experiments guidance methodology
of the simulated real device (Dobrzanski and Honysz, 2007;
Shen et al., 2003; Lee et al., 2001).

Several virtual workrooms are equipped with device
simulations and didactic materials. Examples of virtual
devices are presented below (Fig 4).

4. VALUE OF THE PROJECT IN THE WORLD
EDUCATION

Rapid development of Internet and application
of computers in more and more extensive areas of the life
has caused that we become slowly the global informative



society. The fact, that computers and the global communi-
cation net are in the present-day world indispensable,
is undeniable. The use of computer and virtual reality
became natural, without regard on this, if lessons were
guided traditionally in class with benches and a table in an
university building, or with use of e-learning methods
(Honysz and Dobrzanski, 2007).

The presented project of Materials Science Virtual
Laboratory corresponds with the global tendency for ex-
pand the investigative and academic centres about the pos-
sibilities of training and experiments performance with use
of the virtual reality, created to complement the work for
persons interested in acquiring skills and abilities from field
of materials science and for persons wanting to effect their
investigations with use of equipment, to which they do not
have access, or which they do not want to serve, because
of inadequate knowledge on its working (Dobrzanski
and Honysz, 2007; Lee et al, 2001; Tadeusiewicz, 2002;
Morbitzer, 2003; Siemienicki, 2002; Aebli, 1982).
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Many virtual laboratory centres, related to the most vari-
ous fields of life, already came into being all over then the
world — www.virtuallaboratory.net, http://jhu.edu/~virtlab/,
http://vlab.psnc.pl/modules/,_http://www.math.uah.edu/stat/,
www.home.agh.edu.pl/~vlsi/Al/, http://neon.chem.ox.ac.uk.

World investigations guided at universities proved, that
the possibility for practicing the given task beyond the
laboratory and beyond the control of the supervisor have
positive influence on the student morale. They do not feel
helpless and lost during the practice in the classes. The
number of incidents and damages caused by their light-
hearted behavior is a lot smaller than usually. Prepared
students do not act recklessly in the situation, when the bad
note is threatening. They know the behavior of equipment
and know how to behave leading the investigations in the
real world (Dobrzanski and Honysz, 2007, Honysz and
Dobrzanski, 2007; Shen, 2003).

L

WORKROOM 01
Light and Confocal @
Microscopy Laboratory

Fig. 3. Material science virtual laboratory of the Institute of Engineering Materials and Biomaterials, Gliwice, Poland, a) entrance, b) main
corridor, ¢) workrooms, d) entrance door to virtual laboratory of light and confocal microscopy, ¢) inside the laboratory (Honysz and

Dobrzanski, 2007).

5.THE DEVELOPMENT OF MATERIAL SCIENCE
VIRTUAL LABORATORY

Work at home with the use of computer is more and
more popular. More of colleges and institutions are engaged
in similar projects building their own virtual laboratories
helping in different fields of knowledge, not only in mate-
rial science. This makes the work more attractive and cre-
ates new possibilities for self-education for the students
and employers. It expands also the interest for new fields
of science.

From didactic point of view, virtual laboratory can be
treated as a basic form of learning previous to work with
the real equipment. Remote or e-learning students without
exercises in a real laboratory should have their classes
in the virtual reality as well. It could be also an exchange
form of theoretical knowledge to practical competence.

Computer applications which simulate the work of real
devices should be their possibly faithful imaging. Naturally,
the simulation will never reach the full usability of the real
equipment, but the simulator should describe the possibly
largest quantity of function and the possibility of the origi-
nal, particularly these, which are used in training and edu-
cation. In a real device all functions are called out by use
of the suitable levers or knobs, in simulated devices,
by ,.clicking” on corresponding buttons, or by pressing
an appropriate key on the keyboard. All buttons and

switches must be placed in positions adequate to real effec-
tors.

The fidelity of the simulation is very important in this
case, because it has the cognitive character for students just
getting to know the techniques of scientific investigations
performed with use of the given device.

The economic aspects are also not to concealment.
The virtual laboratory is inexpensive in maintenance
and exploitation. Beyond the costs of starting, that are the
costs of necessary computer system preparations and the
costs of realization of virtual devices and virtual material
samples to their service, there are only the costs of system
running maintenance. While using the system, there is no
need for preparing any material samples, any exploitative
materials, sometimes extraordinarily expensive. The neces-
sary technical reviews of these machines are not required
and resetting machine to the initial state will liquidate
all occurred damages.

The best virtual laboratory will never be as good as the
modest and smallest real laboratory. Virtual and real tech-
nologies are complementary. The full principles of the
machine guidance can be introduced only using the real
device. Simulations have mostly bounded functionality.
Present are only the basic function of the machine, which
are necessary for realization of the chosen investigation and
they were distinguished from the whole. The training
experiments on virtual equipment are perfect for skills
gathering which can be very useful later for operating
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this equipment in the reality (Dobrzanski et al, 2006;
Dobrzanski and Honysz, 2007).

In the virtual laboratory are placed the virtual simula-
tions of investigative equipment installed in the laboratories
own by the Institute of Engineering Materials and Bioma-
terials, Silesian University of Technology, Gliwice, Poland.
Except this the user will also find instructions and educa-
tional materials, necessary for execution of training ex-
periments in the virtual reality, the description of real inves-

tigative equipment and scientific investigations guidance
methodology, current information on subjects connected
with the widely understood material science matter, multi-
mediascientific help for better understanding of problems,
educational animations, supervisory, examination tests
and advises, thematic services, the scripts of the lesson
and didactic presentations (Dobrzanski and Honysz, 2007,
Tadeusiewicz, 2002; Aebli, 1982; Siemieniecki, 2002).
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Fig. 4. Examples of virtual devices placed in the virtual laboratory a) light microscope, b) confocal microscope, c) hardness tester,
d) scratch-test machine, ¢) impact testing machine (Dobrzanski and Honysz, 2007)

6. THE DEVELOPMENT OF MATERIAL SCIENCE
VIRTUAL LABORATORY

The laboratory does not consist only of machines. Didac-
tic helps are also very important for processes of active tea-
ching. They raise the pictorial range of the methods applied
by the teacher and they favour the realization of the collec-
tivization postulates. The students use rich sets of informa-
tion, which they require processing in the aim of their full
understanding. In this way students are assimilating the
knowledge through creating meanings, defining notions,
creating logical structures, hierarchizing and valuing infor-
mation (Dobrzanski and Honysz).

Presented here (Fig. 5) interactive periodic table of the
elements and the iron-carbon equilibrium diagram contains
the compendium of knowledge on the presented subject and
makes possible the cooperation with students by enabling the
easy and immediate access to the necessary data. Only one
mouse click on demanded element or structure is necessary

for displaying of suitable description. The three-dimensional
introductions of the elementary cells let help students in the
understanding of the atomic building of engineer materials,
electronic books and instruction to laboratory practices con-
tains exclusively useful and objectively contents and passed
on objectively devoid of the mediumistic hum.

7. SYSTEM REQUIREMENTS

To have the laboratory usage possibility indispensable
is the PC/MAC class computer with the access to Internet
and with web browser with Flash plug-in installed.

The minimum hardware configuration which assures
the smooth work, is processor PentiumIl 400MHz, 256MB
of RAM memory and 100Mbps network card. The operating
system should operate in the graphic user interface (GUI)
with running TCP/IP and HTTP protocols. Every laboratory
users posses its own login and, suitable for his rights, access
password.



The laboratory was tested on several machines working
under control of operating systems such as Windows 98/Me,
Windows 2000/Xp/Vista, Mandriva Linux 2007/2008, Ubun-
tu Linux 7.10PL and FreeBSD 6.2. Browsers, used to the
view laboratory content were Microsoft Internet Explorer
6/7, Firebox 2/3, Opera 9, Konqueror 3.5 and Epiphany 7.1.
No difficulties were encountered in any case. The access to
the system and his services was delivered without any pro-
blem.

8. CONCLUSIONS

The frames of this article allowed only for the very cur-
sory presentation of the virtual laboratory as the computer
aided didactic environment. However, this few examples
show potential use possibilities of the virtual reality
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to scientific and educational aims. The interaction with
simulation of the investigative device opens new possibili-
ties in acquiring of knowledge and skill from the field
of material engineering.

The virtual laboratory is a modern educational and ac-
cessible platform for all users. It delivers the knowledge not
only to students, but also to teachers and other persons, who
want to expand their knowledge with the functioning and
operating methods of investigative equipment. The respec-
tive elements of the laboratory, built according to circum-
scribed in this article methodology, are the attractive intro-
duction of the studied task and they can be applied directly
at the university classes as the program basis of materials
science projects, or as supplementary units of the teaching
programme. In both cases the education process is richer
about new possibilities of traditional and distance learning.
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Fig. 5. Examples of different multimedia helps, a) interactive periodic table of the elements, b) the iron-carbon equilibrium diagram, c) three-
dimensional presentation of metals crystallographic structure, d) electronic book on the subject of materials durability investigations,
e) the fragment of the instruction to laboratory practices. (Dobrzanski and Honysz, 2007)

LITERATURA

1. Aebli H. (1982), The psychological didactics, PWN,
Warszawa, 75-118.

2. Barrya D., Burnett P., Boulton-Lewis G., Campbell J.
(1999), Classroom Learning Environments and Students,
Approaches to Learning, Learning Environments Research,
Vol.2/2, 137-156.

3. Bidzinski B., Gryga W., Nalepa J. (2004), Virtual posts in
laboratory of metrology, Proceedings of 16" Intercollegiate
metrology conference MKM, Krakéw (in  Polish).

4. Cox M. T., Ram A. (1999), Learning-strategy construction
problem; Blame assignment; Learning goals; Multistrategy le-
arning; Case-based reasoning; Meta-reasoning; Explanation;
Planning, Artificial Intelligence, Vol.112/1-2, 1-55.

5. Dabrowski M. (2004), Creations standards and leaderships
of occupations online, E-mentor, Vol.4(6), 13-20 (in Polish).

6. Dobrzanski L. A. (2006), Engineering materials and mate-
rials design. Fundamentals of materials science and physical
metallurgy, WNT, Warszawa, (in Polish).

7. Dobrzanski L. A., Honysz R. (2007), Building methodology
of virtual laboratory posts for materials science virtual
laboratory purposes, Archives of Materials Science and Engi-
neering, Vol.28/11, 695-700.



Leszek Adam Dobrzanski, Rafat Honysz
Materials science virtual laboratory - innovatory didactic tool in the teaching of material engineering performed by traditional and e-learning methods

8. Dobrzanski L. A., Honysz R. (2007), Development of the
virtual light microscope for a material science virtual labora-
tory”, Journal of Achievements in Materials and Manufactu-
ring Engineering 20, 571-574.

9. Dobrzanski L. A., Honysz R. (2007), Materials science
virtual laboratory as an example of the computer aid in mate-
rials engineering”, Journal of Achievements in Materials and
Manufacturing Engineering, Vol.24, 219-222.

10. Dobrzanski L. A., Honysz R., Brytan Z. (2006), Applica-
tion of interactive course management system in distance
learning of material science, Journal Of Achievements in Ma-
terials and Manufacturing Engineering, Vol.17, 429-432.

11. Honysz R., Dobrzanski L. A. (2007), Application of mate-
rial science virtual laboratory in traditional and distance-
learning, Proceedings of the 5th Polish-Ukrainian Stu-
dents’Conference, Bukowina Tatrzanska.

12. Krupa T. (2004) Student E-platform tool of handicapped
education, Proceedings of X International Conference
of Ergonomics Handicap, £.0dz (in Polish).

13. Lau H. Y. K., Mak K. L., Lu M. T. (2003), A virtual design
platform for interactive product design and visualization,
Journal of Materials Processing Technology, Vol. 139,
402-407

14. Lee W. B., Cheung C. F. Li G. F. (2001) Applications
of virtual manufacturing in materials processing, Journal
of Materials Processing Technolog,y Vol.113, 416-423

15. Morbitzer J. (2003), The computer and mediumistic education -
together or separately, that is about the possible integration
of these educations, Edukacja Medialna, Vol. 4, 21-26
(in polish)

16. Piech (2003), Idea of a life-time-learning and education
in system e-learning, E-mentor Vol. 1(1), 15-17 (in Polish).

17. Referowski L., Rokosz R., Swisulski D. (2000), CD-Rom
laboratory versus Internet laboratory as an aid in educational
programme, Third International Conference on Quality,
Reability & Maintenance QRM, Oxford, 363-366.

18. Shen C., Zhang Y., Kong J., Lee S. F., Kwong W. C.
(2003), Re-usable component design for supporting 3D mo-
deling and simulation, Relevance Feedback Icon, Journal
of Materials Processing Technology, Vol. 139, 624-627.

19. Siemieniecki B. (2002), Computer in education, Adam Mar-
szatek Publishing, Torun. (in polish)

20. Stec K. (1996) Computer Simulation as tool helping in labo-
ratory of theoretical electrotechnics, Materials & Uses
of Computers in Electrotechnics Conference, Poznan/Kiekrz,
397-398, (in polish).

21. Tadeusiewicz R (2002), Internet society, The Publishing
Annex EXIT, Warszawa, (in polish)

22. Vermunt J., Vermetten D., Yvonne J. (2004), Patterns in
Student Learning: Relationships Between Learning Strate-
gies, Conceptions of Learning, and Learning Orientations,
Educational Psychology Review, Vol. 16/4, 359-384

23. Wodecki A. (2005), For what e-learning on college?,
Proceedings of Il Education Development in economic
higher educational system, Warszawa (in Polish).

24. Zajac M. (2005), Methodic aspects of online courses projec-
ting, Proceedings of Il E-education Development in economic
higher educational system, Warszawa (in Polish).

10



acta mechanica et automatica, vol.2 no.4 (2008)

THE DESIGN OF REMOTE CONTROLLED BOMB DESTRUCTION ROBOT IMPLEMENTED
USING MECHATRONICS DESIGN METHOD

Sezgin ERSOY", Ozgir YILMAZ"

“Marmara University Faculty of Technical Education Department of Mechatronics Education Istanbul,
Goztepe Kampiisii ,34722 Kadikdy Istanbul, Turkey

sersoy(@marmara.edu.tr, oyilmaz@marmara.edu.tr

Abstract: At the present day, the duration of product life is much shortened as a result of the customer demands changing
rapidly and intensive competition. The customary design and production technologies have remained incapable against
such hard conditions and consequently new concepts and methods have arisen. One of those concepts is “Mechatronics
Engineering”. The mechatronics design method is based on an integrated approach to form the design eventuating in mainly
match-purpose products instead of sequential design. The basic combination of the mechatronics approach is based
on the usage of system model and simulation through prototype stages. The first step in development of the mechatronics
systems is analyzing customer demands and the technical frame in which the system is combined. Generally the Mechatron-
ics Design Process is rounded up the under seven mean headings. At the present day, remote controlled robotic systems
are required for various purposes such as research, education, commerce etc. The target in this study is to design a remote
controllable robot equipped with control capability with a robotic arm, to be developed following the Mechatronics Design

Processes and used for the purpose of bomb defusing.

1. INTRODUCTION

The word “mechatronics” has gained its up-to-date
usage by providing a focus point and title which joins
the electronic equipment (hardware) and computer software
with mechanical engineering for a product or process
(Erden, 2002). Mechatronics is a method used for the
optimal design of the electronic products. The method
is a collection of the applications, procedures and rules
which are used by employees in a particular branch
of a science or discipline.

As a result of this definition the mechatronics system
is: an integrated approach which covers the subjects of four
disciplines and between disciplines such as electrics, ma-
chine, computer science and knowledge technology
(Devdas, 1997; Erden, 2002).

2. MECHATRONICS DESIGN

The engineering branch known as System Engineering
uses the synchronous approach for the first design (Devdas,
1997). According to this meaning mechatronics can
be thought as the extended system engineering approach.
However, mechatronics is supported with information
systems in order to set light to the design and to render
the whole design more comprehensive, and is not only
applied to the first stage of the design but also to all of the
stages. There is a synergy in the whole of electrical
and computer systems as well as the information systems
for the production of products and procedures and design.
Synergy is produced with the right combination of the

parameters, which means the last product can be better than
all of the parts. Mechatronics parts used to show perform-
ance characteristics which were difficult to achieve without
sy-nergy combination. The basic components of mecha-
tronics design are shown in Fig. 1.

Information Mechanical
Systems Systems
Computer Electrical
Systems Systems

Fig. 1. Basic components of mechatronics design

Although the literature has adopted this essen-
tial/genuine representation, a more clear but more compli-
cated representation is shown in Fig. 2.

Mechatronics is the result of the application of informa-
tion systems to physical systems. The physical system
actuators on the right hand dotted block contain electric and
computer systems as well as sensors and real time inter-
faces. In the literature this block is call electromechanic
system (Histand and Alcatiore, 1999; Cetinel, 2000).
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Simulation
and Modeling
Mechatronics | — Automatic
Control
Optimization

Fig. 2. The key elements of mechatronics design

3. THE PROCESS OF MECHATRONICS DESIGN

Mechatronics is an integrated approach both in design
philosophy and engineering philosophy. Mechatronics
provides suitable conditions in order to increase synergy
by means of the simulation of inter-disciplinary ideas
and techniques. Typical mechatronics systems collect data
and information from the technical environment by using
sensors. The next procedure is using model and design
methods in detail in order that the system covers all the
subtitles in an assembled way. The first step in mecha-
tronics system design is to analyze customer needs and the
technical environment which the systems assemble. Accor-
dingly, the Process of Mechatronics Design can be col-
lected under seven subtitles. Needs: The design process
may start with the needs coming from either a customer or
a purchaser. This may be determined by Market research
done
in order to understand the needs of potential customers. The
Analysis of the Problem: The first stage of the development
of the design is finding the genuine nature of the problem
for example analyzing it. The analysis of the problem
in a good way is important to define the problem com-
pletely and to avoid losing time on designs which won’t
satisfy the needs. Preparing the technical details: Following
the analysis the properties of the needs can be prepared.
The limitations which will take place in the solution and the
criteria which will determine the quality of the design will
explain the problem. While exposing the problem all the
functions as well as all the properties which the design
requires must be determined. Therefore, the mass of the
required motion, its dimensions, types and area of change
space, and accuracy of the elements, conditions of access
and input and output, interfaces, conditions of power, op-
eration environment, and related standards can be a report
about the application codes. Determination of plausible
solutions: This stage is called “conceptual state”. Draft
solutions which can be worked out in sufficient details in
order to show the way to obtain each desired function such
as approximate dimensions, shapes, materials and prices are
prepared. This also means showing what has been done for
similar problems before. There is no meaning in inventing
the wheel again. Choosing the Suitable Solution: Various
solutions are evaluated and the most suitable is chosen.
Production of a Detailed Design: In this section the details
of the chosen design must be operated. This might require
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the production of prototypes in order to decide on the best
details of a design. Production of the Working Drafts: The
chosen design is then changed to working drafts and elec-
tric circuit diagrams so that the design equipment can be
produced.

It mustn’t be thought that each stage of the process
of design will be followed stage by stage. Sometimes
it might be necessary to go back to the previous stage
and to work on it more. Therefore, during the stage of the
production of the plausible solutions it might be necessary
to go back and to revise the analysis of the problem
(Cetinel, 2000).

4. APPLICATION OF THE TECHNIQUE TO THE
BOMB DESTROYER ROBOT

The Design of Bomb Destroying Robot was realized in
three parts. The first part is the realization of the mechani-
cal design. The second part is he design of the electronic
audit card. The third part was prepared on the LabVIEW
program which maintains auditing by computer. Electronic
audit card was designed connected to NI-cfp-1808 compact
Field Point. Step engines which have the power to enable
the robot arm to move and to lift the weight with the com-
municating unit, and audit unit by realizing the pallet sys-
tem were chosen. In order the picture to be transmitted IP
camera was chosen and NI Field Point SRM6000 Radio
Modem was used along with access point as the transmit-
ting unit in the device which enables all the audits to be
done
on the internet basis.

Fig. 3. Gearbox



Mechanical design stage of the project; The desired
motion is put into a new mold by changing direction
and shape; that is, by being modeled; by means of these
processes the needed power or the direction of acceleration
can be gained. Below gearbox which is the best example
for this and their structures can be seen.

+Vee
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Fig. 4. Gearbox transmission system for robot arm designed

The picture of gearbox system transferring disturbance
received from step motors provide movement of robot arm
is shown in Fig. 4.

According to data given, numbers of gear, power
account, torque, size of module and gearbox, external
forces and response values incoming to bearings. Choice of
Motor and design of driver circuit; driver circuit and step
motors chosen for robot arm is shown below.

— Card operating voltage ( 12 —24 VDC)
— Motor operating voltage ( 12 - 55 VDC))
— Maximum Motor driver current is 8 mA.

Driver circuit has been designed for step motors chosen.

Driver circuit is shown in Fig. 5.
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Fig. 5. Driver circuit designed for step motors

Control Card; The designed control card holds the driv-
ers which control the movement of the device and robot
arm movement by the signals coming from FieldPoint, and
lighting system. On the main control card there are connec-
tion sockets which enables step motor drivers cards
to be attached as a module. The voltage of the control card
to work was chosen 12V.

Energy Conducting; The need for the power of the de-
vice is provided by dry batteries. A stand-by circuit which
prolongs the life of the battery by cutting feed during stand-
by of the system was added.

Feedback and Sensing; Sensors do the duty of a bridge
which connects the physical environment and electri-
cal/electronic devices produced for industrial purposes.
These devices have a wide spectrum of usage such as con-
trol, protection and projection during an industrial process.
Below are shown the sensors which were chosen to realize
the intended movements and their properties.

Sensing Distance; It has become easier to measure dis-
tance thanks to the advancement of present-day sensor
technology. There are ultrasonic infra-red models for this.
We will, on the other hand, will sense this distance
by means of the cameras installed on the device.

Sensing Obstacles; The general properties of the
HOKUYO- Obstacle-Sensor which is planned to be used

in the project are as follows; The scanning angle (Sensing
space) has been increased to 180 degrees and the dead
space which can be sensed is decreased. The picture of the
obstacle sensor which is used is shown in Fig. 6.

Fig. 6. The obstacle sensing sensor

Seeing; Two high-soluble cameras to get information
about the environment and to guide the device accordingly
are planned to be installed on the device. Axis PTZ14
model, which gives high-quality pictures by means of high
rate of zooming and Sony lens in addition to the picture
transmitting facility and easy intervention possibilities, was
used in the project.
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Communication; Access Point was used for the com- Programming of Control Program of System; LabVIEW
munication of the robot. WAPS4GPE model, which was soft ware package of NI firm has been used for project.
deve-loped by Linksys Firm for the communication of IP Vi and subvis written to implement the control of system
cameras outdoors, was used. It enables to use cameras with is shown below.

four Ethernet ports, which were installed on it.

Fig. 7. LinkSys WAP54GPE outdoor Access Point

Fieldpoint SRM-6000 Radio Modem; SMR6000 Radio
Modem, which was again produced by NI Firm, and which
allows to work without wire and real time with compact
FieldPoint, which performs the main controls of the device. Fig. 10. Front Panel 1 Written For Project

Fig. 8. SMR6000 Radio Modem

Prototype drawing in SolidWorks; i ] ]
Fig. 11. Front Panel 2 Written For Project

Fig. 12. Front Panel 3 Written For Project

Fig. 9. Vehicle image drown with SolidWorks
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5. CONCLUSION REFERENCES

Mechatronics is a joint approach both in design phi-
losophy and in engineering designing. The main factor
in Mechatronics is the combination of these fields within
the framework of the process of designing. The method
provides suitable conditions in order to increase the syn-
ergy by means of the simulation the interdisciplinary ideas
and techniques. In this way it provides catalytic effect for
new solutions to technically complex conditions.

If a product is joint with Mechatronics Design
Technique, there can be impressive results. With the usage
of Mechatronics Design Technique more productivity, high
quality, feedback system and product reliability are pro-
vided. In order to apply Mechatronics Design Technique
to obtain these aims, the organization’s changing needs
of tomorrow, the data functions, the control, and the com-
bination of the devices have to be considered at the begin-
ning of the design. The prior aim of the device, which was
developed by following Mechatronics Design steps, is to be
used in the operations carried out to destroy bombs. Be-
sides being used in the applications to destroy bombs, it can
be also used in rescue operations, in sample collecting in
dangerous environments, and in mini military tank applica-
tions with the additional equipment attached to it. More-
over,
it can be of use to inspect suspicious packages for the
contents in the applications to destroy bombs and to find
people who are still alive during rescue operations. With
its capability to save lives by being used in the operations
to destroy bombs it will play an active role in defusing
the bomb packages which can be encountered anywhere
nowadays.
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Abstract. Nowadays most of critical machine elements are manufactured by means of extrusion method. Such workpieces
are widely applicable in aeronautical and rocket engineering as well as transport mechanical engineering. One of the methods
allowing workpiece quality improvement is isothermal extrusion which provides constant temperature on the surface
of the workpiece by changing extrusion velocity. To control over isothermal extrusion process was designed hybrid
intelligent controller. This controller was realized as neuro-fuzzy system.

1. INTRODUCTION

In the whole world large-sized products from light
and special-property alloys in order to meet the needs
of aeronautic, space, shipbuilding, energetic and transport
engineering are produced on high-powered horizontal and
vertical hydraulic presses (of 100...750 MN force), which
are the part of forging and press complexes. The examples
are as follows: computerized production line of long-length
large-sized products like compound cross-section panels
of 1.5 m wide and 35 m long, made of high-strength alumi-
num alloys on the basis of horizontal presses of 120 and
200 MN force; automated unit on the basis of vertical
presses of 300 and 750 MN force for die forging irregular
shaped articles of light and special steels with an area
of 8000 cm2; automated unit on the basis of hydraulic press
of 300 MN force using the method of hydrostatic stretching
for production of steel shroud rings with a diameter
of 2.5 m necessary for hardening of winding front parts
of large unit rating turbo generators for nuclear power
stations.

It is a well-known fact that the most high-powered hori-
zontal and vertical hydraulic presses, of 200 and 750 MN
force correspondingly, are exploited in Russia. For instance
they are used to produce large-sized structural components
for wide-body aircrafts Boeing-777 and A-380 by orders
of Boeing and Airbus companies.

The general disadvantage of high-powered forging and
press complexes is their insufficient data ware (including
the stage of technological processes design) and low-level
control systems. It can be explained by the fact that the
technological processes realized on the high-powered hy-
draulic presses are characterized by factors variety, nonlin-
ear links between process parameters, instability, big delays
in control channels, unregulated noises and perturbations,
great number of feedback couplings, stochasticity of major
technological processes parameters and other factors.
All the above mentioned impedes the processes design

16

and makes it impossible to realize both linear control
systems, which don't reflect the real systems characteristics,
and use of compound nonlinear mathematical models,
which precisely reflect the physical correlation between
systems input and output but are absolutely useless
for process control in the real time.

There are two major ways to make high-powered
forging and press complexes more intelligent: 1) develop-
ment of design expert systems of irregular shaped articles
plastic deformation technological processes and 2) creation
of intelligent technological machines and complexes'
control systems by modernizing the existing ones.

2. BASIC MATHEMATICAL MODEL
OF ISOTHERMAL EXTRUSION

Basic mathematical model of isothermal extrusion was
made on the ground of complex mathematical model.
Dependence of temperature of metal on the exit from
die from the basic technological parameters can be de-
scribed
by functional dependence

I(t)=o(t, X,V (1), 5(1)) 1)

where ¢ is time, X is array of basic technological parameters
(geometrical size of tools, initial temperature of tools and
billet, thermophisical and mechanical properties of tools
and billet), V() ram velocity and o(¢) are unsuspected
parameters.

With ram velocity of different constant values, function
Eq. 1 can be written in form

o(0=0.~(0.-0) 75| o



where 9, temperature of workpiece surface on the steady
process stage with constant velocity 7, 9, initial tempera-
ture of a billet, ¢, is time taken to reach steady temperature
mode and &; is a small quantity which is predefined
by accuracy of temperature sensor (doesn’t exceeds 1.5%
of upper limit of a measured value).

The base velocity mode of isothermal extrusion is de-
fined as the function where ram velocity is dependant on
distance V=VF{(s) or time V=V(¢). This functional dependence
provides temperature constancy on the surface of the work-
piece which leaves the die.

The algorithm for calculating base velocity modes was
created on the basis of the complex mathematical model.
Full distance of ram moving was divided into finite number
of control stage. On every stage the initial (for the stage)
extrusion velocity ¥7; and a number of time steps are set.
The problem of calculating base velocity mode for isother-
mal extrusion is set in the following form: to find a se-
quence
of velocity values which provides a difference between

the temperature of isothermal extrusion ¢ and workpiece
surface temperature less then ¢ in the end of each control
stage. Here ¢ is a small quantity which is defined by tech-
nological consideration and accuracy of temperature sensor.
For practical use in automatic control system, base
velocity modes were approximated by formula
v, t<t,

i i

vt X)= e N ®)
Vsr+(l/i_V.vr - ! tZl:
V.-V,

In this formula V; and Vy are velocities of ram in the
be-ginning of the process and in the steady stage, ti is the
time during which the velocity Vi is sustained, t'st is time
taken to reach steady velocity mode and ¢, is a small quan-
tity which is defined by accuracy of extrusion velocity
sensor (doesn’t exceeds 1% of upper limit of measure-
ment).

3. HYBRID CONTROLLER FOR ISOTHERMAL
EXTRUSION PROCESS

The intelligent control system of the extrusion process
provides isothermal extrusion conditions by speed regula-
tion of compression ram in the extrusion process (Fig. 1).

In this system intelligent control is used in hybrid con-
troller which connects a neural networks and fuzzy logic
technology.

The authors created a model of such hybrid system.
In the book Gotlib and Dobychin (1985), the process
of pipes isothermal extrusion out of D16 aluminum alloy
by 58,8 MN force press is considered. For technological
reasons all types of pipes were divided into three groups
according to the geometrical sizes of matrix and a needle.
Basic technological parameters of the process have the
following values: diameter of container D.=370 mm,

temperature of isothermal extrusion §=470°C, the initial
temperature of the billet .3, and container 9. were changed
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from 350 to 450°C, the ram velocity was changed from
2.0 to 8.0 mm/s.

Temperature sensor

A,

Temperature
evaluation unit

A,

Current situation Identification of
Throttle transient mode

analyzer - :
actuator 4 termination unit

Speed
controller

Hybrid controller =

Fig. 1. Intelligent control system of isothermal extrusion

To simplify further use of dataset the following regres-
sion equations were obtained:
a) for values 101.5<D,,<126.5 and 51<D,<96.5

9 =93.38+1.907D, +3.493D +0.19369, +0.060139 +

32.72V -~ 0.03678D, D +0.01605D" —0.3104D V',

{, =—2400+24.43D —0.9481D +7.7359, —0.30489 —
1356/ —0.06785D 3

V, =5.749+0.06876D, —0.03813D, — @
0.012679, —0.007919 ’

V =6.139+0.08066D —0.0361D —0.013679,
{ =316.9+1.858D —0.8678D —0.38859 —0.38299 ;

b) for values 126<D,,<157 and 60.5<D,<122.3

9, =313.2+0.5543D +0.05255D +0.27199, +
0.057539 +6.525/ —0.01429D D, +0.01271D’
t, =—600.1+0.4338D, —0.2658D, +2.3139, +

" 18169 —12.13) - 0.0056549 9 ' ®)
V =-5805+0.0642D +0.11D —0.006579, -
0.0007522D° ,

V =6.113+0.09873D_ -0.05395D —0.016169 ,
{ =388-0.5497D —0.27339 —0.27319 ;

c) for values 151.2<D, <172 and 91<D,<146.5
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9, =-359+9.278D, —0.8466D, +0.2449, +0.054634 +
+16.25/ —0.0303D” +0.00544D° —0.0965V",

t, =-3799+22.84D 3.331D +9.789 —0.33449 +
104.5V - 0.06056D, 9, —0.9389D V ’

V =-18.06+0.0791D +0.2534D —0.0092629 —
0.001206 D’ '

V =617.7-4.903D -0.6265D —0.47819 —0.47679 +
+0.01539D° +0.002417 D’ +0.00064.9° + 0.000639°
t =812.7-1.807D, —0.3659 —0.78459 .

(6)

In these formulas diameters of matrix (D,,) and needle
(D,) are given in millimeters.

At the first stage of hybrid system we use three neural
networks (one for each of three groups). These networks
are used to calculate of parameters 9., t,,, Vi, Vi t's Which
are included in the basic isothermal extrusion model. These
parameters are defined by Eq.4-6. In this case fully-
connected three-layered feed-forward backpropagation
neural networks type are used.

At the second stage of hybrid system we use methods
of fuzzy sets theory. As all groups have partial intersection
of their initial parameters, for this reason membership
function for each group was created. As a membership
function we use trapezoid functions of two variables. Using
a values of membership functions and outputs of neural
networks we calculate the final values of parameters 3, ¢,
Ve Vit 10 Obtain the temperature of metal and base ve-
locity mode with Eqg. 2 and Eq. 3.

Such system architecture gives an opportunity for the
most exact approximation of all necessary parameters.
Structural scheme of hybrid controller of isothermal extru-
sion is on Fig. 2.

Neural Membership
network 1 function 1

Neural Membership Calculator
network 2 function 2

Neural Membership
network 3 function 3

Fig. 2. Structural scheme of hybrid controller of isothermal
extrusion

It's obvious that the suggested structure controller can
be used for different methods of isothermal extrusion and
die forging. Also different alloys workpieces can be
manufa-ctured.
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4. CONCLUSION

Using such system architecture we achieve the system
control goals at most and implement the model of the proc-
ess that is grounded on the knowledge base in the real time
control process.
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Abstract: The methods of representing barometric information obtained by the pressure measuring instruments of the human
plantar onto the contact surface during walking have been developed. The presentation of barometric data in terms of time
and phase variables along with the patterns of data elements makes grounds for analyzing independently of of the type of the

barometric instrument.

1.INTRODUCTION

Biomechanics as a special branch of mechanics dealing
with mechanical motion of living organisms, their separate
elements and tissues is intensively developing in view
of availability of numerous miniature and cheap devices
enabling measurements directly on the biological objects
(Mironov et al., 1999; Thnatouski et al., 2005). The parame-
ters of human plantar contact with a surface and character-
istics of his gait are studied on the base of barometric in-
soles imparted a function of measuring local pressure val-
ues (Walczak et al., 2007; Sviridenok et al., 2008).

The diversity of barometric insoles and data processing
systems presumes the need in adequate knowledge
of their operation principles and limits of their application
in both biomechanical simulation and medicinal practice
(Duckworth et al., 1985; Sviridenok et al., 2005, Skvortsov,
2008).

The authors have studied in the present work a combi-
nation of techniques and a conceptual apparatus used to
describe and analyze barometric data on the plantar contact
with a surface in statics and dynamics. The use of men-
tioned in the work data abstraction extends the potentiali-
ties of biomechanical analysis together with the mathemati-
cal software independently of the type of the barometric
device used.

2. METHODS USED
2.1. Instantaneous values

Definitions. During cycle T of measuring plantar
pressure P' the system may be found in any moment t
(t=1,2,..., T) in one of the states characterized by a set
of instantaneous pressure values pi(P'={ pi, p2\..., P’ })

transmitted from the insole sensors N and characterized
by index i=1,2,...,N via direct measurements (Fig. 1).
The set of instantaneous values p;' is a quantitative parame-
ter that depends on man’s mass (m) and a real contact arca
of both feet with the surface (S):

P'oc f(m,s,t) (1)

The values of the elements of the set show pressure
on the local regions and obey the additivity law.

The value of each element of the set incorporates a
parasitic constituent in the form of the pressure created by
pressing the insole against the plantar inside the footwear.

The considered pressure values should fit the full range
from zero till the absolute maximum determined by the
man’s mass and the contact area of one sensor. The values
of the elements in a set define the range from the minimal
till the maximal value. The critical and significant levels are
calculated proceeding from the range span.

The set of instantancous pressure values is ordered
according to the sensor coordinates on the insole (X;, Y;)

or by vector T, relative to the reference point on each sens-

ing insole. The distance between the points preset by the
coordinates remain fixed at each moment.

The elements may be attached additional significance
factors according to the adopted rules.

The pressure center is found by a ratio of the sum
of products of the element values by the radius-vector,
which depends on their coordinates, versus the sum of these
values. This center specifies the point of projection onto the
pressure vector plane.

The configurations of elements Kjt with indices
=1,2,....W (W < N) turn to be associations of boundary
elements chosen in terms of similarity of the values

(K} c P‘). The configurations may be in the form of

spots, graphic primitives or isobaric lines.
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a) )

Fig. 1. 2D barograms of the left measuring insole with instant set
of values (arrows show displacement trajectory of pres-
sure center): a) numerical; b) via color gradients

-

Techniques. Proceeding from a disordered set of values
of the elements, the statistical analysis of the values is made
for two insoles separately and jointly. The analysis gives
a quantitative estimation of pressure distribution values
and compares them to those of the significant and critical
levels. The distributions are compared for several meas-
urements of motion of one or different men.

The ordered sets of elements serve to create a set of
configurations in terms of a level or cluster analysis, pro-
viding a set of objects is given, where X is an n-
dimensional space of & characteristics:

X ={G1: 605G 2

Partitioning into classes may be considered fully com-
pleted in case for all X, X, (I,m=12,....n;1 #m) the next

relation is satisfied:
X, N X, =0(VvI,m). 3)

Sampling X; is a result of partitioning TI(X) of set X,
where the problem consists in finding such function f that
ensures this partitioning

f: X > TI(X). 4)

For further analysis of their form, dimensions, statistics
of values and recurrence (Vapnik et al., 1974; Cohen et al.,
1993, Boykov et al., 2000), the configurations are analyzed
in respect to their compliance with anatomic representa-
tions based on shift points and templates (Ihnatouski, 2000;
Minchenkov, 2004).

Here are the examples of attaching significance factors
to the elements:

— creation of binary maps, using which the number
of elements is found that overcomes the threshold level

(Ablameiko et al., 2000);
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— use of contrasting multipliers enabling separate ele-
ments to impose a stronger effect on distribution images
(Ablameiko et al., 2003).

2.2. Time sequences

Definitions. A combination of sets of instantaneous
pressure values of a plantar recorded sequentially within
the whole measuring period presents a direct barometric
information about motion of a man in space (Fig. 2):

Pt (5)

1

Z =

T
t=

The combination of sets consists of uninterrupted time
sequences of values of the like elements of each

setli:
z=\J", (6)

where
I'={p;,p/... P }.

The minimal and maximal values of each sequence
define the range of the element values. Based on the range
span, the significance levels are calculated for the whole
measurement cycle.

L
R

Fig. 2. A combination of a set of instant values of the left and
right measuring insoles reflecting immobility during 1s
and 2.5 steps within 3.5s (arrows show step limits)

Step S is considered to be a sequence of sets of instan-
taneous values of the plantar pressure constrained by reit-
eration of certain element configurations from the moment
t1 till t2 (Fig. 2):

t2-1

s=Jr, 7

t=tl

where

w w

tl t1 t2 t2

P =k =P =K
j=1 j=1

The anatomic phase of a step is a sequence of sets
of instantaneous values of the plantar pressure during one
step limited by the appearance of certain configurations
within the frames of anatomic representations (Cappozzo,
2002; Michard, 2003).

The displacement trajectory of the pressure center pre-



sents a set of finite curves along which the pressure center
moves during a half-step (Fig. 1):

T=— ®)

The trajectory coordinates are found relative to the
centers on each of two insoles similarly to those on the
sensors.

Indirect values of the elements obtained for analyzing
the pressure variation rate in time and along the insole
length are the variations of one of the coordinates on the
plane relative to the initial position of the reference point.
In view of independence of the coordinates of the sensors
on both insoles, the real 3D coordinates of the elements can
be found only using the correction factor and probability
error.

Techniques. Independent normalizing of each sequence
based on the ranges obtained makes it possible to sift out
the parasitic constituent of pressure values.

The statistical and frequency analyses are performed for
the time sequences of the values. Proceeding from the
analyses, the probability of the contact between the plantar
and the surface in some local area and its contribution into
the total pressure is estimated. The time sequences of the
like element values of each set turn to be dependent and to
find their correlation is of specific interest.

The configurations of elements formed on the base
of instantaneous values are treated as existing in time
objects. The life cycle of configurations is to be studied
despite the fact that it is suffice to have time sequences for
the values of the elements to describe qualitatively a man’s
motion, while for the analysis and synthesis of a model one
should use associations of elements based on the ordered
configurations. The phases of a step are calculated in terms
of the conformity of the configurations with anatomic rep-
resentations,.

When considering a step as an independent element
of motion, the elements should be compared to all parame-
ters used for describing motion as a whole.

The analysis of the trajectory gives us its spatial charac-
teristics, namely, length and rocking in response to dimen-
sions of a rectangle circumscribing the considered line, and
the dominant displacement angle.

2.3. Phase sequences

Definitions. The anatomic phases of a step are pre-
sented as both the sequences of instantancous value sets
and the statistics of these sets.

Non-anatomic phases of a step @, (a=12,..,A
(AeN)) will be the mean values of the sequences
of instantaneous value sets obtained by partitioning steps
into the equal number of parts.

®, NP =2, 9)

where
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a+l ™ tas -1 W

t 1
o= U - UL,

=ty t'=t, j=1
w
Pta+l — UK t'a+l .
J
j=1

Techniques. To find motion stability, the like anatomic
phases for different steps are compared. The comparison
of unlike phases inside a step gives us a representation
of the distinctness of their boundaries.

The analysis of the averaged values of the elements and
the comparison to the parameters of time sequences is made
to evaluate the stability factor within the frames of non-
anatomic phase sequences.

2.4. Configurations of element’s analysis

Partition of a set of sensors into groups corresponding
to the anatomic zones was checked up by analyzing con-
figurations of the elements (Lusardi et al., 2007). The
variants of configurations were found from correlations
of time sequences of the values of the like elements:

> (o -5,)(pL - 7)

k. = ! . (10)

ili2

2

T;(p;—m)z X(5.-7.)

1 1
1 f [
2
I o= -
- ——
L%
] |
[ |
a =)
|
Fi
P
S 4
E

b} o

Fig. 3. Initial data: a) time sequences of the like element values
joined into two groups on the right plantar per step dura-
tion (numbers of groups near lines) — arrows show
removed sequences; b) groups of sensors of the right
insole (the arrows show groups of sensors under study)
grouping into zones based on anatomic representations

Further association of the elements into configurations
takes place in provision of condition kj;, tendency
to a maximum with tracking association overflow. Named
stages may be performed just as for the whole period
of measurements so for each separate step. Time sequences
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of the values of the like elements joined into two groups
on the right insole per one step are shown in Fig. 3a, 4a.

kPa

-

R N NONNPIN: IUIS. | WY I h, s N
101--- ~ f
I
]
H
Fi '/
IESEREY
i I
0 B 1 \:i -ﬂ'/
a) 2.8 3.1 Sec b

Fig. 4. Data processing results: a) time sequences of the like
element values joined into two groups on the right plantar
per step duration (numbers of groups near lines) — the
arrow shows added sequence; b) groups of sensors of the
right insole (the arrows show groups of sensors under
study) configurations based on the analysis

, I 3
‘ 2}'/

1b
il

‘B
la
a) b) -

Fig. 5. Groups of sensors of the right insole configurations based
on the analysis: a) diagnosis healthy; b) diagnosis Pes
planovalgus

The arrows in Fig. 3,a indicate the sequences to be re-
moved upon the analysis of the reduced groups. The
sequence that was added to one of the reduced sequences
is shown in Fig. 4,a by an arrow.

As it is seen from the diagrams, the analysis assists
in removal of the time sequences giving imperfect agree-
ment with the sequences of the element values that make
a chief contribution into the barometric characteristics
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of human gait and helps to reveal and interrelate the new
synchronous sequences.

The groups of sensors on the right insole are distributed
over the zones according to anatomic argumentations as is
shown in Fig. 3,b. Figure 4,b presents the configurations
obtained on the base of the analysis, as a result of which
one sensor in the zone of the heel was cancelled and the
configuration of the middle chain of sensors was altered.

Above example illustrates that the basic notions used
to analyze time sequences of barometric data at describing
human gait should be treated with care. It would be errone-
ous to accept a priory the notion “zone” as anatomically
substantiated and united group, since the aim of biome-
chanical investigations is to evaluate the anatomy and its
probable pathologies using the analysis of associations
of elements that incorporate both spatial and mechanical
characteristics.

3. CONCLUSIONS

The analysis of barometric data aimed at describing
man’s motion in space and functioning of his locomotor
system proceeds from the basic conceptual pattern set forth
in the present work (Ihnatouski et al., 2008). A solution
is proposed for the problem of analyzing configurations
of sensors of a measuring insole as to its compliance with
anthropometric characteristics of patient’s plantar.

Figure 5 illustrates sets of sensors of the right insole.
These configurations have been obtained from analyzing
barometric data of two patients, a healthy one (Fig. 5,a) and
the one affected by Pes planovalgus (Fig. 5,b).

The barogram presented in Fig. 5,a displays clearly the
regions of the plantar beneath the navicular bone (1), meta-
tarsus from the inner (2) and outer sides and the cuboidal
bone (3). This image agrees with distribution of the active
regions on a man’s plantar surface having healthy locomo-
tor system, resting upon the outer side of the middle plantar
at walking, while the elements of metatarsus possess certain
freedom.

The barogram in Fig. 5,b of the regions (la) and (1b)
unite the areas of the plantar found between the outer and
inner edges of the plantar. Such a configuration means that
the pressure variations under the cuboidal and navicular
bones on the contact surface are varying synchronously
during walking. This fact helps to make a diagnosis of Pes
planovalgus. Changes in the direction of the long axis
of region (2) from the coaxial about the plantar for the
perpendicular one proves that the metatarsus elements have
lost their freedom and the patient is affected by a Trans-
verse flatfoot.

It seems promising to use the modern mathematical
apparatus for data processing to employ the prediction
by using the database (Winter, 1991) and to conduct
complex investigations on the base of uniting measuring
systems for recording 3D displacements of a specific set
of points on human body and barometric data (Pauk, 2005;
Krupicz et al., 2008).
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Abstract: Purpose of the paper is to present some examples of application of the optimal control at energy performance
index in mechatronic solutions. In the paper were presented methods of vibration surveillance of mechanical systems
idealised discretely. These methods were applied in robotics (industrial robots) as well as — for high speed ball end milling
processes of flexible details. As example of non-linear system, a possibility of the use of optimal control at energy perfor-

mance index for wheeled robots was presented.

1.INTRODUCTION

Here is defined general form of energy performance
index, which considers changing with time kinetic energy
and potential energy of the system, i.e. (Kalinski, 2001):

1 L =\ T * .*_;
J(t)—E(q —9'QM(q -+ (1)

1 e 1
E(q—q)erK (q —q)+5uTRu

where: Q — matrix of dimensionless weighing coefficients,
R — matrix of control command effect, M — matrix of iner-
tia, K — matrix of stiffness, q — vector of generalised coor-

dinates of the real motion trajectory, q — vector of genera-

lised coordinates of the given trajectory, u — vector
of control commands.
Vector of generalised displacement q is solution of the

following equation:
K'q=f, 2

where: f0 - vector of non-potential generalised forces of
the system, which are system’s loads for the given trajec-
tory.
In particular case fO = £* (see Eq. 4).

Vector of the generalised velocities g is time derivative

of the q vector.

Matrix Q1 defines influence of the kinetic energy of the
vibrations, what is particularly important in process of the
free vibrations surveillance, while Q2 — influence of the
potential energy, which is important for the vibrations sur-
veillance of the systems with delayed feedback (Kalinski,
2001).

If the task of the control unit in the system is to survey
vibrations, then assumption has been made that the control
signals do not influence the given trajectory movement.
Thus we equal variation of the performance index to zero.
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After suitable transformations, relationship describing
optimal control command has been obtained, i.e.:

w=—(R+R")" [B (1)@ (1.0)dr

{TIT (M*TQIT +Q1M*)|:q* —(K*71f0 +K*71f0 )]
+T/(K7Q) +Q,K")(q" —-K™'f, )}

(€))

A very important and thusfar unresolved problem is
how to determine values of the components of matrices QI,
Q2, R (Engel and Kowal, 1995). Random selection of these
values ought to be avoided, because the surveillance effect
depends on them. It is difficult to find effective method
for searching of the large dimension space of parameters.
One indication leads to a use of computer simulation
methods (Gorecki et al., 1983).

2. OPTIMAL CONTROL AT ENERGY PERFOR-
MANCE INDEX IN HYBRID SYSTEM

Here is introduced dynamic equation of controlled

non-stationary  system, described in  generalised
coordinates:
Mg, +L'q,+K'q,=f"+B, +u “)

Signs M*, L* K* B*u, q*, f* and u denote respec-
tively matrices of inertia, damping, stiffness and control,
and also vectors of generalised displacements, forces and
control commands of the system.

2.1. The hybrid system

Further consideration relates to the system decomposi-
tion into following ones (Kalinski and Chodnicki, 2007).



1. Modal subsystem, which is described in generalised co-
ordinates q,,. Matrices of inertia, damping and stiffness
are M, L., K., but vector of generalised forces
is f,,. Properties of that subsystem are defined by:

Q =diag[®y; O, ... Oomeq] — Matrix of undamped angu-
lar natural frequencies @y, k=1, ..., mod, y,=[ ¥y, ...
Wmod] — matrix of normal modes ¥, corresponding
to undamped angular frequencies of the system ay, i=1,
vy mod, Lo=diag[{; & ... (moq] — matrix of dimen-
sionless damping coefficients corresponding to modes
k=1, ..., mod, mod — number of modes being considered.
Thus, following conditions are fulfilled:
q,=%,a,,¥Y'M, ¥ =1,%¥Y'L ¥ =229,

m<m m=—mm

2. Structural subsystem, described in generalised co-
ordinates ;.
3. Connective subsystem, whose generalised co-ordinates
are (.
It is assumed that rheonomic—holonomic bilateral
constraints are between co-ordinates of modal subsystem
gm and connective subsystem qc, that is to say:

W.4q.=W,q, o q = Wq, (6)
and;
W = (W(‘TWC )71 WCTWm = W(t) (7)

Non-stationary controlled system being free-off-
constraints becomes stationary.

If we consider constraint reactions’ equation, con-
straints’ equations and their time derivatives, we shall
obtain description of dynamics of non-stationary controlled
system in hybrid co-ordinates &, that is to say:

Ag, +Bq,+Cq, =p(t,1-T) (8)

where:

&= {am} — hybrid co-ordinates of the whole system,
q,
Now we define energy performance index again, but
in the hybrid co-ordinates:

0-4fe- 5] e (-9

268 QK. (6-F)+ Ju'Ru

where: Q1&, Q2& — matrices of dimensionless weighing
coefficients, R — matrix of hybrid control efforts.

Thus, the optimal control command in hybrid co-
ordinates has been determined in similar way, as described
in Kalinski (2001). That is to say:

u=—(R+R")" [BI (£)®] (1,0)ds

[

{Té (MIQ], +Q, M, )[g _EJ + (10

T, (KEQ; + Qz;Kf)(é —E)}
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Description of controlled system in hybrid co-ordinates
significantly reduces size of the system. The latter
is of a great importance, especially in case of large multi-
degree-of-freedom systems.

Relationships (Eq. 8 — 10) showed, that for a perfor-
mance of optimal control in hybrid co-ordinates, here
is required matrix Qm of angular natural frequencies
and matrix Wm of corresponding normal modes of modal
subsystem. The latter are time-invariant, due to the modal
subsystem being stationary. In order to determine them
we can apply:

— Computer software for calculation of eigenfrequencies
and corresponding normal modes of systems idealised
discretely. In practise, we utilise high-degree-of-
freedom calculation models, created by the finite ele-
ment method.

— Methods of experimental modal analysis.

Both of the approaches above are recommended, with
respect to necessity of mutual verification of the results
obtained.

2.2. Cutting process dynamics

Dynamic analysis of a slender ball end milling process
has been performed, based upon following assumptions
(Kalinski, 2001).

— The spindle together with the tool fixed in the holder,
and the table with the workpiece, are separated from
the machine tool whole structure.

— Here is considered flexibility of the tool and flexibility
of the workpiece.

— Coupling elements (CEs) are applied for modelling
the cutting process.

— An effect of first pass of the edge along cutting layer
causes proportional feedback, but the effect of multiple
passes causes delayed feedback additionally.

|

structural \ T
subsysfem \ |
|

modal !

connective
subsystem

Fig. 1. A scheme of a slender ball end milling of one-side-supported
curved flexible billet
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As result of a milling process modelling, we get a hybrid

system in which are separated (Fig. 1):

— modal subsystem. It is a stationary model of one-side-
supported flexible billet, which displaces itself with
feed speed vf;

— structural subsystem, that is to say non-stationary
discrete model of ball end mill (speed of revolution n)
and cutting process;

— abstractive connective subsystem as conventional
contact point S between tool and workpiece.

For conventional contact point of tool edge and work-
piece (i.e. CE no. 1), proportional model of the cutting dy-
namics is included (Kalinski, 2001; Kalinski et al., 2006).
Thus, we can get:

F,(t)=F (t)-D, (t)-Aw,(t)+D,, (¢)-Aw,(t-7,)  (11)

After transformation of displacements to local co-
ordinate system of end mill as well as — flexible billet,
equation of dynamics shall get a form (Kalinski et al.,
2006):

Ag, +Bq, +Cq, =p(t,t—T) (12)

where:

KU)K+ZTT]%TO (13)

f_Zf F)+ZT (D, AW, (t-17,) (14)
But: q — vector of generalised displacements of the system,
M, L, K — matrices of decoupled system, F’, (t) — vector
of desired forces of CE no. I, DPl, , DOl — matrices
of proportional and delayed feedback of CE no. I, Aw(+—7))
— vector of deflections of CE no. I for time-instant t-tl.

The matrix of transformation TI(t) is time-dependent,
because several edges of the cutter change their positions
ourselves.

2.3. Dynamics of milling flexible details as of a hybrid
system

Vector of deflections of CE no. 1 can be described
in structural co-ordinates qs and modal co-ordinates
am, i.e.:

Aw, = T()q -W,
a

m

a=[10) -wo{T} 09

where: TI(t) — matrix of transformation of displacements
from a structural co-ordinate system to co-ordinate system
yll,yl2,y13 of CE no 1, Wml(t) — matrix of constraints
between displacements in modal coordinates and displace-
ments in coordinate system yl1,yl2,y13 of CE no L

Finally we shall obtain description of non-stationary
model of dynamics of the milling process in hybrid co-
ordinates, i.e.:
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K+in (6)D,, ()T, (1)

1=1 I=1

Z w ()0 ()T, () Z (D ()W, (1)

+

(1) Aw(r—17,)

| ZTORO | | 270
{} Z i ( F°() Z i (

(t)Aw(r-17,)

(16)

where: il — number of ,,active” coupling elements.
3. WHEEL MOBILE ROBOT

Mobile robots can be purposed for variety of applica-
tions, like for example, inspection and surveillance.
Performance of mobile robots during their tasks depends
on good integrity of their components and control
algorithms. Global positioning and task planning usually
takes a lot of time. However it is very hard to achieve good
performance without using an algorithm making fast cor-
rections of motor control signals during performance of
desired trajectory. Such low level control procedures
should run not only fast but should also be based at dy-
namic model of the robot for providing optimal control
commands.

-

Fig. 2. 2-wheel mobile platform

This part of the paper is devoted to description of a use
of the energy performance index for low level control
of the 2-wheel mobile platform (Fig. 2). Two-wheel mobile
platform is equipped with two independently driven
wheels. Third wheel is used as third point of support for the
platform and has ability of rotating freely and can achieve
any orientation, together with the robot frame. Assumptions
are made that robot moves over flat, horizontal surface
without slippage and the wheels and other parts of the robot
do not experience any deformations during the movement.
Mathematical model of two-wheel mobile robot is strongly



nonlinear (Giergiel at al., 2002). Two-wheel robot is cha-
racterized by non-holomic constraints. Supervising the
movement of the two-wheel mobile robot is not trivial task,
because of nonlinearities and kinematic constraints between
instantaneous velocities of characteristic points.

3.1. Optimal control at energy performance index

Let us assume that control unit is minimising errors in
courses of the velocity of the characteristic point A and the

angular velocity [ of the robot frame. In such a case,

errors in courses of surveyed, generalised velocities could
be a source of position errors, which are not being surveyed
(Kalinski and Mazur, 2007).

Let us denote mobile platform point H, which follows

the path. Velocity components of that point X, and y,,

have to be modified in such a way that they will correct
position errors. Projections on the global coordinate system
of the position errors could be divided by time-interval
during which we are going to correct this error.

Obtained additional velocity components of the chara-
cteristic point H allow us to define additional angular
velocities of the driving wheels, with a use of the problem
of inverse kinematics.

We assume such obtained additional velocities to the
velocities obtained from the question of inverse kinematics
for the desired trajectory. A superposition rule is not valid
towards non-linear systems. Thus, computation should be
performed only for adequately short period of time. With-
out making a great error, it is allowable to consider that
motion parameters are not changing during the period of
the
assumed step of time.

Investigated mobile robot moves over horizontal sur-
face; hence potential energy of the robot does not change in
time. Here is defined energy performance index, which
refers to changing with time kinetic energy of the system
(Kalinski and Mazur, 2007):

J(r)=g(q—a—anM(q—a—a)%uTRu (17)

where: Q — matrix of dimensionless weighing coefficients,
R — matrix of control command effect, ¢ — vector of gen-
eralised velocities of the real motion trajectory, q —vector
of generalised velocities of the given trajectory, which
was obtained from the question of inverse kinematics,
q — vector of additional, generalised velocities, which are
the results of difference between actual and desired posi-
tion of the mobile platform, divided by assumed time-step.

Further we consider a system with kinematics con-
straints. For such the system it is possible to define varia-
tions of generalised velocities. We shall obtain an optimal
control command as follows:

1+At

u=—(R+R")" _[Bur(r)er(ta 7)dz- (18)

T'M'Q" +QM)(—q —q)

acta mechanica et automatica, vol.2 no.4 (2008)

where: T=[1 0] B= [BZM’T O]T, X= [(']T qT]Ts o(t,7) —1s
solution to homogeneous differential equation x = Ax, .

Computer simulations proved that optimal control of the
two-wheel mobile robot with the energy performance index
(Kalinski and Mazur, 2007) allows us to achieve very accu-
rate trajectories. Performance of the real wheeled mobile
robot depends strongly on the unit ability to generate
optimal control commands. Because of the non-linearity,
control signal should be generated very frequently and thus
measurements should also be made very often. Encoders
allow us to make nearly instantaneous measurements with
good resolution. Such measurements are indirect. Spinning
the wheel caused by non-optimal control signals can be
a source of measuring errors. It is impossible to eliminate
the need of the use of direct methods of measurement, but
for short distance and for supervising of the movement
presented method should allow us to achieve very good
results. Better performance at the short distance should
improve overall performance of the mobile robot.

3.2. Computer simulation

For a research of presented method there have been de-
veloped the author computer programmes written in the C
code. Given trajectory has three main stages. In the 1™
stage mobile platform accelerates from zero to given veloc-
ity v, of the characteristic point 4. Next, the platform has

to

follow a quarter of the circle with constant speed of chara-
cteristic point 4. At last stage the platform has to follow
straight line also with constant speed. Presented path was
smoothed, because of using clothoid.

16 — o] I

14 o4
12 o \ |

00003 |

]
[rad)

E s

-0.0004 \ |
08 { |
04 -0.0005 ‘I F‘I
W\ v
-0.0006 \
02 v J

0.0007
0 2 4 & 8 10 1z 14 16 0 2 4 & & 10 12 14 18

sl (sl

Fig. 3. Course of orientation angle and error of the orientation angle

Fig. 3 shows that course of the orientation angle 8 of the
mobile platform at the optimal control is very good. Errors
are significantly small and they are approaching zero by the
end of simulation.

3.3. Real 2-wheel platform

In the (Fig. 4) is shown 2-wheel mobile robot con-
structed and assembled for the test of the presented control
algorithm.

Initial tests of the optimally controlled two wheel mo-
bile robot with the performance index were succeeded (Fig
5). Measured trajectory of characteristic point H is very
close to the desired trajectory. It was shown that robot
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performed the trajectory very well. These measurements
were based on counting the encoders impulses. The latter
means that jerks and spin effects have not been detected
during these initial tests. Complete tests will be set up in
the nearest future. It is also expected to make experiments
with implementations of various control algorithms.

Fig. 4. Constructed mobile robot

Presented method for low level control of 2-wheel
mobile platform appeared to be very effective. The latter
is supported with following arguments.

— During simulation achieved trajectories were very accu-
rate.

— Presented algorithm seems to be practically stable,
because errors were eliminated and desired trajectories
stay close to the obtained during simulation time.

— Results of the initial tests on real object appeared
to be very good.

Fig. 5. Measured and desired trajectory of the point H

28

4. SUMMARY

An optimal control at energy performance index for
a surveillance of various mechanical discrete systems
appeared to be effective rule for new ideas of mechatronic
solutions. Meaning of the latter is evidenced by theoretical
derivations, computer simulations as well as by experi-
ments on real structures.

The novel method of vibration surveillance during ma-
chining of curved flexible details is purposed for develop-
ment with success. We use modal model of the workpiece
whose parameters are identified during modal tests and
analytical derivations. Employment of the FEM model
compatible with a real billet and creation of the hybrid non-
stationary system of the milling process lead to assure
an efficiency of vibration surveillance.

The computation results are comparable with real
behaviour of 2-wheel mobile platform. It means that such
simulation is valuable tool in the process of designing of
the motion path and control unit of real mobile platforms.
Research showed that proposed surveillance algorithm
is reliable and effective. According to that 2-wheel mobile
platform is an example of non-linear system, it means that
such algorithm could be used also for a surveillance of non-
linear systems.
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Streszczenie: W pracy przedstawiono metodg obliczania trwalosci zmgczeniowej elementdéw o niejednorodnych rozktadach
naprezen zmiennych bazujaca na dwuwymiarowym rozktadzie prawdopodobienstwa zniszczenia elementu. Zaproponowany
dwuwymiarowy rozktad inicjacji pegknigcia zmeczeniowego wykorzystuje standardowe charakterystyki zmgczeniowe
i pozwala na obliczenia trwalo$ci zmgczeniowej dla dowolnego poziomu prawdopodobienstwa. Metoda zostata przeana-
lizowana przy wykorzystaniu badan zmgczeniowy probek wykonanych z trzech stali konstrukcyjnych o réznej geometrii.

1. WPROWADZENIE

Ztozone ksztalty elementéw maszyn i konstrukcji oraz
czgsto sposob obcigzenia, generuje powstawanie obszarow
w materiale o niejednorodnym stopniu uszkodzenia zme-
czeniowego. Badania doswiadczalne wykazuja, ze trwato-
$ci takich elementow wyznaczone na podstawie maksymal-
nych naprezen lokalnych sg zawyzone w stosunku do trwa-
toéci eksperymentalnych (Papadopoulos i Panaskaltsis,
1996; Morel i Palin-Luc, 2002).

Z przegladu literatury specjalistycznej mozna wyrdznic
dwie grupy metod, ktore uwzgledniaja wptyw gradientu
naprezen na trwalo§¢ zmegczeniowa. Pierwsza, bardziej
rozpowszechniona grupa to metody deterministyczne,
w ktorych trwato$¢ zmeczeniowa wyznacza si¢ SciSle
bez uwzglednienia probabilistycznego charakteru zmecze-
nia materiatu. Dominuja tutaj metody polegajace na zredu-
kowaniu pola naprezen do naprgzen lokalnych poprzez
proces usredniania (Morel i Palin-Luc, 2002). Druga grupa
to metody probabilistyczne bazujace na koncepcji najstab-
szego ogniwa, w ktorej zaklada sig, ze wielko$¢ obszaru
narazonego na zmienne napre¢zenia o réznych poziomach
wplywa na prawdopodobienstwo wystapienia pgknigcia.

W pracy zaprezentowano probabilistyczng metodg sza-
cowania trwatosci zmeczeniowej elementow konstrukcyj-
nych bazujaca na koncepcji najstabszego ogniwa (the
weakest link concept, (Weibull, 1939, 1949; Bomas i inni,
1999; Delahay i Palin-Luc, 2006). W przeciwienstwie do
klasycznego w tej koncepcji podejscia polegajacego
na wyznaczeniu rozktadu prawdopodobienstwa wytrzyma-
losci zmeczeniowej Pz-ca, przy danej trwalosci zmecze-
niowe] N (liczby cykli do zniszczenia), przedstawiona
w pracy metoda uwzglednia wzrost prawdopodobienstwa
wystapienia pgknigcia ze wzrostem zrealizowanej liczby
cykli obciazenia. W obliczeniach przyjeto rozklady typu
Weibulla, ktoérych parametry uzalezniono od lokalnych
wartoéci naprgzen/odksztalcen ekwiwalentnych i standar-
dowych charakterystyk zmgczeniowych.

2. OPIS METODY

Koncepcja najstabszego ogniwa, ktora lezy u podstaw
proponowanej metody oraz teorii Weibulla zostata sformu-
towana juz w latach dwudziestych XX wieku. Podstawowe
zatozenia koncepcji najstabszego ogniwa to: (i) dany
element konstrukcyjny zawiera statystycznie rozmieszczo-
ne rdéznego rodzaju mikro defekty; (ii) inicjacja peknigcia
nastapi w pewnym elementarnym obszarze (ogniwie)
elementu, ktory zawiera ,,najbardziej niebezpieczny de-
fekt”; (iil) wystapienia inicjacji pgknig¢ zmgczeniowych w
poszczegodlnych ogniwach elementu sa od siebie niezalez-
ne.

Dla kolejnych elementéw o tej samej geometrii
i obciazeniu ,,najbardziej niebezpieczny defekt” charakte-
ryzuje si¢ innymi cechami, co prowadzi do inicjacji pgknig-
cia przy innej liczbie cykli N. W przypadku niejednorodne-
go pola napr¢zen dany element jest dzielony na podobsza-
ry. Prawdopodobienstwo, ze w calym elemencie nie pojawi
si¢ peknigcie w przedziale [0, N] oznacza, Ze inicjacja pgk-
nigcia nie nastapi w zadnym elementarnym podobszarze.
Oznaczajac przez P,” prawdopodobienstwo, ze podobszar
(7) nie zainicjuje pgknigcia w pewnym przedziale liczby
cykli [0, N] to prawdopodobienstwo P, dla catego elementu
jest iloczynem prawdopodobienstw P :

i=k
T (M

i=1

P

r

gdzie k jest liczba wszystkich podobszaréw (ogniw).
Przyjecie wyktadniczej postaci rozkladu P = ¢ /")
prowadzi do zastapienie iloczynu IT we wzorze (1) operacja

sumowania (catkowania) wyktadnika liczby e:
. . ) _ (i+1) _ ()y_ o (1)
F, :P;fl)'P,le)...:e 1@ /(6T = /e @

Taka posta¢ rozktadu prawdopodobienstwa zmiennej
losowej zaproponowat Weibull w 1939 roku, uzalezniajac
rozktad P, od poziomu naprezenia o). Klasyczna
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(Weibullowska) posta¢ rozktadu prawdopodobienstwa
P, =1-P, zniszczenia elementu jest nastgpujaca:

u

1
7EJ gloxe o )" o-0, " 22.2b.2
PZ =l-e © s g(o‘) = o_— (J) . s ( a, s C)

gdzie Q, jest objgtoscia lub powierzchnia referencyjna
elementu charakteryzujacego si¢ rozkladem (2). Natomiast
g(o) jest funkcja tzw. ,ryzyka zniszczenia”, ktorej postac
zalezy od wtasnos$ci materiatu. Weibull zaproponowat dwu
(2b) 1 trzy (2c) parametrowa posta¢ funkcji g(o), gdzie oy,
o,, m sa odpowiednio naprezeniowymi parametrami: prze-
sunigcia, skali i ksztaltu rozktadu (2a). Z uwagi na rozne
wlasnosci materiatu na jego powierzchni oraz w objgtosci,
Weibull rozwazal wyznaczenie rozktadu prawdopodobien-
stwa zniszczenia osobno w objgtosci V' materiatu (o= V)
jak 1 na powierzchni swobodnej 4 elementu (@=A4).
W przypadku procesow zmegczeniowych rozktad prawdo-
podobienstwa zniszczenia elementu jest dwuwymiarowa
funkcja amplitudy napre¢zenia o, i liczby cykli N do znisz-
czenia elementu P,=f{ o, N). Posta¢ takiej funkcji nie zosta-
ta

jednak zaproponowana przez Weibulla. Inni badacze
(Bomas i inni, 1999; Delahay i Palin-Luc, 2006) rozwijali
ta koncepcje, ale ich badania skoncentrowaty si¢ na wyzna-
czeniu funkcji typu P, =f{o,, N =poziom granicy zmecze-
nia), czyli na zagadnieniu czy element ulegnie zniszczeniu
lub nie, bez wzgledu na liczbg cykli.

W niniejszej pracy przedstawiono koncepcje obliczania
trwalo$ci zmegczeniowej elementdw na podstawie dwuwy-
miarowego rozkladu prawdopodobienstwa P =f(D, N),
gdzie D jest uogodlniona zmienna zalezna od poziomu na-
prezenia/odksztatcenia. Ogolna postac takiego rozktadu jest
analogiczna do klasycznego rozktadu Weibulla (2a), czyli:

—QLJ.h(N,D)dw

Pzzl—e ‘o s (3)

gdzie funkcja ,ryzyka zniszczenia” h zalezy od dwoch
zmiennych: D i N.

Przeprowadzajac testy zmeczeniowe na danym pozio-
mie amplitudy naprezenia o, (D=0,) otrzymane trwatoSci
zmegczeniowe N wykazuj¢ pewne rozproszenie. Czgs¢ ba-
daczy (Schijve, 1993 ) sklania si¢ do pogladu, ze rozktad
Weibulla dobrze opisuje rozrzut trwalosci zmegczeniowe;j
w skali logarytmicznej, co wyraza si¢ zaleznos$cia:

P =1- e[lg% : (4)

gdzie u jest wspolczynnikiem skali, m jest wspotczynni-
kiem ksztaltu. Ksztatt rozktad trwatosci zmgczeniowej N
jest wyrazony wartosciami parametrow u i m, ktore zaleza
od poziomu amplitudy naprgzenia o,. Prawidlowo uzalez-
niony wspoélczynnik skali x# od poziomu naprgzenia o,
powinien umozliwi¢ poréwnanie rozrzutow trwalosci zme-
czeniowej uzyskanych dla ré6znych poziomow o,. W zwiaz-
ku z tym wspolczynnik skali 4 przyjmuje formg
u=log(Ny), gdzie N jest charakterystyczna (referencyjna)
dla danego poziomu ¢, trwaloscia zmgczeniowa. Przy zato-
zeniu,
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ze wspolczynnik skali u jest cecha materiatowa, trwato$¢ N,
mozna wyznaczy¢ ze standardowej charakterystyki zmg-
czeniowej typu o,-N; Dla stalego wspétczynnika skali
log(Ny) wspdtczynnik m odpowiada za ksztatt rozkladu,
czyli

za szerokos$¢ pasma rozrzutu trwatosci N. A zatem, wspol-
czynnik m jest cecha jakosciowa wykonania danego
elementu, ale nie tylko. Przy duzych obciazeniach, czyli
matej trwatoSci N, rozrzuty sa mniejsze niz przy obciaze-
niach mniejszych. Przy obcigzeniu réwnym statycznej
granicy wytrzymatosci trwato$¢ N, w sensie zmeczeniowym
nie wykazuje praktycznie zadnego rozrzutu (N—1 cykl
obciazenia). Z drugiej strony przy obciazeniach na pozio-
mie granicy zmegczenia jedne probki ulegaja zniszczeniu a
inne maja trwato$¢ nieograniczona, co prowadzi do znacz-
nych rozrzutow trwatosci. Symulacje przeprowadzone dla
rownania (4) wykazuja, ze przy stalej funkcji skalujacej
log(Ny) rozrzutu maleja dla wzrastajacej wartosci funkcji m.
Prosta funkcja spehlniajaca takie wymagania jest funkcja w
postaci:

m(c)=m(N,)= logg\f > (5)
f

gdzie p jest wyodrgbniona cecha jakosciowa wykonania
danego elementu. Ostatecznie rozklad prawdopodobien-
stwa (4) zniszczenia elementu przyjmuje postac

[ log(V) ]‘g"i‘” o
log(N /) (6)
W przypadku rownomiernego rozkladu naprezen

o powierzchni swobodnej (referencyjnej) réwnej A,
wzor (6) redukuje si¢ do nastgpujacej formy

»
[ log(v) Yee¥p)
log(N ;)
e .

P(N)=1-

P(N)=1- (7

BE
o “ﬁ““"""”““""0940%?4 ::1{2;;56:;

8
10
106
100 4 105 .
10 N /o cykli

Rys. 1. Symulowany dwuwymiarowy rozktad prawdopodobien-
stwa peknigcia elementu wykonanego ze stali 18G2A
dla p=580

Na rysunku 1 przedstawiono przyktadowy dwuwymia-
rowy rozktad prawdopodobienstwa zniszczenia otrzymany
na podstawie zaleznosci (7) przy wykorzystaniu charakte-
rystyki zmeczeniowej o,-Nystali 18G2A (Tab. 1) oraz przy-
jeciu wartosci parametru p = 580. Natomiast rysunek 2



przedstawia punkty eksperymentalne charakterystyki o,-N;

wraz z otrzymanym dla p = 580 rozrzutem trwatosci przy
P={0,0510,095}. Testy eksperymentalne dla wyznaczenia
charakterystyki o,-N; przerywano w przypadku osiagnigcia
5-10° cykli, co odpowiada o= o*=175,4 MPa. Takie samo
zatozenie nalezy przyja¢ przy wyznaczaniu rozktadu praw-
dopodobienstwa P, czyli P,(c< o*) =0.

+ punkty eksperymentalne |
= krzywa referencyjna

= P.=0,63 Probki niezniszczone
s /
~ > =
< o =0
SRR Dﬁ[* a_df
10
+>
0\ *
> o =0
,,,,,,,,, a__a _
1022 ! N>s 10°
4 5 6 ‘ 7 8
10 10 10 10 10
N, cykli
7

Rys. 2. Charakterystyka zmeczeniowa o,-N; z punktami ekspe-
rymentalnymi wraz z rozrzutem trwatosci zmegczeniowe;j
wyznaczonym dla p=580.

Przecinajac dwuwymiarowy rozktad P.o,, Ny) plasz-
czyzna pozioma otrzymujemy charakterystyke zmeczenio-
wa 0,-N; dla dowolnego poziomu prawdopodobienstwa
(Rys. 1). W przypadku funkcji rozktadu wedlug rownania
(7) krzywa referencyjna o,-N; (Tab. 1) odpowiada prawdo-
podobienstwu P, = 0,63 (dla N=N,). W przypadku przyjecia
rozktadu logarytmiczno normalnego krzywa referencyjna
odpowiadataby prawdopodobienstwu P.=0,50. Krzywa
referencyjna dla stali 18G2A zostata wyznaczona w ukta-
dzie podwojnie logarytmicznym metoda regresji liniowej
na podstawie wynikow badan zmegczeniowych dla o,>o,.
Jezeli trwalo$ci eksperymentalne uktadatyby si¢ wedlug
rozktadu logarytmiczno normalnego to liczba punktow
po lewej stronie krzywej referencyjnej bytaby réwna licz-
bie punktow po jej prawej stronie P,=0,50. Catkowita licz-
ba punktéw uzytych do wyznaczania parametrow krzywej
0,~-Nr (0> 0y, 1ys. 2) jest rowna n,~=19, a liczba punktéw
po lewej stronie krzywej referencyjnej n=12, co daje iloraz
rowny n,/n=0,632. Wynik ten sugeruje poprawnos¢ zaloze-
nia o rozkladanie trwatosci typu (7), gdzie P=0,63.

Opisana metoda jest zaproponowana z mysla o jej za-
stosowaniu w dowolnym zakresie liczby cykli do inicjacji
peknigcia. Taka koncepcja wymaga przedyskutowania
podstawowego zatozenia metod probabilistycznych o nie-
rach (ogniwach) elementu konstrukcyjnego. Niezalezno$ci
peknig¢ poszczegdlnych elementarnych podobszarow ozna-
cza, ze inicjacja peknigcia w jednym (pierwszym) pod-
obszarze definiuje zniszczenie catego elementu. W prakty-
Popularng definicja inicjacji pgknigcia jest przyjgcie pew-
nej krytycznej dlugosci makroskopowego peknigcia, kto-
remu odpowiada trwalo$¢ o dominujacym okresie bez za-
uwazalnego pgknigcia. Postuluje sig, ze koncepcja najstab-
szego ogniwa moze by¢ stosowana w zakresie dowolnej
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liczby cykli, jezeli dtugos¢ peknigeia definiujaca zniszcze-
nie elementu bgdzie osiagnigta w okresie zdominowanym
przez mechanizm inicjacji, w ktérym nie ma wyraznej
interakcji pomigdzy mikropgknigciami. Odksztatcenia pla-
styczne spowalniaja predko$¢ rozwoju szczeliny zmgcze-
niowej

i w takim przypadku zbyt dtugie pekniecie bytoby osiagnig-
te w okresie propagacji szczeliny. Propagujaca szczelina
nachodzi na kolejne ogniwa, niszczac ich potencjal na
zainicjowanie pgknigcia i niwelujac w ten sposob hipoteze
o niezalezno$ci peknigé. Podsumowujac, koncepcja naj-
stabszego ogniwa moze by¢ stosowana w dowolnym zakre-
sie liczby cykli, jesli dlugos¢ peknigcia, definiujaca znisz-
czenie elementu, jest osiagnigta w dominujacym mechani-
zmie inicjacji pgkania, czyli dla materialtow o makrosko-
powych cyklicznych odksztatceniach plastycznych, peknig-
cia (definiujace okres inicjacji) powinny by¢ stosunkowo
krotkie.

3. ZASTOSOWANIE DWUWYMIAROWEGO ROZ-
KEADU PRAWDOPODOBIENSTWA P, W OBLI-
CZENIACH TRWALOSCI ZMECZENIOWEJ

Przyjmujac, ze za zniszczenie elementu odpowiadaja
peknigcia majace miejsce na powierzchni swobodnej
elementu (w=A4, Qy=A4,) oraz znajac parametry dwuwymia-
rowego rozkladu prawdopodobienstwa (6), procedura
wyznaczania trwato$ci zmeczeniowej elementu o niejedno-
rodnym polu naprgzen jest nastgpujaca:

— powierzchnia swobodna rozwazanego elementu jest
dzielona na podobszary A4”, w ktorych panuje jedno-
rodny rozktad napre¢zen/odksztatcen (Rys. 3a).

@ c (b)

Rozklady
prawopodobiefistwa
trwato$ci podobszarow

(V
(2)

P

AP } 10

Krzywa referencyjna

R LA S I I =

10 N;U 10° N;‘)) 10° 10’

Rys. 3. (a) Wydzielone podobszary elementu o jednorodnych
rozktadach napre¢zen, (b) rozktady prawdopodobienstwa
trwatosci P, indywidualnych podobszaréw na tle
krzywej referencyjne;j.

— w kazdym podobszarze 4 wieloosiowy stan napreze-
nia 0;,”(f) jest redukowany do stanu ekwiwalentnego
o-eqa(i) wykorzystujac odpowiednie kryterium wielo-
osiowego zmgczenia materiatu.

— na podstawie ekwiwalentnego naprezenia i charaktery-
styki zmeczeniowej o,—N; obliczamy lokalng (i) liczbe
cykli N do zniszezenia dla kazdego podobszaru 4”
(Rys. 3b). Znajac funkcje skalujaca log(Nf(i)) wyzna-
czamy rozklad trwatoéci p =1-p® (Rys. 3b)

»

,L[M]‘“g[ ) o

Ay log(N(/”)

P (N)=e (®)
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— dla kazdej trwatosci zmeczeniowej N sumujemy wy-
kadniki liczby e funkcji (8) po wszystkich podobsza-
rach A otrzymujac funkcje:

P
LSH o) o N iy
Ay =\ log(N§)

P (N)=e oraz P,(N)=1-P,(N).

— trwalosci NV, obliczamy dla P,(N,,) = 0,63. W podobny
sposob mozna obliczy¢ trwato§é zmegczeniowa dla do-
wolnego poziomu prawdopodobienistwa, czyli rozrzut
trwalo$ci zmeczeniowe;.

4. WYZNACZENIE PARAMETROW DWUWY-
MIAROWEGO ROZKLADU PRAWDOPODO-
BIENSTWA ZNISZCZENIA ELEMENTU

Wykorzystujac  standardowa krzywa referencyjna
0,~-Nj;, liczba parametréw rozktadu dwuwymiarowego (6)
zostata ograniczona do dwoch tj. Qg i p. Pole powierzchni
Iub objgtos¢ probki referencyjnej jest to obszar o jednorod-
nym rozkladzie naprezen probki wykorzystanej przy wy-
znaczaniu krzywej referencyjnej o,-Ny (probki referencyj-
ne).

Parametr p odpowiadajacy za rozktad rozrzutéw trwato-
$ci zmegczeniowej moze by¢é wyznaczony na podstawie
badan eksperymentalnych probek, jesli charakteryzuja sig
one takim samym rozkladem defektow (rodzaj i morfolo-
gia) jak analizowany element konstrukcyjny. Zazwyczaj
jednak, jako$¢ wykonania elementéw konstrukcyjnych
rézni sie,
od jakosci probek. W takim wypadku, parametry rozktadu
najlepiej dopasowac na podstawie jednej serii badan ekspe-
rymentalnych konkretnego elementu przy prostych obcia-
zeniach. Taka procedure zastosowali migdzy innym Dela-
hay
i Palin—Luc (2006) przy wyznaczaniu parametrow jedno-
wymiarowego rozktadu typu (2). W niniejszej pracy zasto-
sowano roéze wartosci parametru p, ktore poshuzylty do
obliczen trwalosci zmgczeniowej i analizy zaproponowane-
go modelu.

5. BADANIA EKSPERYMENTALNE

Do weryfikacji proponowanej metody wyznaczania
trwato$ci zmeczeniowej wykorzystano wyniki badan ekspe-
rymentalnych z trzech stali: 18G2A (Karolczuk i inni,
2007), AISI 1141 (Fatemi i inni, 2004), St3S (Stowik,
2007).

W badaniach stali 18G2A testom poddano probki krzy-
zowe (Rys. 4) z koncentratorem napr¢zen w postaci otworu
o trzech $rednicach d={2.,4; 2,5; 3,0} mm.

Podstawowe  wilasnosci  cykliczne badanej stali
18G2A, przedstawiono w tabeli 1. Badania prowadzono
przy kontrolowanych przebiegach sit: F,.(f)=F,sin(2nff),
F\(t)=F,,sin(2nft-6) o takich samych czgstotliwo$ciach
(f= 13 Hz) i zblizonych amplitudach sit Fy, i F,, z przesu-
nieciem fazowym &=180°. Za trwalo$¢ zmeczeniowa
uznano liczbe cykli N,,={39700+246695} odpowiada-
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jaca dhugosci pierwszego zarejestrowanego peknigcia
a={0,07+0,37} mm (Rys. 5). Dokladniejszy opis badan
zawarto w pracy ().

-
7
zz
E
[+ ]
7
o

Rys. 4. Geometra probki krzyzowej; d={2,4; 2,5; 3,0} mm;
h={1,20+1,86} mm

Rys. 5. Schemat obciazenia probki krzyzowej z potozeniem pek-
ni¢é¢ zmgczeniowych

Tab. 1. Cykliczne whasnosci stali 18G2A przy wahadlowym roz-
ciaganiu $ciskaniu i wielko$¢ pola referencyjnego 4,

o, =0, (N, /N, " el =(o, k)" Ay
Oufs Mg, - N, K, n', - mm?
MPa cykli MPa
204 832  1,426-10° 1323 0,207 1256

Indeksy: af — granica zmgczenia, a — amplituda, p — czgs$¢ plastyczna

Druga cze$¢ wynikow eksperymentalnych zaczerpnigto
z pracy (Fatemi i inni, 2004). Przebadane probki wykonano
ze stali AISI 1141 (Tab. 2) w dwodch stanach bez obrobki
cieplnej (AF) i po obrobce cieplnej (QT-hartowanie
i odpuszczanie). Probki z karbem obraczkowym (Rys. 6)
o dwoch promieniach  zaokraglenia dna karbu
R={0,529; 1,588} mm poddano jednoosiowym obciazeniu
o zerowej wartosci $redniej. Trwalo$¢ zmegczeniowa to
liczba cykli do catkowitego zniszczenia probki w zakresie
Neyp={6991+756000}. Dominujacym okresem trwatosci
zmeczeniowe] byt okres inicjacji peknigcia.

- Jpe

-

@12.7
@6.35

Rys. 6. Geometria probki z karbem obraczkowym wykonanej
ze stali AISI 1141



Tab. 2. Cykliczne wtasnosci stali AISI 1141 bez obrobki cieplnej
(AF) 1 po obrobce cieplnej (QT) oraz wielko$¢ pola
referencyjnego 4,

e,=0, "EQN,f +2,'2N,) & =(o,/K)" | Ao
EI 0/" ‘E‘f" b’ C) K” n" mm
GPa | vipa - - MPa -

AF | 200 | 1296 | 1,026 |-0,088 |-0,686 | 1205 | 0,122 | 162
QT | 212 | 765 | 1,664 |-0,041]-0,704| 1133 | 0,134 | 162

2

Trzecia cze$¢ wynikow eksperymentalnych zaczerpnig-
to z pracy (Stowik, 2007). Probki z karbem obraczkowym
wykonane ze stali St3S (Tab. 3) poddano jednoosiowym
obciazeniu F(f)=F,sin(2nff) o zerowej wartosci $redniej
(/={0,6+4,0 Hz}). Trwalo§¢ zmgczeniowa to liczba
cykli do pojawienia si¢ makro-pgknigcia w zakresie
N.,={2730+322000}.

3ge

RO.8

@23
@15

Rys. 7. Geometria probki z karbem obraczkowym wykonanej
ze stali St3S

Tab. 3. Cykliczne wlasnosci stali St3S przy wahadtowym rozcia-
ganiu $ciskaniu i wielko$¢ pola referencyjnego 4,

g, =0, EQN,) +&, "N, ) & =(o, k)" | Ao

E! Uf" é'f»', b’ C, K’, n', mm2
GPa MPa _ - - MPa -
200 1964 | 0,828 |-0.201|-0,620 | 851,5 | 0,168 | 1885

6. WYNIKI OBLICZEN

Ze wzgledu na posiadane charakterystyki zmgczeniowe
oraz prosty stan obciazenia probek referencyjnych jak
i probek z karbem za kryterium wieloosiowego zmeczenia
materiatu  przyjeto kryterium maksymalnych naprezen
normalnych (probki krzyzowe) lub odksztalcen normalnych
(probki z karbem obraczkowym) w plaszczyznie krytycz-
nej. Wartosci ekwiwalentne wedtug tych kryteriow oblicza
si¢ odpowiednio

o,0)=0,0)=0,Onn,, &,(0)=¢5,)=e;(nn;, (92, 9b)

gdzie n; jest wektorem prostopadtym do plaszczyzny
0 najwigkszej warto$ci naprezenia max o, (1) lub odksztal-

cenia normalnego maxe, (r)- Z uwagi na symetrie obcigze-
t,n

nia i geometrii, obliczenia przeprowadzono dla reprezenta-
tywnej czgsci probki. Warto§¢ naprezen i odksztatcen obli-
czono na podstawie modelu ciata z umocnieniem kinema-
tycznym z wykorzystaniem metody elementéw skonczo-
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nych (elementy Lagrange’a 3D-2 rzedu) i programu
COMSOL (2006). W obliczeniach uzyto krzywa cyklicz-
nego umocnienia wedtug prawa Ramberga-Osgooda i wa-
runek plastycznosci wedlug hipotezy Hubera-Misesa-
Hencky’ego. Jako obszar @ przyjgto powierzchnie swo-
bodna elementu A. Powierzchnie elementéw skonczonych
potraktowano, jako podobszary A" opisane w paragrafie 3.
Na podstawie otrzymanych, dla réoznych wartos$ci parame-
tru p, rozktadéw P, obliczono liczbg cykli do inicjacji pek-
niecia N
dla trzech pozioméw prawdopodobienstwa: P,={0,05; 0,63;
0,95} (Rys. 8.). Dla stali 18G2A satysfakcjonujaca
zgodno$¢ uzyskano dla p=580 (Rys. 9). Natomiast dla stali
AISI 1141 najlepsza zgodnos¢ trwatosci eksperymentalnej
Ny, z obliczeniowa N, uzyskano dla p=340 (Rys. 10)
i to zarowno dla dwoch promieni zaokraglenia dna karbu
jak 1 obrobki: AF i QT. Dla stali St3S najlepsza korelacje
trwato$ci Ney, Z Ny uzyskano dla stosunkowo matlej warto-
$ci p=195, co odbija si¢ na duzym pasmie rozrzutu trwato-
$ci obliczeniowej (Rys. 11). Na rysunkach 9-11 umiesz-
czono dodatkowo pasmo rozrzutu o wspotczynniku 2 w
obrebie, ktorego mieszcza si¢ wszystkie obliczeniowe trwa-
loéci uzyskane dla P,=0,63 przy odpowiednio dobranym
wspotczynniku p.
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Rys. 8. Poréwnanie trwatoéci eksperymentalnej N,., z trwatoscia
obliczeniowa N, dla stali 18G2A przy p=400 z rozkla-
dem prawdopodobienstwa zniszczenia P,(N) dla wybra-
nej probki
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Rys. 9. Poréwnanie trwatoéci eksperymentalnej N,,, z trwatoscia
obliczeniowa N, dla stali 18G2A przy p=580
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Rys. 10. Poréwnanie trwato$ci eksperymentalnej N,,, z trwato$cia
obliczeniowa N, dla stali AISI 1141 przy p=340
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Rys. 11. Poréwnanie trwatosci eksperymentalnej N,, z trwatoscia
obliczeniowa N, dla stali St3S przy p=195

7. PODSUMOWANIE

W pracy zaproponowano procedurg¢ wyznaczania dwu-
wymiarowego rozktadu prawdopodobienstwa do zniszcze-
nia elementu P,-N-o/¢ 1 jego zastosowanie do obliczania
trwalosci  zmeczeniowej elementéw  konstrukcyjnych.
Podejscie pozwala na obliczenie trwatosci zmgczeniowej
dla dowolnego poziomu prawdopodobienstwa uwzglednia-
jac niejednorodny rozktad naprg¢zen w materiale. Przedsta-
wiony rozktad prawdopodobienstwa wedtug zaleznosci (6)
ma posta¢ ogoélna i moze by¢ stosowany dla réznych
charakterystyk zmeczeniowych, czy to naprezeniowych,
odksztatceniowych lub energetycznych.

Obliczeniowe wyniki trwalosci zmgczeniowe] Ny
dobrze koreluja z trwato$cia eksperymentalng przy p=580
dla stali 18G2A, p=340 dla stali AISI 1141 i p=195 dla stali
St3S. Nalezy zwrdci¢ uwage, ze trwaloSci zmeczeniowe
probek wykonanych ze stali AISI 1141 o réznym promie-
niu zaokraglenia dna karbu i po roéznej obrobce cieplnej
(o réznych charakterystykach zmeczeniowych) zostaty
dobrze wyznaczone dla takiej samej wartoSci parametru p.
Probki zostaly wykonane taka sama obrobka mechaniczna,
co potwierdza, ze parametr p jest cecha jakoSciowa elemen-
tow.
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APPLICATION OF TWO-DIMENSIONAL PROBABILITY
DISTRIBUTION IN FATIGUE LIFE CALCULATION

Abstract: The paper presents a methodology to determinate
a two-dimensional probability distribution P, of fatigue crack
initiation as a function of fatigue life N and damage parameter
o/e. P.-N-o/¢. The proposed probability function uses the parame-
ters of standard fatigue curve and allows calculating the fatigue
life of element with the non-uniform stress distribution.
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NUMERYCZNO-EKSPERYMENTALNA ANALIZA STANOW ZAKRYTYCZNEJ
DEFORMACJI PLYTY ROZCIAGANEJ OSLABIONEJ SZCZELINA
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Streszczenie: W pracy przedstawiono metodyke okreslania rozktadu naprgzen w stanach zakrytycznej deformacji poddane;j
rozciaganiu cienkosciennej ptyty prostokatnej ostabionej szczeling. Problem sformulowano, jako fizycznie i geometrycznie
nieliniowy. Analizy numerycznej dokonano metoda elementéw skonczonych. W trakcie rozwiazywania zagadnienia nie-
liniowego, progresywna zmiang geometrii ustroju w kolejnych krokach przyrostowych konfrontowano z wynikami réwnole-
gle realizowanych badan doswiadczalnych.

W celu odwzorowania szczeliny powstajacej w rzeczywistych warunkach eksploatacyjnych, badana plytg¢ poddawano zmien-
nemu obciazeniu pulsujaca sila rozciagajaca, wskutek czego dhugosé szczeliny ulegata zwigkszaniu. W warunkach obciaze-
nia statycznego, po przekraczaniu wartosci sity krytycznej odpowiadajacej geometrii plyty, w strefie ostabienia pojawiaty
sig, 1 w miar¢ wzrostu obcigzania narastaly przemieszczenia w kierunku normalnym do plaszczyzny ptyty, okreslane, jako
mar-szczenie lub wrinkling (ang.). Tego rodzaju deformacje powoduja wystapienie w konstrukeji zaréwno btonowego jak i
gigtnego stanu naprezenia. W celu okreslenia wptywu stopnia ostabienia plyty na rozktad i wartosci napr¢zen analiz¢ nume-
ryczng prowadzono dla trzech wybranych stanow ostabienia, ktérym przyporzadkowano trzy zréznicowane dlugosci szczeli-
ny osiagane w trakcie obcigzania ptyty pulsujaca sila rozciagajaca. Postugujac si¢ metoda mory cieniowej, we wszy-stkich
trzech stanach oslabienia rejestrowano wartosci i rozktady ugig¢ w warunkach identycznego obciazenia sita P=1500N.
Otrzymane rezultaty stanowily podstawg oceny wiarygodnosci wynikow nieliniowej analizy numerycznej, uwarunkowanej
obecnoscia zakladanej imperfekcji ptyty w stanie neutralnym.

Rozwazano dwa rodzaje imperfekcji: geometryczng - oparta na zatozeniu wstgpnego ugigeia plyty w strefie ostabienia oraz
w formie zaburzenia wywotanego obciazeniem normalnym do ptaszczyzny ptyty. Wskazano na istotne réznice w wynikach
analizy opartej na obu rodzajach imperfekcji.

W konkluzji, zwrocono szczegdlng uwagg na zasadnos¢ koncepcji formutowania problemu oraz wyboru strategii jego roz-

wigzywania w ujgciu nieliniowym, z jednoczesna eksperymentalng weryfikacja wynikow.

1. WPROWADZENIE

Racjonalne projektowanie ustrojow nosnych sugeruje
konieczno$¢ zwracania szczegdlnej uwagi na strefy charak-
teryzujace sig obecnoscia wysokich poziomow i gradientow
naprgzen decydujacych o trwalosci i niezawodnosci kon-
strukcji. Okre$lanie stanu naprgzenia w owych strefach
na etapie projektowania, gdy odpowiednich zmian w kon-
strukcji mozna dokona¢ przed kosztowna i czasochlonng
realizacja warsztatowa rozwiazania prototypowego wyma-
ga analizy pracy konstrukcji w petnym zakresie eksploata-
cyjnie dopuszczalnych deformacji. Dotyczy to w szczeg6l-
nosci ustrojow cienko$ciennych, w ktorych w zakresie
obcigzen dopuszczalnych wystepuja stany zakrytyczne.
Rozwiazanie problemu rozktadu napr¢zen w owych stanach
wymaga stosowania analizy nieliniowej opartej na meto-
dach numerycznych, gtéwnie metodzie elementow skon-
czonych. Mimo istnienia szerokiego spektrum metod i
algorytméw umozliwiajacych rozwiazywanie problemow
nieliniowych, w przypadkach ustrojéw cienkosciennych o
zlozonej geometrii, w trakcie rozwigzywania zagadnienia
nicliniowego otrzymywane konfiguracje geometryczne
odpowiadajace kolejnym stanom réwnowagi moga wyka-

zywaé znaczace rozbieznosci w stosunku do rzeczywistego
stanu deformacji rejestrowanego w trakcie badan ekspery-
mentalnych.

Do tej kategorii ustrojow mozna zaliczy¢ cienkie ptyty
ostabione obecnoscia szczelin lub wykrojow. Gdy kon-
strukcje te poddajemy rozciaganiu, w warunkach osiagania
lub przekraczania krytycznej wartosci obcigzenia w strefie
ostabienia pojawiaja si¢, i w miar¢ wzrostu obciazania
narastajg, przemieszczenia w kierunku normalnym do
plaszczyzny plyty okreslane jako marszczenie lub wrin-
kling (ang.). Zaistnialy stan deformacji zakrytycznej powo-
duje zasadnicza zmiang geometrii plyty, czego konsekwen-
cja jest istotna redystrybucja naprgzen.

Przyczyng lokalnej utraty statecznosci ptyty ostabionej
szczeling uzasadnia zaistnialy stan naprezenia. Uwidacznia
go rozktad izochrom obserwowany w modelu plyty wyko-
nanej z materiatu optycznie czynnego (rys. 1).

Wysokie rzedy izochrom sa tozsame z wysokimi warto-
$ciami ro6znicy gltownych naprezen normalnych, ktére moga
zaistnie¢ wylacznie w przypadku zachowania znakow prze-
ciwnych. W sasiedztwie frontu szczeliny, pojawiaja sig
zatem zardwno napregzenia rozciagajace, jak rowniez napre-
zenia $ciskajace w kierunku poprzecznym, co stwarza
warunki do zaistnienia lokalnego wyboczenia plyty.
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Rys. 1. Rozklad izochrom w plycie rozciaganej ze szczeling

Zagadnienia statecznosci prostokatnych plyt rozciaga-
nych ostabionych centralnie usytuowang szczeling stanowi-
ly przedmiot rozwazan szeregu autoréw (Markstrom
i Stordkers B., 1980; Sih i Lee, 1986; Shaw and Huang,
1990; Riks i in., 1992; Dyszel, 2002; Brighneti, 2005).
Prezentowane rozwazania, przeprowadzane na podstawie
teorii zlinearyzowanych ograniczaty si¢ do okreslania kry-
tycznych warto$ci obciazen oraz postaci wyboczenia ptyty
w zalezno$ci od orientacji katowej szczeliny.

W dazeniu do rozszerzenia zakresu badan nad zagad-
nieniem zjawiska marszczenia charakterystycznego dla
ustrojow cienkosciennych, w niniejszej pracy podjgto probe
rozszerzenia badan na zakres analizy stanow deformacji
zakrytycznych umozliwiajacej wyznaczanie rozktadu na-
prezen, w ptycie ostabionej szczelina. Przyjgto, iz rozwaza-
ne zagadnienie jest w zalozeniu nieliniowe w sensie fizycz-
nym i geometrycznym. W formie postulatu przyjeto, iz w
roz-wigzywaniu problemu fizycznie i geometrycznie nieli-
niowego zasadne jest dokonywanie biezacej konfrontacji
wynikow analizy numerycznej z prowadzanymi rownolegle
badaniami eksperymentalnymi. W tym celu wykonano
plyte z materialu wykazujacego wlasciwosci sprezyste i
nie-sprezyste, dla ktorego w probie jednoosiowego rozcia-
gania wyznaczono charakterystykg¢ natychmiastowa. W
trakcie badan ptyte poddawano zmiennemu obcigzaniu
pulsujaca sita rozciagajaca, wskutek czego dlugosé szczeli-
ny ulegata zwigkszaniu. Analiz¢ numeryczng prowadzano
dla trzech wybranych wartosci dlugosci szczeliny osiaga-
nych w trakcie badan zmeczeniowych, dla ktérych metoda
mory cieniowej (Patorski i Kujawinska, 1993) rejestrowano
rozktady deformacji w kierunku normalnym do ptaszczy-
zny plyty.

Obliczenia numeryczne wykonywano metoda elemen-
tow skonczonych. Zwrdocono szczegdlng uwage na sku-
teczno$¢ stosowanych metod i procedur, zapewniajacych
zgodnos¢ wynikoéw obliczen z eksperymentem. Stopien
zgodno$ci deformacji w stanie zakrytycznym przyjmowano
jako podstawg uznania za wiarygodny stan naprezenia
okreslony na podstawie nieliniowej analizy numerycznej
(Crisfield, 1997; Felippa i in., 1994; Felippa, 1976).

2. BADANIA EKSPERYMENTALNE

Przedmiot badan stanowila plyta o wymiarach: 300mm
x 250mm, grubosci 0.7mm (rys. 2) wykonana z poliwegla-
nu o charakterystyce fizycznej przedstawionej na rys. 3.

W centralnej czgsci plyty nacigto szczeling zorientowa-
na prostopadle do kierunku obciazania, o dtugo$ci poczat-
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kowej zblizonej do wymiaru L=30mm. Pelny wymiar
30mm osiagnigto w wyniku propagacji szczeliny
spowodowanej pulsujacym obcigzeniem rozciagajacym
zmieniajacym si¢ w przedziale: (0 — 1500)N (Kopecki
i Zacharzewski, 2006). Pltyte zamocowano w sztywnych
uchwytach, zapewniajacych stato$¢ docisku szczek. Poza
strefa ostabienia zlokalizowana w sasiedztwie szczeliny,
przyjety sposdéb mocowania plyty zapewniat jednorodnosé
pola przemieszczen, o dominujacej sktadowej zgodnej
z kierunkiem sity rozciagajacej. Jednorodnos¢ te kontrolo-
wano w trakcie badan, poddajac plytg ciaglej obserwacji
w $wietle spolaryzowanym.

:-
i
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Rys. 2. Geometria ptyty

Naprezenie normalne [MPa]

20 40 60 80
Odksztatcenie prébki [%]

Rys. 3. Wykres rozciagania materiatu ptyty

Rys. 4. Stanowisko do badan z zamontowang ptyta

Wskutek zmiennego obciazenia dtugos$¢ szczeliny ule-
gata zwigkszaniu w miarg wzrostu liczby cykli. Badania
prowadzono do czasu, gdy dlugos¢ szczeliny osiagneta
warto$¢ 70mm. Wtasciwosci polaryzacyjno-optyczne mate-
rialu plyty pozwalaly na jednoczesng obserwacje efektow
optycznych. Rejestracji obrazéw dokonywano postugujac
si¢ metoda $Swiatta odbitego. W tym celu badana plyte
pokryto od strony wewngtrznej warstwa refleksyjna.

Rys. 5 przedstawia rozklady efektow optycznych ob-
serwowanych w S$wietle kolowo spolaryzowanym, dla
trzech stanow deformacji odpowiadajacych wybranym



dlugosciom szczeliny. Rejestracji fotograficznej dokony-
wano przy identycznym poziomie obciazenia sila
P=1500 N.

Otrzymane obrazy nie stwarzaly podstaw do interpreta-
cji ilosciowej wynikéw, gdyz ze wzgledu na obecno$é
stanu gigtnego w strefach najwyzszego poziomu wytgzenia,
nie moga one by¢ interpretowane jako izochromy (Aben,
1979; Laermann, 1982). Jako wyniki badan doswiadczal-
nych o charakterze jakoSciowym sa wysoce przydatne w
ocenie rozkltadow wytgzenia otrzymywanych na podstawie
analizy numerycznej, jak rowniez w okreslaniu poziomow
obciazania, przy ktorych pojawiaja si¢ pierwsze, lokalne
deformacje trwate.

W kazdej z rozpatrywanych faz rejestrowano prze-
mieszczenie w kierunku normalnym do ptaszczyzny plyty
(ugigcie). Fotografig obrazujaca stan deformacji zakrytycz-
nej odpowiadajacy dlugosci szczeliny L=70mm przedsta-
wia 1ys.6, za$ obrazy prazkéw mory ilustrujace pole ugi¢é
prezentuje rysunek 7.

a)

Rys. 5. Rozklady izochrom w strefie szczeliny w warunkach
ckstremalnego obcigzenia, a) L=30 mm; b) L=50 mm;
¢) L=70 mm

Rys. 6. Fotografia obrazujaca zmarszczenie plyty w sasiedztwie
szczeliny o dlugosci L=70 mm, P=1500N, f,,,,=5.72mm

b)

Rys. 7. Obrazy prazkéw mory ilustrujace jakosciowy i ilosciowy
charakter deformacji poprzecznych: a) L=30mm
fpax=3.12mm b) L=50mm f,,=4.42mm, ¢) L=70mm
finax=5.72mm
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Kazdej z warstwic odpowiadata stala warto$¢ ugie-
cia. Z doboru parametrow rastra oraz warunkow rejestracji
obrazéw wyznaczono odlegtos¢ pomiedzy sasiednimi war-
stwicami, ktora wynosita 0.26mm. Na tej podstawie wy-
znaczono maksymalne ugigcia plyty f..x w wybranych
fazach deformacji (rys. 7)

3. ANALIZA NUMERYCZNA

W nieliniowej analizie struktur no$nych relacje pomig-
dzy zbiorem parametrow statycznych, a odpowiadajacym
im zbiorem parametréw geometrycznych mozna przedsta-
wi¢ w formie réwnania macierzowego (Crisfield, 1997,
Felippa i in., 1994; Felippa, 1976; Rakowski i Kacprzyk,
1993):

g=K'g)f. (1

gdzie g jest zbiorem parametrow geometrycznych opisuja-
cych stan deformacji ustroju wywolany obciazeniem,
f — jest zbiorem parametréw statycznych, zas K — macierza
sztywnosci zalezng od zbioru parametrow geometrycznych
okreslajacych aktualny stan deformacji oraz nieliniowego
zwiazku konstytutywnego.

Wobec stwierdzania obecnosci trwatych odksztalcen
w trakcie badan eksperymentalnych, wyznaczona w probie
jednoosiowego rozciagania charakterystyke fizyczna mate-
riatu plyty (rys. 3) przyblizono modelem ciata idealnie
sprezysto-plastycznego (rys. 8).

50 [Mpa] |...._.__

Rys. 8. Model materiatu

W réwnaniu konstytutywnym, w opisie odnoszacym si¢
do zakresu liniowo-sprgzystego

6=D€¢ )

utrzymano w mocy zatozenie o niezmienniczo$ci dtugosci
odcinka normalnego (g,=0).
Zatem stan naprezenia plyty reprezentowany jest przez
T
wektor 6={ Oy, Oy, , Tay, Tpr, Tenf -

T v 0 0 0
v1i 0 0 0
Eool_—v 0 0 3)

D=—" 21

I=v9 0 0o =¥ o
2%

00 0 I-v

i 2% |

jest macierza statych materiatowych, w ktoérej poprzez
wprowadzenie wspotczynnika korekcyjnego - k=1,2
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(MSC, 2006) uwzgledniono wptyw odksztatcen postacio-
wych na energig sprezysta plyty, zas
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jest wektorem zawierajacym sktadowe stanu odksztalcenia
odpowiadajace tensorowi odksztalcen Greena — Saint-
Venanta (MSC, 2006), u, v, w sa skladowymi wektora
przemieszczenia w uktadzie lokalnym x, y, z.
Odwzorowania numeryczne nieliniowych deformacji
rozwazanego ustroju opierane sa na zatozeniu, iz na do-
wolnym etapie rozwiazania przy odpowiadajacym mu ob-
ciazeniu odksztatcony uktad zachowuje zawsze stan row-
nowagi statycznej. Tak wigc, dla zdefiniowanego uktadu
dyskretnego mozna sformutowac uktad rownan rownowagi,
ktéry w odniesieniu do nieliniowej analizy strukturalnej

w ujeciu metody przemieszczeniowe] przedstawi¢ mozna
w formie macierzowego rdwnania sit rezidualnych:

r(u,A)=0, 5)

w ktorym u jest wektorem stanu zawierajacym sktadowe
przemieszczenia weztdw struktury odpowiadajace aktualnej
konfiguracji geometrycznej, A - macierza zawierajacg pa-
rametry kontrolne odpowiadajace aktualnemu stanowi
obciazenia, natomiast r jest wektorem rezidualnym, zawie-
rajacym niezrownowazone skladowe sil, zwigzane z aktu-
alnym stanem deformacji uktadu (Crisfield, 1997; Felippa
iin., 1994).

W algorytmach numerycznych, sktadowe macierzy A
wyrazane sa W funkcji parametru A okreslanego jako para-
metr kontroli stanu. Jest on miara przyrostu obciazenia
zwiazanego posrednio lub bezposrednio z parametrem
pseudo-czasu — t. Zatem uklad rownan réwnowagi (5)
mozna rowniez przedstawi¢ w postaci:

r(u, ) =0, 6)

Roéwnanie powyzsze okreslane jest jako monoparame-
tryczne rownanie sit rezidualnych. Jego rozwiazanie obej-
muje skonczong liczbg kolejnych stanow deformac;ji struk-
tury, przy czym kazdemu stanowi odpowiada kombinacja
zmieniajacych si¢ parametrow kontrolnych zwiazanych
z obciazeniem uktadu, wyrazanych poprzez pojedynczy
parametr kontroli stanu A. Przej$cie od biezacego stanu
do kolejnego, wyrazajace krok przyrostowy inicjowane jest
przez zmiang parametru kontrolnego, ktéremu odpowiada
nowa geometria struktury okreslona przez nowy wektor
stanu (Felippa, 1976; Ramm, 1982).
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Rozw6j metod numerycznych znajdujacy swoje
odzwierciedlenie we wspoélczesnych algorytmach ujmowa-
nych w profesjonalnych programach komercyjnych, ukon-
stytuowat dwa zasadnicze rodzaje owych metod. Pierwsze,
to metody czysto przyrostowe zwane rowniez metodami
prognostycznymi, drugie to metody korekcyjne, nazywane
réowniez prognostyczno-korekcyjnymi lub przyrostowo —
iteracyjnymi. Pierwsze z wymienionych charakteryzuja si¢
ograniczong, czgsto niezadowalajaca doktadnoscig uzyski-
wanych wynikéw. Ponadto, nie stwarzaja one mozliwosSci
kontynuowania obliczen po przekroczeniu punktow kry-
tycznych na $ciezce rownowagi. Wprowadzana faza itera-
cyjna ma wigc glownie na celu zmniejszenie btedu rozwia-
zania oraz umozliwienie okre§lania punktéw krytycznych.
Zapewnia to mozliwos¢ analizy struktury w zaawansowa-
nych stanach deformacji.

Wspdlng cecha obydwu rodzajow metod jest obecnos¢

fazy przyrostowej. W odniesieniu do dowolnego przyrostu,
przy przejsciu ze stanu n do stanu n+1, wielkosciami nie
okreslonymi sa:
Au, =u, —u, oraz Al =4, —4,. (7)
W celu ich wyznaczenia, formutowane jest dodatkowo
rownanie kontroli przyrostu, zwane réwnaniem wigzow,
wyrazane w formie warunku:

c¢(Au,,A4)=0, (®)

Zasadniczym skladnikiem fazy przyrostowej jest jej
krok prognostyczny, okreslajacy punkt w hiperprzestrzeni
stanu odpowiadajacy kolejnej konfiguracji uktadu, wyzna-
czanej poprzez okreslenie przyrostu Au dla przyjetego AA,
przy jednoczesnym spetnianiu réwnania (8). Btad rozwia-
zania
w danym kroku przyrostowym uzalezniony jest od rowna-
nia kontroli przyrostu oraz przyjetej formuty ekstrapolacyj-
nej. W kazdym kolejnym kroku przyrostowym, warto$é
catkowitego bledu moze ulega¢ zwigkszaniu, co okreslane
jest jako tzw. btad dryfu. Jego zminimalizowanie zapewnia
faza iteracyjna.

Podstawowa metoda stosowana w rozwiazywaniu nieli-
niowych probleméw mechaniki konstrukcji jest dobrze
oprogramowana metoda Newtona-Raphsona posiadajaca
szereg odmian, stanowigcych rodzing metod (Crisfield,
1997; Felippa i in., 1994; Rakowski i Kacprzyk, 1993).
Istota owych metod opiera si¢ na rozwinigciu w szereg
Taylora rownan: sit rezidualnych — r = 0 oraz kontroli
przyrostu — ¢=0.

Otrzymany w wyniku zbidr stanowiacy rozwiazanie nie-
liniowego uktadu réwnan algebraicznych wzgledem nie-
wiadomych przemieszczen wegztowych, stwarza podstawe
wyznaczania §ciezki rownowagi. W rozwazanym zagadnie-
niu jako reprezentatywne parametry dla wyznaczenia $ciez-
ki rownowagi przyjeto zalezno$¢ pomigdzy maksymalng
warto$cia ugigcia w polowie dlugosci szczeliny, a maksy-
malna sitq rozciagajaca plyte.

Jako podstawe rozwigzania przyjeto przyrostowa me-
tode Newtona-Raphsona oraz strategi¢ korekcyjng oparta
na koncepcji kontroli dlugosci tuku w sformutowaniu Rik-
sa-Wempnera (Ramm, 1982). Proby zastosowania wylacz-



nie metody Newtona-Raphsona, prowadzily do zbyt duzej
rozbieznosci wynikow obliczen numerycznych i ekspery-
mentu. Wiarygodno$¢ wynikow oceniano na podstawie
poréwnywania zarowno ksztattu $ciezek rdwnowagi, jak i
zgodno$ci geometrii deformacji. Obydwa elementy stano-
wily podstawe wielokrotnego korygowania modelu nume-
rycznego (Kopecki i Debski, 2007).

Ptyt¢ modelowano stosujac czterowgzlowy, cienko-
Scienny element powlokowy (curved quadrilateral thin-
shell element). Jest to element izoparametryczny o dwoch
krzywiznach, opisany bikubicznymi funkcjami interpola-
cyjnymi, bazujacy na teorii powlok Koitera — Sandersa
(MSC, 2006). W kazdym wezle element posiada 12 naste-
pujacych stopni swobody:

ou Ou ov  oOv ow ow 0u o o*w
U,—— 1~ Y 1’ W 1’ 22 1~Ap2° ~p2° 1A 2
00" 06 00 06 00 06 0000° 060060° 0000

gdzie (@', %) sa wspolrzednymi Gaussa zwiazanymi z po-
wierzchnia §rodkowa powloki, u, v, w sa sktadowymi prze-
mieszczenia definiowanymi w globalnym, kartezjanskim
uktadzie wspotrzednych x, y, z. Zastosowany element jest
zalecany w zagadnieniach nieliniowej analizy ustrojow
cienko$ciennych.

3.1. Plyta bez imperfekcji

Rzeczywiste uklady mechaniczne charakteryzuja sig
wystepowaniem mniejszych lub wigkszych niedoktadnos$ci
wykonawczych. Cecha ta odnosi si¢ zarowno do geometrii
rozwazanych obiektow, lokalnych wad materialowych, jak
i sposobu ich wstgpnego obciazenia. Niedoktadnosci
te okreslane sq mianem imperfekcji. Rozwazymy szczego-
towo znaczenie rodzaju i wartosci imperfekcji na przykta-
dzie rozwazanej plyty.

Ptyta zawierajaca w swoim obszarze szczeling nie po-
siadajaca imperfekcji geometrycznej lub materiatowej pod-
dana numerycznej analizie nieliniowej w zalozeniu nie
powinna wykazywaé deformacji w kierunku normalnym
do ptaszczyzny ptyty. Jednakze ztozono$¢ procedur nume-
rycznych, a takze uwarunkowania natury hardwareowe;j
moga prowadzi¢ do wynikoéw sugerujacych poprawnosé
blednego rozwiazania.

W celu ilosciowego zilustrowania zagadnienia rozbiez-
nosci wynikow w stosunku do oczekiwanych, dokonano
analizy numerycznej przyjmujac jako podstawg, geometrig
plyty wg rys.2 ze szczeling o dlugosci L=30mm. Przyjgto
idealnie sprezysto-plastyczna charakterystyke fizyczna
materiatu (rys.3): Re=50MPa, E=3000MPa, v=0.36 oraz
obciazenie w formie sit rozciagajacych, przyktadanych
za posrednictwem sztywnych uchwytow do krotszych kra-
wedzi plyty. Wzdluz brzegéw dtuzszych blokowano sto-
pien swobody odpowiadajacy przemieszczeniu w kierunku
prostopadtym do ptaszczyzny ptyty. Ponadto, ograniczono
przemieszczenia wzdhuz kierunku obcigzania w dwoch
weztach, potozonych na dluzszych krawedziach, na osi
poprzecznej symetrii ptyty. Analizg nieliniowa przeprowa-
dzono stosujac oprogramowanie MSC-Marc-7 oraz pre-
i postprocesor MSC-Patran. W wyniku, w strefie sasiaduja-
cej ze szczeling otrzymano symetryczna posta¢ deformacji
poprzecznej przedstawiona w formie warstwic na rys. 9.

acta mechanica et automatica, vol.2 no.4 (2008)

Rys. 9. Warstwice statych warto$ci ugi¢é [cm] w strefie szczeliny
ptyty bez imperfekcji Model oparty na regularnej siatce
(12 700 elementow).

Mimo geometrycznego podobienstwa rozkladu war-
stwic przedstawiajacych jednakowe wartosci ugig¢, pod
wzgledem ilosciowym wyniki nie odwzorowuja zidentyfi-
kowanego w eksperymencie stanu deformacji. Zwraca
uwage pomijalnie mata, maksymalna warto$¢ bezwzgledna
ugigcia wynoszaca 1.43+10-17cm. Podobne wyniki otrzy-
mywano niezaleznie od przyjmowanych parametrow steru-
jacych przebiegiem analizy, stosowanej metody przyrosto-
wej oraz strategii korekcyjnej. Na rys. 10 przedstawiono
rozktad naprgzen zredukowanych wg hipotezy H-M-H.

Rys. 10. Ptyta bez imperfekcji. Warstwice obrazujace rozktad
wyt¢zenia wg hipotezy H-M-H. 0,,,,=386 [daN/cm2]

Maksymalna warto$¢ napr¢zenia zredukowanego wy-
nosita 38.6MPa co oznacza, ze w warunkach obciazenia
sita rozciagajaca P=1500N nie wystapita deformacja nie-
sprezysta. Rezultat ten jest rozbiezny z wynikami badan
eksperymentalnych, potwierdzajacych obecno$¢ deformacji
trwatych po odciazeniu. Mozna zatem wnioskowac, iz
rozwigzywanie problemu ptaskiej plyty bez imperfekcji
ostabionej obecnoscia szczeliny jako zagadnienia geome-
trycznie nieliniowego prowadzi do bigdnych wynikow,
zanizajacych poziom wytgzenia.

3.2. Plyta z zadang imperfekcja geometryczna

W S$wietle przedstawionych wynikow, w kolejnym
rozwazaniu uwzgledniono imperfekcj¢ geometryczna plyty.
Polegala ona na umiejscowieniu centralnie usytuowanego
punktu A (rys.2) poza plaszczyzna plyty, w kierunku nor-
malnym. W celu okreslenia rzedu wielko$ci wprowadzone-
go defektu w stanie neutralnym, przeprowadzono szereg
wstgpnych analiz, w ktorych zaktadano szereg zréznicowa-
nych jego warto$ci. Ostatecznie analiz¢ numeryczng pro-
wadzono przyjmujac wartos¢ wstepnego ugigcia punktu A
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rowna Imm. Rozwazano szereg wariantow siatki. Jako
podstawowa przyjeto siatke¢ nieregularna, zaggszczona
w obszarze sasiadujacym ze szczelina. Brano rowniez pod
uwage wariant siatki regularnej. W obu przypadkach licz-
ba elementéw nie przekraczata 13000. Obecnos¢ szczeliny
modelowano wprowadzajac podwojne wezly o identycz-
nych wspotrzednych, przyporzadkowane symetrycznie
dwom sasiadujacym obszarom po obu stronach krawedzi
szczeliny. Stosowano identyczny schemat mocowania
i obciagzania modelu jak w przypadku ptyty bez imperfekc;ji.

Obliczenia przeprowadzono postugujac si¢ programem
MSC-Marc-7, zapewniajacym mozliwo$s¢ dokonywania
wyboru parametrow analizy nieliniowej, alternatywnego
wyboru metody przyrostowej oraz strategii korekcyjnej.

W rezultacie uzyskano rozwiazanie, w ktérym rozktad
ugie¢ w sasiedztwie szczeliny (rys.11) okazat si¢ zgodny
w swym charakterze z otrzymanym na drodze eksperymen-
talnej (rys. 7a).

(©)

Rys. 11. Warstwice ugig¢ ptyty w sasiedztwie szczeliny o dtugo-
$ci L=30mm. Model oparty na regularnej siatce z geo-
metryczng imperfekcja [cml].

W przypadku zastosowania siatki nieregularnej, przy
zachowaniu identycznych procedur numerycznych oraz
identycznego zbioru parametréw sterujacych, uzyskiwano
podobny rezultat.

Ograniczajac si¢ do oceny porownawczej przedstawio-
nych wynikow obliczen z wynikami eksperymentu (rys.7a)
mozna stwierdzi¢, iz otrzymany rezultat wykazuje zadowa-
lajaca zgodnos¢ co do rozktadu ugigé. Poréwnania iloscio-
we wskazuja jednakze na rozbiezno§¢ wynikoéw obliczen w
stosunku do eksperymentu. Liczbowym wyrazem owej
rozbiezno$ci s3 maksymalne warto$ci obliczonych ugiec,
wynoszace ponizej 80% wartosci rzeczywistej. Obliczenia
wykonane dla plyty ze szczelina o dlugosci 50 mm wyka-
zaly nieznacznie lepsza zgodno$¢ maksymalnego ugigcia z
eksperymentem, przekraczajaca nieco wartos¢ 80%. Zasad-
nicza zmiang otrzymano dla szczeliny o dlugosci 70mm.
Tutaj zgodno$¢ siggata 95%.

Na rys. 12 przedstawiono w formie warstwic rozklady
ugieé ptyty dla przypadkow, w ktorych szczelina osiagata
kolejno dhugosci: 50 i 70mm. W obu przypadkach przyj-
mowano identyczng imperfekcj¢ geometryczna, wyrazajaca
si¢ usytuowaniem punktu A (rys. 2) poza plaszczyzna
plyty w odleglosci 1mm.
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L=50 mm

L=70 mm

Rys. 12. Warstwice ugigé¢ w sasiedztwie szczeliny w modelach
o nieregularne;j siatce

Na rysunkach:13,14,15 przedstawiono rozktady wyte-
zenia wg hipotezy H-M-H odpowiadajace obliczonym
deformacjom. Z poréwnania wynikéw mozna wnioskowac,
ze roznice w maksymalnych wartosciach naprgzen zredu-
kowanych w strefie frontu szczeliny, w obu powierzch-
niach: §rodkowej 1 zewngtrznej, uwzgledniajacej gigtny i
btonowy stan napr¢zenia osiagaja wyzsze wartosci w przy-
padku szczeliny o dlugo$ci mniejszej. W miarg przyrostu
dlugosci szczeliny, strefa uplastycznienia staje si¢ prak-
tycznie jednorodna wzdhuz grubosci ptyty. W najbardziej
zaawansowanej fazie deformacji zmalaly rowniez gradienty
ugi¢¢, co wskazuje na to, iz w miar¢ wzrostu dlugosci
szczeliny dominujacym staje si¢ stan blonowy.

powierzchnia srodkowa

powierzchnia zewnetrzna

o =5.76daN / cm o

ef .max ef .max

=5.41daN /cm
Rys. 13. Rozklad wytezenia wg hipotezy H-M-H. L=30mm

model plyty o nieregularnej siatce z geometryczna
imperfekcja

powierzchnia zewnetrzna

powierzchnia srodkowa

o =591daN / cm’ o =568daN / cm’

of .max of .max

Rys. 14. Rozklad wytezenia wg hipotezy H-M-H, L=50mm

Model ptyty o nieregularnej siatce z geometryczna
imperfekcja



powierzchnia zewnetrzna

powierzchnia srodkowa

=590daN / cm’

O o = 596daN / cm’ O

Rys. 15. Rozktad wytgzenia wg hipotezy H-M-H, L=70mm

Model plyty o nieregularnej siatce z geometryczna
imperfekcja

Dokonane badania i analizy pozwalaja stwierdzic,
iz okreslanie pola naprezen w plaskiej konstrukcji z osta-
bieniem na podstawie nieliniowej analizy numerycznej
uwarunkowane jest wprowadzaniem takiej imperfekcji,
ktéra zapewnia odwzorowanie geometrii obiektu w stanie
pokrytycznym, pozostajacej w mozliwie najlepszej zgodno-
$ci z wynikami eksperymentu.

3.3. Imperfekcja zadana obciazeniem normalnym
do plaszczyzny plyty

Jako alternatywna w stosunku do imperfekcji geome-
trycznej, rozwazono koncepcj¢ polegajaca na wprowadza-
niu dla idealnie ptaskiej konstrukcji niewielkiego poprzecz-
nego zaburzenia, nie pomijalnego w nieliniowej, statyczne;j
analizie numerycznej. Najprostszy sposob realizacji tego
rodzaju defektu polegat przykladaniu do ptyty normalnej
sity skupionej, zlokalizowanej w punkcie centralnym A,
w potowie dlugosci szczeliny. Jak wykazaty wstgpne anali-
zy, sposob taki prowadzil do znacznej rozbiezno$ci wyni-
kéw obliczen w stosunku do wynikéw badan eksperymen-
talnych. Skuteczne natomiast okazato si¢ zastosowanie
ciaglego obciazenia poprzecznego o stalej intensywnosci
wzdtuz obu krawedzi szczeliny, o wartosci kilka rzedow
mniejszej w stosunku do sity obciazajacej plyte.

Sposdb ten zastosowano w nieliniowych analizach iden-
tycznych modeli jakie rozpatrywano stosujac imperfekcje
geometryczna.  Warto$ci obciazenia dobierano tak, by
osiagalng byla mozliwie najlepsza zgodno$¢ pola ugigé
ptyty uzyskiwana w wyniku analizy numerycznej i ekspe-
rymentu. Jako kryterium zgodno$ci przyjmowano maksy-
malne warto$ci ugi¢¢ oraz podobienstwo warstwic, obrazu-
jacych state warto$ci pozioméw ugigc. Najlepsza zbiez-
no$¢ wynikéw otrzymywano stosujac metode przyrostowa
siecznych, potaczona ze strategia korekcyjna kontroli dtu-
gosci  luku Riksa-Ramma lub kontroli hipersferycznej
Crisfielda.

Rys. 16 przedstawia rozktady ugie¢ w stanie zakrytycz-
nym w badanej ptycie dla trzech wartosci dtugosci szczeli-
ny: 30mm, 50mm, 70mm, przy identycznym obciazaniu sitq
rozciagajaca o wartosci 1500N. Zwraca uwage niemal ide-
alna zgodno$¢ maksymalnych wartoséci ugie¢ otrzymanych
w wyniku analizy numerycznej — fiaxmum) 0raz badan ekspe-
rymentalnych — fixeksp)-

Przedstawione na rysunku 16 wyniki dowodza istnie-
nia zadowalajacego podobienstwa rozktadu warstwic
obrazujacych state wartosci ugigcia otrzymanych w wyni-
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ku obliczen numerycznych oraz badan eksperymental-
nych. Stwarzaja one podstawe wnioskowania, iz zgodnie z
zasada jednoznaczno$ci rozwiazan, odpowiadajace rozwa-
zanym stanom deformacji pola napr¢zen okre§lone na
podstawie analizy numerycznej pozostaja w zgodnosci ze
stanem zachodzacym w konstrukcji rzeczywistej.

L=70 mm; fpum =5.77mm; Frax(ekep)=3-72mm

Rys. 16. Porownanie rozkladu ugi¢¢ w stanie zakrytycznym
Modele z ciaglym obcigzeniem normalnym.

powierzchnia zewnetrzna powierzchnia srodkowa

_537daN /e’ L=30mm o, = 443daN | cm’?

O-ef .max ef .max

O o max = 589daN / cm® L=50 mm O s —572daN/cm
O =591daN /cm® L=T0mm o =587daN /cm’

Rys. 17. Rozktad wytezenia wg hipotezy H-M-H w strefie frontu
szczeliny. Modele z ciaglym obciazeniem normalnym
w stanie neutralnym.
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Rys. 17 prezentuje rozkltady wytezenia wg hipotezy
H-M-H w powierzchni $rodkowej oraz warstwie zewng-
trznej, odpowiadajace deformacjom przedstawionym
na rys. 16. Rozklady wytezenia wykazuja, iz w miarg
wzrostu dlugosci szczeliny zanikaja roznice w rozktadzie
naprezen w plaszczyznach: Srodkowej 1 zewngtrznych.

Wobec dominacji stanu blonowego w warunkach
zaawansowanych deformacji, obserwowane efekty optycz-
ne mozna interpretowac jako ,,czyste” izochromy, nie za-
ktocone stanem gigtnym.

Na rys. 18 przedstawiono reprezentatywne $ciezki row-
nowagi dla modeli numerycznych z imperfekcjami geome-
trycznymi oraz modeli z imperfekcja zadana wstgpnym
obcigzeniem normalnym. Prezentuja one zalezno$ci pomig-
dzy maksymalna wartoscia ugigcia (w polowie diugosci
szczeliny), a wypadkowa sita rozciagajaca plytg. Przedsta-
wione S$ciezki rownowagi dla obydwu form zadawanej
imperfekcji wykazujace podobienstwo co do charakteru
zjawiska, sg zréznicowane jesli chodzi o strong iloSciowa
Wiyniki oparte na koncepcji zaktadania imperfekcji geome-
trycznej prowadza do zawyzonej sztywnosci ptyty.

P[N]» - P[N]s

1500 Fiagan TR 1500

2 3 4 5 8 o 1 Tz 3 4 § 8 &
Fonaslmm] Faanlmm]
Modele z imperfekcja zadawana

obcigzeniem

Modele z imperfekcja
geometryczna

Rys. 18. Sciezki réwnowagi obrazujace zalezno$é obciazenia
w funkcji maksymalnego ugigcia

4. PODSUMOWANIE

Przeprowadzone nieliniowe analizy numeryczne oraz
badania do$wiadczalne nasuwaja szereg konkluzji, ktore
wydaja si¢ interesujace z poznawczego punktu widzenia.

Jak wykazaly badania doswiadczalne, przechodzenie
rozwazanej konstrukcji w stan deformacji zakrytycznej
nastgpuje w sposob tagodny, wrecz trudny do zidentyfiko-
wania obciazenia krytycznego, mimo stosowania metody
pomiaru ugig¢ o dostatecznie duzej czuto$ci w stosunku
do rozwazanego zadania.

Wyniki obliczen oparte na koncepcji zaktadania imper-
fekcji geometrycznej prowadza do zawyzonej sztywnoSci
konstrukcji czego wyrazem jest nie zachowanie zgodnosci
z eksperymentem w zadowalajacym stopniu.

Istotnym elementem jest zgodno$¢ z eksperymentem
sciezki rbwnowagi otrzymanej w wyniku obliczen nume-
rycznych przedstawionej na rysunku 20. Sciezke do$wiad-
czalna sporzadzono na podstawie warstwic ugigc zareje-
strowanych w trakcie badan szczeliny o dlugosci 30mm,
przy trzech poziomach obciazenia: SOON, 1000N, 1500N.
(Rys. 19).

)
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Rys. 19. Warstwice poziomdow ugigc dla statej dtugosci szczeliny
L=30mm
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Rys. 20. Sciezki rownowagi dla szczeliny o dlugosci L=30mm

Przeprowadzona analiza pozwala wnioskowa¢, iz zde-
cydowanie lepsze wyniki numerycznego odwzorowania
efektu marszczenia ptyt ze szczeling, zapewniajace zgod-
no$¢ z rzeczywista deformacja konstrukcji jest wprowa-
dzanie w strefie ostabienia zaburzenia w formie normalne-
go
do plyty obciazenia ciagtego. Sposob ten wymaga jednakze
doboru warto$ci obciazenia, co wiaze si¢ z celowoscia,
niekiedy koniecznoscia przeprowadzenia badan doswiad-
czalnych obejmujacych wyizolowany podzespoét rozleglego
ustroju no$nego.

Do przeprowadzania adekwatnego eksperymentu wyso-
ce przydatnymi okazaly si¢ badania modelowe, stwarzajace
ponadto podstaweg oceny zar6wno opracowanego modelu
numerycznego, jak i przyjmowanej procedury rozwiazywa-
nia zagadnienia nieliniowego.

Transpozycja wynikow obliczen na obiekty rzeczywiste,
wykonane z innych materiatéw, ktorych charakterystyke
fizyczna mozna przyblizy¢ modelem ciata idealnie sprezy-
sto-plastycznego sprowadza si¢ do zmiany statych materia-
lowych wprowadzanych do programu obliczen, badz
tez wydaje si¢ mozliwa na podstawie podobienstwa mode-
lowego.
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NUMERICAL-EXPERIMENTAL ANALYSIS OF POST-
CRITICAL DEFORMATION STATES OF TENSIONED
PLATE WEAKENED BY THE CRACK

Paper presents the methodology of determining of the stress di-
stribution in post-critical state of deformation of the rectangular plate
weakened with the crack subjected to tension. The problem was
formulated as physically and geometrically non-linear. Using finite
elements method the numerical analyses were performed. While
solving the nonlinear issue, the progressive change of geometry of
the structure in the successive incremental steps were compared with
results of an experimental studies, performed simultaneously. In order
to reproduce the crack coming into existence in the real conditions,
the tested plate was subjected to pulsating tension loading, increasing
the length of the crack. During application of the static load, after
exceeding the critical force value, in the weakened zone appeared the
displacement in the normal direction to the surface of the plate, de-
termined as the wrinkling. This kind of deformation is a cause of
both membrane and bending stress state in the structure. In order to
determine the influence of the extent of weakness to the stress magni-
tude and its distribution in the plate, the numerical analyses were
performed for three selected cases of the weakness state, presented by
three different lengths of the crack. Applying shadow moiré method
for these cases, applying the same value of the load: P=1500 N , the
deflection distributions were registered. Obtained results made the
base of the assessment of the reliability of the effects of nonlinear
numerical analysis, conditioned by the presence of imperfections of
the plate in the neutral state. Two kinds of the imperfection were
considered: geometric - based on the assumption of the preliminary
deflection of the plate in the zone of weakness and second one, in
the form of load perturbation, normal to the middle surface of the
plate.

In the conclusion, one focused a special attention to the legitima-
cy of the concept of the problem formulating and to the choice of the
solution strategy in the non-linear formulation, with the simultaneous
experimental verification of the results.
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EXPERIMENTAL RESEARCH OF THE RECONFIGURABLE MULTIMODULAR
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Abstract: The urgency of the multimodularity concept in a modern robotics is connected to increase of requirements to the
created mobile technical systems intended for performance of the broad variety of tasks, including problems of development
of space, safety of ability to live and counteraction to terrorism. The modular approach is considered to be the most perspec-
tive. There are considered functionalities of multimodular system of wheel type and given characteristics of working bread-
board models of modules. The purposes are formulated and results of experimental researches are given.

1. INTRODUCTION

Inspection and work in remote and potentially dange-
rous zones with use of robotic systems is connected with
a wide spectrum of problems intended to increase of their
functionalities. Quite often there are situations when during
performance of tasks in view (monitoring, rendering help
to the victim, execution of technological operations etc.)
the robot should on the one hand penetrate through narrow
apertures, and on another to overcome the obstacles essen-
tially exceeding the sizes of these apertures.

Execution of such operations by one technical system
having one-piece structure, generally, is impossible. One
of perspective ways of the decision of this problem, recog-
nized in the world, is connected to development of recon-
figurable multimodular mechatronic systems.

Reconfigurable multimodular mechatronic systems
are technical systems of new type with the variative proper-
ties, allowing to solve the wide diversity of tasks, including
ones, inaccessible to the specialized process equipment,
and also for traditional robotic systems (Yim and Shen,
2007). Such systems consist of separate multipurpose mod-
ules (sets of modules), capable to move and create various
units, that can adaptively vary functionalities of system
as a whole depending on solved problems and conditions
of an environment. A field of application of reconfigurable
multimodular mechatronic systems is practically limitless
as it represents open system which opportunities can
extend, by escalating both quantity of modules, and their
constructive realizations. Design of the multipurpose
modules forming the system, their mass and dimension
characteristics, sensory, information, managing and power
maintenance are determined by a kind of basing, target
problems, and also existing materials, technologies
and element base.

For last two decades the area of a modular robotics
has promoted from systems of the proof of the concept up
to concrete development and a physical realization. Works
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on creation of multimodular systems are actively conducted
by the largest scientific centres of USA, Japan, Germany,
France and other countries. The majority of them has labo-
ratory examination character. Modules, as a rule, are com-
pletely unified.

One of the most completed and advanced projects of the
modular robot is M-TRAN «self-reconfigurable modular
system » (Modular TRANsformer) (Fig. 1), developed by
the Japanese National institute of advanced industrial
sciences and technologies (AIST) (Butler et al., 2002).
M-TRAN is the modular robot, capable to change the form
without intervention of the person. The M-TRAN modules
are joined by means of constant magnets and separated
by heating a spiral made of alloy keeping in memory the
shape (SMA) which releases the effort working in a direc-
tion, opposite to an attraction of magnets. Each M-TRAN
module has two motors which give to it 2 degrees
of freedom. There have been carried out successful natural
experiments on three-dimensional reconfiguration of this
system (Kamimura, 2001).

In Dartmuth college (USA), there have been developed
two robotic systems: Crystalline and The Molecule Robot
(Fig. 2). Crystalline is the robot consisting of modules
of two types, named "atoms". Each of them has the square
shape and is equipped with the engine, the microprocessor
and the infra-red gauge (Fitch and Rus, 2003). According
to the plan of the creators, Crystalline is developed as the
polymorphic robot. It is capable to make of the decision
on change of the form depending on circumstances inde-
pendently.

The Molecule Robot has the structural elements named
"molecules". At the first stages of development there were
"invented" single-type modules incorporating among them-
selves with the help of electromagnets. Further, use of pair
"female" and "male" modules with opportunities of me-
chanical connection was offered. The Molecule Robot has
two-level control: low-level assembler processor code
of "molecules", and high-level programs of an external
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workstation. Completely all system is accessible while only Similar development are carried out by the European
as virtual emulation. community, as well (the Swarm-bots project, which is car-

ried out within the framework of the Future and Emerging
Technologies program), at the Southern Denmark Univer-
sity it is realized the ATRON Self-Reconfigurable Robots
project (Ostergaard and Lund, 2004).

Fig. 3. The ATRON self-reconfigurable (Denmark)

Fig. 1. M-TRAN robot (Japan)
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The Danish scientists from the Mayersk institute have
designed the prototype of the multimodular robot, capable
to change the form, to go, to rolled and even to creep
as a snake.

Modules of the ATRON robot represent spheres with an
equatorial revolution. Each module can be connected with
several ones due to the help of special devices of interface

(Fig. 3).

2. RECONFIGURABLE MULTIMODULAR MECHA-
TRONIC SYSTEM FOR WORK INSIDE BUILD-
INGS AND CONSTRUCTIONS.

At the CR&DI of RTC (Saint-Petersburg, Russia) there
has been created a breadboard model of the reconfigurable
multimodular mechatronic system on the basis of the multi-
purpose wheel module (Fig. 4) (Burdakov et al., 2007,
Korotynskiy, 2007).

Fig. 4. The layout circuit of the multipurpose wheel module
(1 — transportation bay for special equipment;
2 — the put forward block with the servomotor
and telecommunication and navigation systems;
3 — range finders of the lateral review; 4 — block
of a control system and energy supply; 5 — servomo-
tor - wheel; 6 — television camera of the back re-
view; 7 — servomotor - hinge; 8 — device of me-
chanical, information and power joining of modules;
9 — system of prompting for automatic joining
of modules; 10 — block of scanning range finders;
11 — block of scanning range finders and binocular
television cameras of system of computer vision
(SCV))

In the course of development of technical shape of the
full-function module and multimodular mechatronic system
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as a whole as the major factors influencing design features

were accepted the following:

— simplicity of design at the maximal functionality of its
elements;

— manufacturability of separate components, the single
module, and multimodular mechatronic systems
as a whole;

— use of mainly well worked-out constructive units along-
side with originality of a design as a whole;

— locomotion, power and information autonomy of mo-
dules with an opportunity of the organization of the
appropriate distributed subsystems at their aggregating
in uniform system;

— optimization of a design of the module in view of its
functioning as a part of the multimodular mechatronic
systems;

— simplicity of operation of connection (separation)
of modules;

— essential increase of functionality of the multimodular
mechatronic system in comparison with the separate
module.

During the research works computer modelling the
basic processes of functioning of modules and reconfigu-
rable multimodular mechatronic system as a whole has
been carried out. It has allowed to specify its technical
shape and basic circuit decisions, to estimate functionalities
of system, and also to determine requirements to sensory
and power maintenance.

In multimodular system, at presence of the hinge and
a put forward element at each module, all design can carry
out various types of locomotion - wheel, caterpillar, worm,
wave, that gives it essential advantages at moving on
a cross-country terrain. We shall result some examples
of functionalities of the examined system.

Overcoming of a high ledge. This obstacle exceeding
the size of one or even of several modules. In this case
some first modules form rigid connections, becoming for
a while a certain similarity of a core. The staying modules
push such "core" before themselves, and wheels of the first
module, resting against an obstacle, slide on it and thus rise
up to the top point. Then the top parts help "to drag" the
bottom ones behind themselves.

Here (Fig. 5) and further we shall designate 1 — flexible
connection, 2 — rigid connection.

Fig. 5. Overcoming of a high ledge



Overcoming of break in a basic surface. It can be car-
ried out with use of rigid connection (Fig. 6).

Fig. 6. Overcoming of break in a basic surface

In this case the head part of reconfigurable multimodu-
lar mechatronic system due to rigid connections forms «the
hinged bridge». Overcoming a hole and getting over on the
opposite side, head parts drag the tail ones behind them-
selves. Thus at the moment of pass above "precipice"
the connection of parts become rigid, that provides effective
overcoming of an obstacle.

Overcoming of the combined obstacle. Varying rigid
and flexible connection of parts, and also various locomo-
tion types it is possible to overcome the combined obsta-
cles, for example, an aperture in a wall, taking place on the
big height from a floor (Fig. 7).

Fig. 7. Overcoming of the combined obstacle

Movement along the narrow tunnel with the help
of wheel and put forward blocks can be realized using the
"worm" principle of moving.

Overcoming of a surface with insufficient coupling.
At movement on sandy, swampy surfaces etc. it is possible
to use connection of modules in the closed circuit, thus the
bottom line of modules forms an original spreading surface,
and the top line moves on the bottom one. For realization
of such configuration first and last modules are tightened
by means of telescopic manipulators to the neighbours (and
the first one tightens itself, and the last one is tightened
to itself with the penultimate module). Then by means
of running engines they "run" to the neighbours and further,
moving «on heads of colleagues» close a circuit (Fig. 8).

Fig. 8. MMS as a closed circuit
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Overcoming of a ledge with negative gradient (Fig. 9).

Fig. 9. Overcoming of a ledge with negative gradient

Thus, in the aggregated condition the multimodular
system has got essentially lager functionalities in compari-
son with the separate module and, due to property of recon-
figuration, has the certain advantages in comparison to tra-
ditional robotic systems.

3. MAIN PERFORMANCE ATTRIBUTES

For realization of experimental researches it was created
three modules of reconfigurable multimodular mechatronic
system.

Each module contains two motors-wheels, the motor-
hinge and the moving forward carriage. These devices are
constructed on the basis of micromotors of a direct current
by capacity 2,5 Wt manufactured by the "Maxon Motor"
Swiss firm, planetary reducers and special tooth gearings.
Besides there are two mechanisms, one of which fixes
the motor-hinge, and another one of leads up and fixes de-
vices of joining with adjacent modules. These mechanisms
are executed on the basis of servo-drivers with the target
moment 0,3 m of manufacture of the «<HITEC RCD, INC»
(Korea).

Management of drives of the module is remote and car-
ried out using digital radiochannels with the help of the
complete set of the equipment such as «ECLIPSE 7»,
including portable terminal of the operator, the onboard
receiver and regulators of rate.

Modules of the reconfigurable multimodular mecha-
tronic systems have the following basic characteristics:

— diameter of wheels: 110 mm;

— base between axes of a cumulative link of a circuit
of modules, minimal: 160 mm, maximal at the put
forward carriage: 330 mm;

— width of the module: 250 mm,;

— clearance of a running part: 10 mm;

— speed: moving on a horizontal surface: 25 mm/sec, turn
of the carriage: 2 mm/sec, turn of the motor-hinge:
0,1 rad/sec;

— weight of the module: 3.5 kg;

— rated carrying ability on a lever of 160 mm: 70 H;

— rated duration of independent work without additional
charge of accumulators up to 1 hour.
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4. RESULTS OF EXPERIMENTAL RESEARCHES

Experiment 1. Research of functionalities of the module.
The purpose of experiment:

— check of serviceability of all units;

— an estimation of controllability the module;

— check of movement of the module on the given trajec-
tory;

— check of movement of the module on surfaces with
various properties at various speed;

During experiment serviceability of all units of the
module was checked up. It was established, that:

— at full speed of mobile elements there do not occur
jammings of parts of the mechanism;

— drives and control system provide smooth and con-
venient management of the module (in experiment the
module moved on a zigzag trajectory, thus the minimal
radius of turn of the module was equal to distance
between its wheels);

— at the beginning of movement of the module on
a smooth surface with the maximal speed it is observed
insignificant slipping motion of wheels;

— at movement on corrugated surfaces and surfaces with
the big factor of friction wheels of the module have sig-
nificant and steady cohesion with a surface.

In figure 10 there is shown the photo of the modules
moving on a smooth surface.

Fig. 10. Modules moving on a smooth surface

Experiment 2. Joining of modules.

Joining of modules is one of the most difficult stages
of work of multimodular system. It should be made with
the certain accuracy of positioning of the coupling modules.
In a breadboard model undocking is carried out manually.

The purpose of experiment: check of docking functions
of the module.

During experiment 2 modules were joined. It is estab-
lished, that:

— at the visual control of operators of modules their
joining does not represent difficulties if the operator
possesses some experience;

— joining of modules was carried out quickly and reliably.
In figure 11 the photo of the docking mechanism (inter-
face) of two modules is submitted.
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Fig. 11. Docking mechanism

Experiment 3. Management of movement of the linked
modules.

The purpose of experiment: check of movement of the
linked modules.

During experiment there was tested the maneuvering
two linked modules. It is established, that:

— turns of the connected modules occur similarly to turn
of caterpillar engineering (due to a different direction
of rotation of wheels on the different sides);

— movement of the linked modules was stable, without
slipping;

— spontaneous undocking of modules it was not observed

— rotation of wheels of modules took place at satisfactory
synchronism.

The photo of movement of two linked modules is sub-

mitted in Fig. 12.

Fig. 12. Movement of two linked modules

Experiment 4. Overpassing of break in a basic surface.

The purpose of experiment: check of movement of the
module through break in the basic surface, exceeding
diameter of wheels.

During experiment it is established, that:

— overcoming of break in the basic surface, exceeding
diameter of wheels, by one module is impossible;

— three linked modules can stably pass the break in the
basic surface, exceeding diameter of wheels, thus the
head module, overcoming break and getting over on the
opposite side of the break, due to steady cohesion with
a surface pulls behind itself the tail 2 modules;

— at the moment of overcoming break the connection
of parts become rigid, forming «the hinged bridge» that
provides effective overpassing an obstacle.

In Fig. 13 fragments of movement of the modules over-
passing break in a basic surface are submitted.
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Fig. 13. Overpassing of break in a basic surface

Experiment 5. Overpassing of a ledge. — there was achieved the reliable movement of modules

The purpose of experiment: check of overpassing by the in coupling, and also throwing of the head module
module of the ledge exceeding radius of wheels. on a ledge with the subsequent undocking.

During experiment it is established, that: In Fig. 14 fragments of movement of the modules over-
— overpassing of the ledge, exceeding radius of wheels, passing a ledge are submitted.

by one module is impossible;
— overpassing of a ledge by 3 linked modules is achieved,
at that the head module was lifted up by the middle one;

Fig. 14. Overpassing of a ledge
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At experimental researches of the module there were

achieved the following characteristics for speed of move-
ment on a horizontal surface and sensitivity of moving:

the maximal speeds of movement on a horizontal sur-
face about 0,4 m/sec, speed of moving forward of the
carriage - 2 mm/sec, angular speed of turn of the hinge -
0,1Rad/sec;

steady movement of the module at downturn of speed
up to 0,06 m/sec;

sensitivity of management of position (the minimal con-
trollable shift from a motionless condition) has made
0,005 - 0,01 m.

time of joining of modules about 5-10 sec;

Prototyping and results of experimental researches have

confirmed the basic accepted technical decisions.

5. SUMMARY

During experimental researches the declared require-

ments to developed system were confirmed. Docking units
permit an opportunity of automatic assembly of modules
into units.

Experimental researches have allowed to specify re-

quirements to multimodular system and to determine ways
of its further enhancement.
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Abstract: The studies were concentrated on investigations of optical and structural characteristics of polymeric films filled
by carbon micro and nanoparticles. Light transmission in the region of visible spectra of the films based on gelatin and poly-
vinyl alcohol was found to be almost independent of the wavelength. Carbon particles appeared to have no intrinsic absorp-
tion bands within the UV region. In the case of aggregation, nanotubes start to form clusters with an optical fractal structure,
while the films display spatial fluctuations in transparency accompanied by deviations from the Bourguer-Lambert-Beer law.
In contrast to nanoparticles, microparticles reduce the roentgen level of crystallinity of the films.

1. INTRODUCTION

Organic polymers and composite materials on their base
have found extensive application in optical industry nowa-
days (lens, filter, screen, waveguide, car glass, etc.). Still
new vistas have appeared lately thanks to the development
and application of carbon nanoparticles in the composition
of optical materials. Fine size, great specific surface and
opacity of carbon nanoparticles in the UV and visible spec-
trum impart specific optical properties to nanocomposites
(Du et al., 2006; Ajayan et al., 2003; Harris, 2003; Pool-jr
and Owens, 2006; Kovalevskaya et al., 2006, 2007).
It should be noted that the dependence of spectral character-
istics on the type of nanoparticles (dimensions, shape, pro-
duction process, surface treatment), as well as composition,
structure of the polymeric matrix and technological proce-
dures used have been scarcely examined as yet.

The aim of the present work was to study optical and
structural peculiarities of polymeric films filled by carbon
micro and nanoparticles with a modified atomic lattice
structure.

2. MATERIALS AND RESEARCH METHODS

Microsized graphite particles (Gr) and ultradispersed
nanomaterials (UNT) were employed to modify the po-
lymer. The powder of UNT1 contained up to 30 mass% of
multiwalled nanotubes and UNT2 - more than 60 mass%.

The composite films based on polyvinyl alcohol (PVA)
and gelatin (Ge) were obtained by pouring aqua dispersion
of a mixture of the polymeric powder and carbon fillers

onto the surface of monocrystalline silicon (Si) or glass
wafers. The films of 30-50 pum thickness were produced by
pouring on Si and 60-140 pm thick — on glass. The films
based on polyamide 6 (PA) were manufactured by molding
composite granules under a glass transition temperature.
The characteristics of the samples are presented in Table 1.

The transmission spectra 7(A) and the optical density
spectra D(A) in the UV and visible wavelength range A
were recorded using spectrophotometers Specord-M40
and Specord-M500. X-ray patterns were obtained using
a diffractometer DRON-2,0 with radiation CuK, filtered
to A= 0.1542. The microimages of the films in the transmit-
ted light were obtained by an optical microscope Micro-
200T equipped with a digital video camera.

Tab. 1. Composite films, their composition and substrate used
at preparation

Sample No. | Matrix | Filler Substrate
fl PVA — glass
2 Ge — Si
3 Ge Graphite Si
4 PVA | Graphite glass
5 PVA | Graphite Si
f6 PVA UNT2 glass
7 PVA UNTI glass
8 PA — Al
9 PA UNT2 Al
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3. RESULTS AND DISCUSSION
3.1. Optical properties of the films

Most typical transmission spectra for unfilled films are
illustrated in Fig. la. It is evident that PA films are less
transparent and do not contain any weak absorption bands
on the background of a gradual transmission (7) growth
with increasing wavelength (A). It has been proved earlier
(Kovalevskaya et al., 2006) that a strong light weakening
in these films in the 200+400 nm region is attributed
to Reyleigh’s scattering. We have also observed domination
of Reyleigh’s scattering in the UV spectra of PVA and Ge
films whose value is proportional to A*, which is known
to be characteristic of the optically inhomogeneous media
with density fluctuations and fine foreign particle inclu-
sions. Light scattering in the polymers may also take place
on the residual stresses (Kawasaki and Kuwana, 2000),
which are most likely to occur in PA-based films manufac-
tured by hot molding. This is, probably, the reason, why
the scattering takes place in them at a higher A than in PVA
and Ge.
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Fig. 1. Transmission spectra: a) of unfilled films: 1 — PVA (fl);
2 — Ge (f2); 3- PA (f8); b) of films filled by: 1 - Ge + Gr
(f3); 2 — PA + 0.1% UNT2 (f6); 3 — PVA + UNT1 (f7);
4 —-PVA + UNT2 (9)

The weak absorption bands observed in the spectra may
have different origin. The resonance light absorption in the
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near UV region may be generated by electron transitions.
The molecules of Ge correspond in fact to fibrillar protein
containing peptide groups >NH:--O=C< with a hydrogen
binding. These groups feature electron transitions of the
type n-n* absorbing at A > 200 nm. The absence of such
bands in PA spectra whose molecules also contain
>NH---O=C< groups may be due to a very low intensity
of the transition that depends upon the structure and com-
position of the molecule and its environment.

As for the PVA films, the appearance of the absorption
band in the UV region can be explained by rupture of hy-
drogen bonds (Cang, 1980).

The attainment of a more homogeneous transmittance
of PVA and Ge films in contrast to PA in the region
350+800 nm is of great practical importance (neutral
filters). The introduction of low concentrations of carbon
fillers (< 1 mass%) does not practically reduce the uniform-
mity ratio (Fig. 1b), whereas the transmittance may be
varied within the needed limits by changing concentration
of the particles and film thickness.

We have found out earlier (Kovalevskaya et al., 2006)
that with particle concentration C > 0.1 mass% in the PA
+UNT?2 films the dependence of the light attenuation factor
on the particle concentration ceases to be linear and the
Bourger-Lambert-Beer law is no longer observed. The
violation of this law is caused in this case by integration
of solid particles in the films into a 3D fractal cluster
(Smirnov, 1986). The transparence of the films can be de-
termined when recording spectrum 7()) by this fractal pro-
jection onto the plane.

UNT?2 particles look like cylindrical tubes of R radius
and / length. They are arranged at random angles so that the
mean area of the tube projection on the plane is S¢= 0.5n/R.
The fractal cluster starts growing with increasing amount
of the particles. To describe the fractal structure, we take
the cluster-cluster model of growth as most appropriate
in our case, since the miniclusters are initially formed,
which further merge with each other. The mean particle
density in this cluster p falls with stretching from the center
following the law (Smirnov, 1986):

p(r) = const/ru . (D

where r — distance from the center (R >> r >> R; Ry —
cluster dimensions), o = d,-df; d, — dimensionality of space
(1, 2, 3), d;y— fractal dimension (a =~ 1.5 in our case).

According to Bourger’s law, the intensity of light hav-
ing passed in direction z through the film is proportional to
exp(-e-u), where e — light attenuation ratio, u — optical
thickness of the cluster in a given direction z (Smirnov,
1986):

T ds, T dL,
u=|—dz=\|—a——dz, )
Ldv, L2 dr,

where dL;— total length of nanotubes in element dV%.
We may write for the mass of nanotubes in element dV:

M, =pdV, =p

Hm

madL,, 3)

where p — mean density of the composite film in element
dVt, pne —mean density of UNT material.



Let us denote the distance from the cluster center to the
beam line (b << R) as b. Hence, with account of directions
1,2, 3, we may write

p(z)dz
2ap '

Hm

"= bp(b)j 4)

In the case of low concentration of the nanotubes
and small thickness of the films, it seems expedient to con-
sider the integral within the limits (% r):

bp)[ |

bp(b) ¢
urx———\z "dz
2ap,, 7, ap,, \ 0,5

b (b)( : + lj
I\

As far as r >> a, then we shall obtainthat u = 1 ata =1,
r=100,b=a,py~1.

With increasing b the value of u will diminish, while the
cluster transparence will increase. As the concentration
of nanotubes increases the number of original nanoclusters
grows, so in the absence of their center ordering, the fractal
will turn opaque (we may anticipate that forced orientation
of the particles using light, electric or hydrodynamic fields
will assist in creation of regular semitransparent structures
like optical networks or lattices). This fractal may grow in
provision that the particle-particle attraction forces domi-
nate or otherwise, some other cluster type will start growing
in which the particles will be embedded into the cluster
of the matrix or interfacial zone.
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Fig. 2. Difference spectra of optical density AD(A) for unfilled
and filled films: 1 — (Ge + Gr) — Ge; 2 — (PVA + UNT2)
—PVA; 3 - (PA + 0.5 mass% UNT2) — PA

The weak absorption zone observed in the spectra of the
composites based on PVA and Ge in the near UV region are
of specific scientific interest due to the probability of ob-
taining new data on the electron properties of carbon
nanoparticles. Proceeding from Ajayan et al. (2003), grap-
hite is a semimetal, while nanotubes are metallic or semi-
conducting. In the presence of free electrons and low parti-
cle concentration, a distinctive absorptive band may appear
in the spectra, which is intrinsic for certain metals (Born
and Wolf, 1970; Markel et al., 1991). To verify this as-
sumption, we have obtained the spectra of difference
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in optical density AD(A) of the filled and unfilled films.
Most typical of the spectra are illustrated in Fig. 2. The fi-
gure shows that the spectrum of difference of PA-based
films is in the form of a weak asymmetrical absorption
band with a broadening in the long wavelength and a maxi-
mum about 250 nm.

This is just the form that the absorption band should
have for spherical metal nanoparticles in a rarified fractal
(Markel et al., 1991). Nevertheless, spectrum AD()) of the
films based on PVA is devoid of named peculiarities,
although the concentration of nanotubes in them is higher
than in PA. Spectrum AD(}) for the films Ge + Gr complies
fully with that of the matrix. Proceeding from above results,
a conclusion has been derived that there are no proper ab-
sorption bands in these spectra at low concentrations
of carbon micro and nanoparticles. With increasing concen-
tration, the composite films become opaque as a result
of light absorption by carbon particles at interfacial electron
transitions. The high value of AD in the composite films
based on Ge is, evidently, due to the incremented absorp-
tion in the interfacial region as compared to that in pure Ge
(n-m* transition). The increasing intensity can be attributed
to a dominating orientation of electron dipoles parallel
to the vector of the electric field light wave, which is in our
case parallel to the film surface. This orientation occurs
in the vicinity of Gr particles. Notice that, there is no such
increase in the intensity in the PVA-based films.

3.2. Microstructure of composite films

Immediately after pouring, the aqua dispersion of the
mixture is uniformly gray. A darker picture with a honey-
comb or dendritic pattern appears on the light background
upon drying. This is, probably, because some dominating
directions of the flow appear at pouring on the substrate,
along which the axes of molecules and nanotubes are
orienting. Further on, miniclusters and fractals on their base
start to form. The dark pattern is preserved after separation
of the films from the substrate. The microimages of these
films are illustrated in Fig. 3.

The coarse dark areas (graphite particles or agglomera-
tions of nanoparticles) are spread chaotically over the film,
while the finer ones form the structures of dendritic or cel-
lular type. They do not contact each other at low concentra-
tions of the particles (< 0.5 mass%) but form loose dark
filaments of different thickness at higher concentrations.

Similar results were obtained in Du et al., (2006). Ho-
mogeneity of the films was reached only in the case of dis-
persion in toluene used after pretreatment of nanotubes
by surfactants. The dispersion of nanotubes in water was
also homogeneous, although having some particle agglo-
merates in the films.

Proceeding from above said, inhomogeneous films were
obtained in aqua dispersions of PVA, Ge, Gr, UNT1 and
UNT?2. The filler particles form the agglomerates in these
films with a honeycombed or dendritic pattern characteris-
tic for the percolation fractal clusters. The films Pa + UNT2
produced by hot molding following the procedure described
elsewhere (Kovalevskaya et al., 2006) are homogeneous
and look uniformly gray.

53



Tamara Kovalevskaya, Mikhail Thnatouski, Anatoly Sviridenok, Sergey Zhdanok, Andrey Krauklis, Vladimir Voina, Andrey Stepuro
On the relationship between optical and structural properties of polymer films modified by carbon micro and nanoparticles

Fig. 3. Optical images of films at 100x magnification: a) Ge on Si (f2); b) PVA + Gr on glass (f4); ¢) PVA + UNTI (f7); d) PA + 0.1%

UNT?2 (f6)

3.3. Supermolecular structure of composite films

Structural parameters of the films derived by processing
roentgenograms (Fig. 4) using the standard methods
(Wonderlikh, 1976; Martynov and Vylegzhanina, 1972)
are presented in Table 2, where d — distance between reflec-
tion planes L — crystallite size, ® — Bragg’s angle.

It follows from the results presented in the Table that,
first of all, crystallinity degree of the films w,, all other
conditions being equal, depends only on the type of the
substrate (Si — crystalline, glass — amorphous) and carbon
particles used.

Let us consider in more detail the mechanism of the
substrate effect. The linear polymers are known to easily
undergo orientation under the effect of the substrate (spe-
cific type of epitaxy) (Wonderlikh, 1976). The macromo-
lecular chain structure promotes packing of their axes
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parallel to the substrate surface. Besides, the periodic
arrangement of normal to the surface planes in which atoms
(or ions) are contained is of importance.

At epitaxy, the axes of polymeric molecules are usually
arranged on NaCl, KCl crystals along the directions
of similarly charged ions, thus forming folded lamellas with
a long fold (300 + 500 A) presenting the initial face of the
polymeric crystal. The compliance between lattices for PA
films on KCI surface (020) is within 3%. The epitaxy
on quartz crystals is conditioned by the distance between
SiOH surface groups multiple to 2.5 A (distance between
active at adsorption and chemisorption groups of polymer
molecules).

The films were grown on one of the face surfaces of Si
monocrystal left in room atmosphere for a long time after
orientation, cutting, grinding, mechanical and chemical
polishing. In these conditions, an oxide film grows on Si



surface whose porous structure is developed and contains
0,, H,0, H', OH and some other impurities. Most active in
interactions with polymeric macromolecules may be Si—0"
and Si—OH groups. Elevated crystallinity of the films can
be attributed to the preserved periodicity of Si atoms in the
oxide that is imparted by Si structure. According to work
Wonderlikh, (1976), along with the epitaxy with folded
chains, there may be also the one with straightened chains.
Thickness of the lamellas from the straightened chains may
reach ~ 200 nm, and their packing occurs at different
angles.

The contribution of amorphous areas and finer deficient
crystals is greater in the films grown on the glass substrates
(amorphous halo and reflexes in the region 26 =18 —22°).
The dimensions of coarse crystals (reflexes 1, 2 in the table)
are 165, 200, 245 A, and the finer ones are 50, 100 A.

The maximal crystallinity w. = 0.53 of PVA films filled
by Gr, UNT1 and UNT2 grown on glass show the films
with UNT2 nanoparticles. Evidently, more coarse Gr and
UNT]1 particles whose size exceeds characteristic for PVA
crystal dimensions (25 + 30 nm) and their orientation mis-
matches that of the molecular axis induce the formation
of a more amorphous fine-crystalline structure.

Notice that the arrangement of the major reflexes in PA
and PVA films (synthetic chain polymer, simplest helix)
and Ge (biopolymer, fibrillar protein) coincides. Hence,
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Fig. 4. Radiograms of films: 1 — Ge on Si (f2); 2 — Ge + Gr on Si
(f3); 3 — PVA + Gr on glass (f4); 4 — PVA + Gr on Si (£5);
5—PVA + UNT2 on glass (f6); 6 — PVA + UNT1 on glass

some interplanar spaces in the elementary crystallite cells (9
of named polymers are similar.
Tab. 2. Structural parameters of composite films
No Parameter Reflex number )
c
1 2 3 4 5 6
2 20 26°35' 24°48' 24° 23°6' 21°25' 12°26' 0.57
d, [A] 3.35 3.6 3.7 3.86 4.15 7.14
L,[A] 196 244 163 244 121 192
3 20 26°35' 24°48' very weak - 21°25' 12°26' 0.27
d, [A] 3.35 3.6 3.7 3.86 4.15 7.14
L, [A] 245 244 - - 162 192
4 20 26°35' 24°48' very weak very weak 21°26' 12°26' 0.42
19°30'
d, [A] 3.35 3.6 3.7 3.86 4.15 7.14
4.56
L, [A] 245 163 - - 97 160
48.6
5 20 26°35' 24°55' very weak very weak 21°26' & 3 12°26' 0.62
very weak
d, [A] 335 3.59 - - 4.15 7.14
very weak
L, [A] 245 244 - - 162 192
very weak
fo 20 26°35' 24°55' -//- -//- 21°25' & 12°26' 0.53
~19°40'
d, [A] 335 3.59 - - 4.15 7.14
4.56
L, [A] 163 195 - - 121 208
40
7 20 26°35' 24°55' -//- -//- 21°25" and 12°26' 0.40
~19°40'
d, [A] 335 3.59 - - 4.15 7.14
4.56
L, [A] 164 163 - - 121 192
37.3
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4. SUMMARY

The analysis of the results obtained proves that intro-
duction of low concentrations of carbon particles into the
polymeric films based on Ge, PVA and PA (C=0.05 + 0.5
mass%) makes it possible to regulate transparency of the
films in UV and visible spectra within a wide range. Notice
that light transmittance in the region 350 + 800 nm is prac-
tically independent of the wavelength. This property of the
particles can be employed in manufacture of neutral filters
and glass tinting used for various purposes in engineering.

Carbon particles under study are devoid of their proper
absorption bands in UV region, but are able to change the
total absorption of the films via increasing or decreasing its
intensity at the interface.

When the forces of attraction between particles domi-
nate in the film-forming dispersion, these particles form
numerous clusters in the process of film preparation by
pouring. These clusters are further joining into a fractal
structure. The model of fractal growth suggested by Vitten
and Sander (cluster-cluster [9]) is applicable in our case.
Density of these fractals diminishes with distance from the
center, therefore, transparence of the films is inhomoge-
neous (Fig. 3). The features of the fractal structure (cellular
and dendritic types) depend on the flow direction arising
at dispersion pouring onto the substrate and orienting effect
of the atomic potential of the substrate (if it is crystalline),
as well as particle shape and size. Regular structures similar
to lattices or networks can be created by regulating orienta-
tion of carbon nanotubes using hydrodynamic or electric
and light fields. These structures can find application
in optical industry.

The melt-formed PA-based films produced by the
methods described in [5] look like gray homogeneous films.
The interaction forces between nanotubes and PA macro-
molecules dominating in these films hamper aggregation
of the particles into clusters. In PVA-based films filled
by Gr, UNT1 or UNT2 produced by pouring onto glass,
the greater crystallinity is shown by the ones with UNT2
filling (o, = 0.53, Table 2). Evidently, long and rigid UNT2
particles induce turning of molecular globules and growth
of the crystalline areas from the straightened chains of PVA
macromolecules forming hydrogen bonds between OH
groups of the neighboring molecules. More coarse shape-
less Gr and UNT1 particles reduce crystallinity degree
characteristic for the unfilled PVA films.

The films produced by pouring aqua dispersions onto
the crystalline substrate show higher crystallinity (Tab. 2)
due to the effect of epitaxy of polymeric molecules. This
phenomenon presents certain scientific and practical inter-
est in elaboration of nanotechnologies for optoelectronic
industry.
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Streszczenie: W pracy przedstawiono zachowanie si¢ cienko$ciennych dzwigaréw o przekroju prostokatnym obcigzonych
impulsem momentu powodujacego czyste zginanie. Wykorzystujac metodg analityczno-numeryczng oraz metodg elementow
skonczonych wyznaczono zalezno$ci amplitudy impulsu obciazenia od maksymalnego ugigcia, ktére moga postuzy¢
do okreslenia wielkosci krytycznych wyboczenia dynamicznego. Zajgto si¢ podpartymi przegubowo segmentami dzwi-
garow, ktorych dlugos¢ byta rowna od jednej do trzech szeroko$ci. Przyjeto do analizy materiat liniowo sprezysty. Anal-
izowano wplyw zatozononego ksztattu imperfekcji na odpowiedz dynamiczna impulsowo obcigzonych dzwigarow.

1. WPROWADZENIE

Konstrukcje rzeczywiste obciazane sa nie tylko
W sposob statyczny, ale réwniez dynamicznie. Reakcja
konstrukcji cienkos$ciennych na obcigzenia dynamiczne
moze by¢ rozpatrywana w aspekcie roznych zjawisk
fizycznych, o charakterze ktorych decyduje zaréwno czas
trwania impulsu obciazenia jak i jego amplituda. W litera-
turze S$wiatowej znalezé mozna nastgpujace pojgcia
dotyczace impulsu: natgzenie impulsu (Ari-Gur i Simon-
etta, 1997) oraz predkos¢ impulsu (Cui, 2001). Dla impulsu
o bardzo kroétkim czasie trwania i duzym nat¢zeniu mamy
do czynienia ze zjawiskiem uderzenia. W przypadku
impulsu o matym natgzeniu i bardzo dtugim czasie trwania
zagadnienie staje si¢ quasi-statyczne. Zagadnienie,
w  ktorym amplituda impulsu jest poréwnywalna
ze statycznym obcigzeniem krytycznym a czas trwania
impulsu odpowiada okresowi czgstosci drgan wiasnych,
nazywamy wyboczeniem dynamicznym. W analizie tego
zjawiska czgsto pomija si¢ wplyw tlumienia (Kounadis
iin., 1997).

Przedmiotem niniejszej pracy jest wyboczenie dyna-
miczne, przez niektorych autoréw nazywane odpowiedzia
dynamiczna na obcigzenie impulsowe.

W literaturze zagadnienia wyboczenie dynamiczne kon-
strukcji analizowane jest przede wszystkim dla obciazen
$ciskajacych dzialajacych wzdhuz osi konstrukcji, dlatego
tez w niniejszej pracy postanowiono zaja¢ si¢ dzwigarami
zginanymi. Z literatury przedmiotu znane sa rowniez roz-
wiazania dotyczace obciazen skrgcajacych, tnacych czy tez
nad- i podci$nienia w przypadku powlok. Obciazenia te sa
zmienne w czasie i dzialaja na konstrukcj¢ nagle, moga
mie¢ skonczony badz nieskonczony czas dziatania.

W pracy rozpatrzone zostang cienko$cienne shupy
o przekroju prostokatnym (rys. la) obciazone impulsem
odpowiadajacym czystemu zginaniu (rys. 1b).

Jak wiadomo, o wyboczeniu dynamicznym mowi si¢
jedynie dla konstrukcji posiadajacych imperfekcje geome-
tryczne, dlatego tez rozpatrzone zostang rézne formy ugigé

wstegpnych, migdzy innymi odpowiadajace postaci wybo-
czenia dla obciazen statycznych oraz postaci drgan wia-
snych.
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Rys. 1. Analizowany dzwigar o przekroju kwadratowym (a)
obciazony impulsowo (b)

Utrata statecznosci dla konstrukcji z ugigciami wstegp-
nymi niema charakteru bifurkacyjnego, dlatego tez w litera-
turze przedmiotu mozna znalez¢ wiele kryteriow pozwala-
jacych okresla¢ obciazenie odpowiadajace utracie statecz-
nosci konstrukcji obciazonych dynamicznie. Ponadto dla
konstrukcji idealnych (bez ugi¢¢ wstepnych) krytyczna
amplituda obcigzenia powodujaca utratg statecznosci ro§nie
do nieskonczonosci (Budiansky, 1965). Najbardziej zna-
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nymi i najczgsciej stosowanymi kryteriami wyboczenia

dynamicznego sa:

— kryterium zaproponowane przez Volmira (Volomir,
1972), zaktadajace, ze utrata statecznosci ptyt obciazo-
nych impulsowo zachodzi gdy ich ugigcia maksymalne
rowne sa pewnej stalej warto$ci. Najczesciej przyjmo-
wana jest krytyczna warto$¢ ugigcia rowna grubosci
plyty lub potowie jej grubosci;

— kryterium Budiansky’ego-Hutchinsona (Hutchinson
i Budiansky, 1966), ktore moéwi, ze utrata statecznos$ci
konstrukcji obciazonych dynamicznie zachodzi, gdy
dla niewielkich przyrostow obciazenia wystepuje naj-
wigkszy przyrost ugigcia;

— cztery kryteria dla ptyt zaproponowane na podstawie
przeprowadzonych  doswiadczen przez Ari-Gura
i Simonetta’e (Ari-Gur i Simonetta, 1997);

— kryterium  zniszczeniowe  zaproponowane  przez
Petry’ego i Fahlbusha (Kolakowski i Kolak-Michalska,
1999).

Zagadnienie rozwiazano zaproponowana metoda anali-
tyczno-numeryczng oraz komercyjnym programem ANSYS
wykorzystujacym metodg elementow skonczonych. Porow-
nano otrzymane wyniki.

2. METODA ANALITYCZNO-NUMERYCZNA

Zagadnienia statecznosci dynamicznej zginanych
dzwigarow rozwigzano metoda analityczno-numeryczna
(Kolakowski i Kolak-Michalska, 1999; Kubiak, 2007).

Analizowane dzwigary potraktowano jako konstrukcjg
ztozona z cienkich pryzmatycznych plyt, dla ktérych uogol-
nione odksztalcenia opisuja nastgpujace zwiazki geome-
tryczne:

— 1 2 2 2
Exi = Ujx + o (Wix FUj x +Vi ),
1 2 2 2
€yi = Vi,y +5 Wiy Fujy +Viy), (1)
28xyi = nyi = ui,y +Vi,x + Wi,xwi,y +ui,xui,y +Vi,xvi,y’

gdzie: w;, v;, w; - sktadowe przemieszczen plaszczyzny
srodkowej i-tej plyty (Sciany) odpowiednio w kierunkach
Xi, Vi, 1 z; lokalnego uktadu wspotrzednych.

Zgodnie z zasada Hamiltona rdézniczkowe roéwnania
rownowagi dla pojedynczej plyty mozna zapisa¢ nastgpu-
jaco:

— pihi uj+ in,x + nyi,y + (Nyiul"y ),y + (inui,x ),)C +
+ (nyiui,x)y + (nyiui,y)x =0,

—pih[ vi+ nyl"x +Nyi,y +(Nm-v,-’x)’x +(N

+ (nyivi,x ),y + (nyl'V,"y ),x =0, 2)

—pih wi+ (in,x + nyi,y )Wi,x + (Nyi,y + nyi,x )Wi,y +

+ inwi,xx + Nyiwi,yy + ZnyiWi,xy +Mxi,xx +
+2M +M

0.

xyi, Xy yi,yy =
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Stale w czasie warunki brzegowe odpowiadajace
podparciu przegubowemu obcigzonych koncéw dzwigara
zatlozono w nastgpujacy sposob:

b
1 1

Z;J.in(xi =0,y;) dvi =X N

i 0y i

1 1
Z; [Nyilxi = 0,3;) dvi = 2N o
i 0

i

€)

Warunki wspolpracy sasiednich $cian zatozono iden-
tycznie jak w Kolakowski i Kolak-Michalska, 1999;
Kubiak, 2007.

Nieliniowe statyczne zagadnienie stateczno$ci rozwia-
zano korzystajac z asymptotycznej metody Koitera dla
uktadow zachowawczych. Rozwazono jedynie wyboczenie
lokalne. W tym przypadku rozwinigcie pola przemieszczen
dynamicznych U zatoZzono w postaci:

U= (u,v,w) =AU + E)U; + E2()U +..... (4)

gdzie &; jest amplituda i-tej postaci wyboczenia (normali-
zowanej warunkiem réwnos$ci maksymalnego ugigcia i
grubosci pierwszej ptyty h;), Uy jest polem przemieszczen
stanu dokrytycznego, Uy sa polami przemieszczen wyzna-
czone

w ramach pierwszego rzedu przyblizenia U, polami prze-
mieszczen w ramach drugiego rzedu przyblizenia. Zatozo-
no ugiecie wstepne o amplitudzie & odpowiadajace postaci
wyboczenia otrzymanej dla minimalnego obciazenia kry-
tycznego, a wigc pole ugig¢ wstgpnych mozna zapisacé
nastgpujaco: U = £"U;

Uktad statycznych rézniczkowych réwnan réwnowagi
(réwnania (2) po pomini¢ciu cztondw dynamicznych)
w ramach pierwszego i drugiego rzedu przyblizenia w
przestrzeni xy rozwiazano zmodyfikowana numeryczna
metoda macierzy przeniesienia. Modyfikacja polegata na
wykorzystaniu metody ortogonalizacji Godunowa (Kola-
kowski
i Kolak-Michalska, 1999) podczas wyznaczania wektora
stanu na koncowym brzegu na podstawie wektora stanu
na brzegu poczatkowym poprzez catkowanie numeryczne
metoda Rungego-Kutty rownan statycznych w kierunku
obwodowym. Przedstawione powyzej postgpowanie po-
zwala na wyznaczenie nieliniowych wspotczynnikdéw: ay,
aj, ajy, ajj;; roOwnania opisujacego pokrytyczna Sciezke
rownowagi (Kubiak, 2007; ANSYYS).

W zagadnieniach dynamicznych niezalezng dotychczas
bezwymiarowa warto$¢ ugigcia & i obciazenia A nalezy
traktowac jako funkcje czasu.

Pomijajac sily inercyjne zwiazane z cztonami inercyj-
nymi stanu dokrytyczngo i drugiego rzedu przyblizenia
oraz biorac pod uwage warunki ortogonalnosci dla pdl
przemieszczen w ramach pierwszego U; i drugiego rzedu
przyblizenia U,, réwnania Lagrange’a mozna zapisa¢ w
postaci:



1 2 . . )
_zé,f(f)Jr(l——]é‘(f)er“lf O+0,,5O)=¢ —:()
a)() Zcr 2’

cr

: _an . _ i, 2n
ship=—"3 by = s Ty =—
a ay ®q

Zatozono, ze w chwili poczatkowej t = 0 zar6wno bez-
wymiarowe ugigcie & jak i predko$¢ jego narastania sa
rowne zer

gr=0)=0,

. a
gdzie: 0)(2) =1
m

) (6)
E(t=0)=0.

Rownanie ruchu (5) rozwiazano numerycznie korzysta-
jac z metody Rungego-Kutty z automatycznie zmiennym
krokiem i rzedem catkowania.

3. METODA ELEMENTOW SKONCZONYCH

Do rozwiazania zagadnienia stateczno$ci dynamicznej
konstrukeji cienkosciennych wykorzystano metodg elemen-
tow skonczonych - program ANSYS.

Analiz¢ zagadnienia statecznos$ci dynamicznej przepro-
wadza si¢ etapami. W pierwszym etapie rozwiazuje si¢
statyczne zagadnienie wartosci wlasnych w celu wyznacze-
nia obciazen krytycznych stateczno$ci i odpowiadajacych
im postaci wyboczenia. W drugim etapie przeprowadza sig
analiz¢ modalng, w ktérej wyznaczone zostaja czgstosci
drgan wiasnych konstrukcji i odpowiadajace im postacie
drgan. Czgsto$¢ drgan wiasnych wykorzystuje si¢ do obli-
czenia okresu drgan wlasnych a nastgpnie do okreslenia
czasu trwania impulsu. W kolejnym etapie przygotowuje
si¢ model dyskretny do dalszych obliczen. Generuje si¢
nowa siatk¢ elementdw skonczonych zawierajacych nie-
wielkie ugigcia wstgpne odpowiadajace postaci wyboczenia
otrzymanej dla najnizszej sity krytycznej lub postaci drgan
wlasnych. W drugim etapie przeprowadza si¢ analizg¢ dy-
namicznego zachowania si¢ konstrukcji w czasie, podczas
i tuz po dziataniu impulsu obcigzenia. W analizie dyna-
micznej rdwnanie rownowagi konstrukcji zostaje uzupel-
nione o cztony dynamiczne i przyjmuje postac:

{P} =[M]- {u} +[C]- {u} +[K]-{u}, (7

gdzie [M] jest macierza masowa konstrukcji a [C] macierza
tlumienia.

Poniewaz w zagadnieniach statecznosci dynamicznej
pomija si¢ wpltyw tlumienia (Kounadis i in., 1997) to row-
nania (7) przyjmuja postac:

{P}=[M]- {u} +[K]- {u}. ®)

Po zastapieniu pochodnych przemieszczen po czasie
{i} réznicami przemieszczenia {u} w kolejnych dyskret-
nych chwilach czasu ¢, otrzymujemy dla kazdego kroku
czasowego nowe statyczne réwnanie rOwnowagi uwzgled-
niajace sity bezwladnosci [M]{ii}, a zatem mozliwe jest
zastosowanie algorytméw wykorzystywanych w analizie
statycznej. Catkowanie po czasie w programie ANSYS
odbywa si¢ przy wykorzystaniu metody Newmarka, a do
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rozwiazania rownan w kolejnych krokach czasowych uzyty
jest algorytm Newtona-Raphsona.

Takie podejscie umozliwia analiz¢ zachowania si¢
konstrukcji pod dziataniem impulsu obciazenia.

Rys. 2. Model dyskretny dzwigara z warunkami brzegowymi
0 obcigzeniem

Analizowane dzwigary zdyskretyzowano czterowezto-
wymi elementami powlokowymi o szeSciu stopniach swo-
body w kazdym wezle. Warunki brzegowe na obciazonych
brzegach przyjeto identycznie jak w (Kubiak, 2007). Brzegi
obciazono cisnieniem o rozkladzie odpowiadajacym
rozkladowi naprgzen przy czystym zginaniu. Zadawano
ugigcia wstgpne $cian odpowiadajace postaci wyboczenia
badz postaci drgan o wartosci rownej 1/100 grubosci $cian
£'=0,01.

4. WYNIKI OBLICZEN NUMERYCZNYCH

Obliczenia prowadzono dla dzwigaréw o wymiarach
jak na rys. 1, tj. o dtugosciach L réwnych 100 mm i 300
mm.

Przyjgto nastgpujace wlasnosci materiatowe: modul Youn-
ga E = 200 GPa liczba Poissona v = 0,3. Analizowano
rozne ksztalty ugie¢ wstepnych.

W przypadku dzwigaréw $ciskanych posta¢ wyboczenia
oraz posta¢ drgan wilasnych odpowiadaja sobie, natomiast
gdy obciazenie powoduje czyste zginanie posta¢ wybocze-
nia dla najnizszej statycznej sity krytycznej jest zupelnie
inna niz postacie drgan wlasnych dla najnizszych czgstosci.
Postacie drgan wilasnych i wyboczenia przedstawiono
na rys. 3. Na rysunku tym zaprezentowano wyniki otrzy-
mane za pomoca metody analityczno-numerycznej (rys. 3a)
oraz metody elementéw skonczonych (rys. 3b - 3f). Wyniki
liczbowe zestawiono w tablicy 1. Indeks dolny w oznacze-
niu czestotliwosei drgan oznacza ilos¢ potfal wzdtuz dhugo-
$ci dzwigara. Otrzymano dobra zgodnos¢ wynikow jako-
sciowych i liczbowych. Maksymalna r6znica dla naprgzen
krytycznych wynosi 2%, a czgstotliwosci drgan wiasnych
okoto 0,5%.

Tab. 1. Poréwnanie wynikdw czgstosci drgan i statycznych sit

krytycznych

dlugos¢ | MES | AN [ MES | AN | MES | AN

dzwigara

L [mm] Oy [MPa] n; [Hz] ny [Hz]
100 98 [ 100 | 482 | 480 | - -
300 96 | 97 [ 268 | 267 | 670 [ 666
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Rys. 3. Postacie wyboczenia i drgan wlasnych

Majac wyniki z analiz modalnych mozna przeprowadzi¢
obliczenia pozwalajace okresli¢ odpowiedz uktadu na ob-
ciazenie dynamiczne. Wyniki tych obliczen przedstawiono
w postaci krzywych prezentujacych zalezno$¢ bezwymia-
rowego maksymalnego ugigcia $cian dzwigara § w funkcji
wspotczynnika obciazenia dynamicznego (DLF - Dynamic
Load Factor) zdefiniowanego jako stosunek amplitudy
impulsu obciazenia do statycznego obciazenia krytycznego.
Tak przygotowane wykresy pozwalaja okresla¢ krytyczna
warto$¢ wspolczynnika obciazenia dynamicznego DLFy,
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na podstawie kryterium Budiansky’ego-Hutchinsona oraz
kryterium Volmira. Rysunek 4 przedstawia wyniki obli-
czen otrzymane z metody analityczno-numerycznej oraz
z MES dla zginanego impulsowo dzwigara o przekroju
kwadratowym o dtugosci L = 100 mm i réznych ksztattow
ugie¢ wstepnych - odpowiadajacych postaci drgan wia-
snych dla najnizszej czgstosci (rys. 3b) oraz postaci wybo-
czenia dla najnizszego obciazenia krytycznego (rys. 3c).
Czas trwania impulsu odpowiada okresowi podstawowej
gictnej czgstosci drgan wiasnych.

3516 —&—MES wyboczenie

3 —HE—MES drgania wasne |
—a— AN wyboczenie
2,5 1
) =K
1,5 |7F( //

0 T T v T T T T T T T 1

05 07 09 11 13 15 17 19 21 23 25

Rys. 4. Bezwymiarowe ugigcie w funkcji wspotczynnika obciaze-
nie dynamicznego dla zginanego dzwigara o dlugosci
L =100 mm

Z otrzymanych wynikow wynika, ze dla krotkiego
segmentu dzwigara ugigcia wstgpne odpowiadajace postaci
drgan wilasnych powoduj¢, ze DLF, otrzymane po zasto-
sowaniu kryteriow Budiasky’ego-Hutchinsona oraz Volmi-
ra sa znacznie mniejsze niz dla ugieé¢ wstgpnych odpowia-
dajacych postaci wyboczenia. I tak DLF,, wedlug Budian-
sky’ego-Hutchinsona wynosi 1,1+1,2 dla ugi¢¢ wstgpnych
odpowiadajacym postaci drgan i 1,6+1,8 przy zalozeniu
ugie¢ wstgpnych odpowiadajacych postaci wyboczenia.
Krzywe otrzymane z MES i metody analityczno-
numerycznej maja inne przebiegi, ale warto$ci krytyczne
wedlug Budiasky’ego-Hutchinsona sg prawie identyczne.
Zupehie inne wyniki otrzymuje si¢ po zastosowaniu kryte-
rium Volmira. Znacznie mniejszy wpltyw ugie¢ wstepnych
zaobserwowano dla dtuzszych dzwigaréw (rys. 5).

Rys. 5 przedstawia bezwymiarowe ugigcie & w funkcji
wspolczynnika obciazenia dynamicznego DLF dla zgina-
nego dzwigara o przekroju kwadratowym i dlugosci
L = 300 mm. Zaktadano rozne ugigcia wstgpne, a takze
czasy trwania impulsu. Krzywa ‘1’ otrzymano dla ugigcia
wstepnego odpowiadajacego postaci wyboczenia dla m = 4
(rys. 3e) i czasu trwania impulsu T, = 3.7 ms odpowiadaja-
cego okresowi drgan wilasnych dla najnizszej czgstosci
drgan. Krzywa ‘2’ odpowiada ugigciu wstgpnemu odpo-
wiadajacemu postaci drgan wilasnych (rys. 3f) i czasu trwa-
nia impulsu jak dla krzywej ‘1’. Krzywa ‘3’ otrzymano
po zatozeniu ugie¢ wstepnych odpowiadajacych postaci
wyboczenia m = 4 (rys. 3e) i czasie trwania impulsu
T, = 1.5 ms odpowiadajacym okresowi drgafh wilasnych
o postaci m = 4. Dla takiego samego czasu trwania impulsu



i ugig¢ wstgpnych odpowiadajacych postaci drgan wila-
snych o m = 4 (rys. 3d) otrzymano krzywa ‘4’. Krzywe od
q

do ‘4’ otrzymano przy pomocy MES, a krzywe ‘5’ i ‘6’
po zastosowaniu metody analityczno-numerycznej. Krzy-
wa ‘5’ odpowiada krzywej ‘1°, a krzywa ‘6’ odpowiada
krzywej 3.

3,5
5 [—e—1
3 —=-2
2,5 ——3 e r
—>—4
2 —*—5
1,5 @6
14
0,5" /"'4
0 Zz DLF

05 07 09 11 13 15 1,7 19 21 23 25

Rys. 5. Bezwymiarowe ugigcie w funkcji wspdtczynnika obciaze-
nie dynamicznego dla zginanego dzwigara o dlugosci
L =300 mm

Dla dluzszych segmentow dzwigaréw niz najwigkszy
wymiar przekroju wptyw formy ugig¢ wstgpnych na lokal-
na postaé wyboczenia dynamicznego jest bardzo maly.
Wida¢ natomiast wptyw czasu trwania impulsu na krytycz-
na warto$¢ wspotczynnika obciazenia krytycznego DLFkr
otrzymang zaré6wno po zastosowaniu kryterium Volmira
jak
i Budiansky’ego-Hutchinsona. Krzywe bezwymiarowych
ugie¢ w funkcji wspodtczynnika obcigzenia dynamicznego
otrzymane z MES i metody analityczno-numerycznej maja
nieco inny przebieg, ale podobnie jak dla pojedynczych
segmentow dzwigara (L=100mm) DLFkr otrzymane
po zastosowaniu kryterium Budiansky’ego-Hutchinsona
sg bardzo zblizone.

Rys. 6. Maksymalne ugigcia $cian dzwigara dla DLF = 2.0 (a)
iDLF=2.2 (b)

Spadek wartosci ugieé dla wigkszych amplitud impulsu
obciazenia (rys. 5) spowodowany jest zmiang postaci-ilosci
potfal na dhlugosci shupa. Na rysunku 6 przedstawiono
odpowiedZ dynamiczng segmentu dzwigara z zalozonymi
ugieciami wstepnymi odpowiadajacymi postaé wyboczenia
i dla wspotczynnikow obcigzenia krytycznego réwnych
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DLF = 2.0 i 2.2. Dla krzywych otrzymanych z metody
analityczno-numerycznej (rys. 5) spadek ugie¢ & nie wyste-
puje poniewaz w metodzie tej zalozona jest stata ilos¢
potfal wzdtuz dhlugosci dzwigra, co moze réwniez mieé
wplyw na przebieg krzywych w catym analizowanym za-
kresie DLF. Nalezy jednak zauwazy¢, ze niema to zbyt
duzego wpltywu na DLFkr wyznaczone wedlug kryterium
Budiansky’ego-Hutchinsona.
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DYNAMIC RESPONCE OF THIN-WALLED GIRDERS
SUBJECTED TO PURE BENDING PULS LOADING

Abstract: The paper deals with the dynamic buckling of thin-
walled girder with rectangular cross-section subjected to pure
bending. The local dynamic buckling was analysed. The analysed
girders was short (girder’s segment between diaphragm) with the
length L equal or three times greater then width a of girder’s web.
The material is subject to Hooke’s law. It was assumed that
loaded edges of girders are simply supported. Influence of differ-
ent shape imperfection was analysed.
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Streszczenie: W pracy przedstawiono symulacj¢ numeryczng procesu wykrawania z uwzglgdnieniem fazy pegkania ciagliwe-
go. Poczatek fazy oraz przebieg jej trajektorii prognozowano w oparciu o tzw. wskaznik wykorzystania odksztalcalnosci.
Opracowano oraz zaimplementowano do programu MSC MARC/Mentat specjalny podprogram, ktéry umozliwit obliczanie
warto$ci wskaznika wykorzystania odksztatcalnosci. Rozwoj pgknigeia modelowano poprzez wykasowywanie w kolejnych
krokach deformacji tych elementow, w ktorych zostala przekroczona krytyczna warto$¢ wymienionego wskaznika. Symula-
cj¢ przeprowadzono dla probek wykonanych z blachy stalowej o grubosci 3,5 mm, wielkosci luzu Lj = 0,5 mm. Okre$lono
wplyw wielkosci elementu oraz kroku obliczeniowego na doktadno$¢ modelowania fazy pgkania proponowanym sposobem.
Otrzymane rezultaty pordwnano z wynikami badan eksperymentalnych. Zwrdcono szczegdlng uwage na ksztatt powierzchni

przecigcia.

1. WPROWADZENIE

Proces wykrawania, w odroznieniu od szeregu
innych stosowanych w przerdbce plastycznej jest szczegol-
nie trudny do opisu matematycznego. O ile bowiem
w odniesieniu do wigkszo$ci procesow plastycznego ksztat-
towania na zimno wystarczajacym jest opis zachowania sig
materiatu w zakresie odksztalcen sprezystych oraz pla-
stycznych z uwzglednieniem zjawiska umocnienia i anizo-
tropii, to w przypadku wykrawania istotna jest réwniez
znajomosc 1 opis zjawisk zachodzacych w fazie pojawiania
si¢ duzych odksztalcen plastycznych poprzedzajacych
pekanie, jego zarodkowanie oraz rozwdj. Rozpatrywane
zagadnienie nie lezy w zakresie klasycznej mechaniki pe-
kania bazujacej na rozwoju szczelin, gdyz ta dotyczy glow-
nie materiatow kruchych oraz wysokowytrzymatych mate-
riatéw konstrukcyjnych, natomiast w przypadku materia-
tow ciagliwych, pekanie poprzedzone jest duzymi
odksztatceniami plastycznymi. Powstajace mikropeknigcia
w fazie duzych odksztatcen plastycznych w wielu przypad-
kach moga by¢ nawet zalecane (Grosman, 2003).

W szeregu przypadkow zapewnienie odpowiednich
warunkow w trakcie procesu wykrawania stwarza mozli-
wos¢ wyeliminowania fazy pgkania, co gwarantuje pla-
styczng utratg spojnosci materiatu wzdtuz grubosci elemen-
tu wykrawanego. Stworzenie tego rodzaju warunkow za-
pewniaja zazwyczaj metody wykrawania doktadnego
(Gronostajski i Matuszak, 1971; Kut, 2004, 2006).

Ze wzgledu na jako$¢ geometryczna wyrobu,
istotnym w analizie procesu wykrawania jest okreslenie
poczatku fazy oraz trajektorii przebiegu pegkania. Rozpo-
czyna si¢ ono, gdy odksztalcenia w poblizu krawedzi
stempla i ptyty tnacej osiagaja pewna warto$¢ graniczna,
zwana rowniez odksztalceniem pekania. Odksztalcenie
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to nie jest stala materialowa. Liczne badania (McClintock,
1968; Rice iTrecey, 1969; Atkins, 1996) wykazuja,
iz pekanie ciagliwe silnie zalezy od stanu naprezenia panu-
jacego w odksztalcanym materiale. Wniosek ten byt nieza-
leznie dochodzony na drodze badan doswiadczalnych
(Norris i inni, 1978; Oyane, 1980).

Obecnie proces wykrawania modelowany jest
z powodzeniem w zakresie odksztalcen sprgzystych oraz
plastycznych do momentu poczatku pgkania (Goijaerts
iinni 2001; Hambli i Reszka, 2002), ktéry mozna okresli¢
za pomoca jednego z wielu znanych technologicznych
kryteriéw, np. (Cockroft i Latham 1968; Rice i Tracey,
1969; Oyane 1980; Atkins 1996; Goijaerts 2001; itd.) Wy-
mienione kryteria zniszczenia sa generalnie oparte na war-
tosciach naprgzen i odksztalcen catkowanych na drodze
odksztalcenia materiatu. Innymi stowy zaleza one od drogi
odksztatcenia. Jak wykazuja badania poréwnawcze ww.
modeli pekania (McClintock, 1968; Kachanov 1986; Clift
iinni 1990; Lemaitre 1996; Behers i inni, 2000, 2002)
uniwersalno$¢ proponowanych modeli jest ograniczona.

Modelowanie procesu wykrawania do momentu po-
czatku pekania, pozwala jedynie okresli¢ parametry sitowe
procesu oraz wielko$¢ ewentualnej strefy pgkania. Nie
dostarcza natomiast istotnej informacji dotyczacej ksztattu
powierzchni przecigecia (rys.1) decydujacej o jakosci geo-
metrycznej wyrobu. W praktyce pozadane jest, by proces
wykrawania byt tak zaprojektowany, aby pozwalal otrzy-
mywaé wyroby o z gory zatozonej jako$ci oraz ksztalcie
powierzchni przecigcia. Z tego wzgledu konieczne staje sig
modelowanie rowniez fazy pgkania materialu, gdyz ta ma
decydujacy wplyw na uzyskana jako$¢ geometryczna ele-
mentu wykrawanego.

Dotychczas przeprowadzono nieliczne badania
uwzgledniajace rowniez modelowanie MES fazy pegkania
ciagliwego (Taupin i inni, 1996; Brokken i inni, 2000; Fang



i inni, 2002; Kut 2007). Poczatek pgkania okreslany jest
najczgsciej wedlug jednego z wymienionych kryteriow,
a inicjacja szczeliny i rozwoj pgknigcia modelowany jest
przez wykasowywanie elementow lub ich separacje
w weztach. Doktadno$¢ wynikéw takiego modelowania
zalezy od wielu czynnikéw np.: zastosowanego kryterium
pekania, metody i dokladno$ci wyznaczenia parametrow
materiatlowych oraz parametréw samego modelowania.

Rys. 1. Profil powierzchni przecigcia typowej wykroki: a - za-
okraglenie, b - strefa cigcia plastycznego, ¢ - strefa pgka-
nia, d - zadzior, 3 — kat pgkania

2. BADANIA EKSPERYMENTALNE

Odpowiednie badania eksperymentalne poprzedzity
symulacj¢ numeryczng, uwarunkowana znajomos$cia nie-
zbe¢dnych danych wyjsciowych do opracowania modelu
numerycznego MES oraz jego weryfikacji. Do badan uzyto
probek w postaci paskow o szerokosci ~20 mm wycigtych
z blachy stalowej niskowgglowej o grubosci 3,5 mm
wzdhuz kierunku walcowania. Wtasciwosci mechaniczne
materialu badanej blachy (tab. 1) zostaly wyznaczone
na podstawie statycznej proby rozciagania przeprowadzonej
na maszynie wytrzymatosciowej UTS 100.

Tab. 1. Wiasciwosci mechaniczne badanego materiatu

y Granica Granica Parametry krzywej
Grubos¢ plastycz- wytrzyma- umocnienia
g [mm] nosci fosci
Re [MPa] | Rm[Mpa] | KI[MPa] n
3,5 399 447 591 0,072
350m8

Rys. 2. Schemat przyrzadu do odcinania: 1 - noze tnace, 2 - stem-
pel, 3 - probka, Lj - szczelina wykrawania
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Operacj¢ odcinania przeprowadzono przy pomocy przy-
rzadu (rys. 2) dla wielkosci szczeliny wynoszacej Lj = 0,5
mm. Po wykonaniu 4 wykrojek dokonano pomiarow wiel-
kosci strefy pekania, ktorej Srednia warto$¢ wynosita
¢ =2,69 mm. W celu okreslenia trajektorii pgkania dokona-
no odwzorowania ksztaltu rzeczywistego profilu po-
wierzchni bocznej wykrojki (rys. 3 b).

b)

o

Rys. 3. Profile powierzchni przecigcia wykrojek uzyskane
w wyniku: a) symulacji MES, b) eksperymentu

3. SYMULACJA NUMERYCZNA

Model geometryczny do symulacji MES zbudowano
na bazie modelu wynikajacego z przeprowadzonego ekspe-
rymentu. Proces wykrawania modelowano zaklada-
jac ptaski stan odksztatcenia. Jako zwiazek konstytutywny
przyjeto sprezysto-plastyczny model materiatu z nieli-
niowym umocnieniem opisany rownaniem:

(e<0y/E)

o= {E ‘€ )
K-e" (620,/E)

W zakresie odksztalcen sprezystych wartosci para-
metrow materiatlowych wynosity: £ =210000 MPa, v=10,3.
Parametry krzywej umocnienia zamieszczono w tabeli 1.
Do budowy siatki elementéw skonczonych odksztatcalnej
blachy zastosowano elementy klasy 4 typu 11 — plane-
strain quadrilateral. Przyjgto model tarcia opisany prawem
Coulomba oraz warto$¢ wspotczynnika tarcia = 0,1. Obli-
czenia przeprowadzono przy pomocy komercyjnego pro-
gramu MSC. MARC/Mentat dla zagadnien nieliniowych,
z uwzglednieniem kontaktu. Poczatek pgkania materiatu,
a nastgpnie jego przebieg modelowano w oparciu o tzw.
wskaznik wykorzystania odksztatcalnosci W (Grosman
i Tkocz, 2003):

&

w f de <1
= = (2
) e, (k)

gdzie: ¢ - odksztalcenie zastgpcze , &,(k) - funkcja odksztal-
calnoéci graniczne;j.

Praktyczne wykorzystanie wskaznika W wymaga
znajomosci funkcji odksztalcalno$ci granicznej ¢, = f(k),
gdzie k jest wskaznikiem stanu naprezenia definiowanym
jako iloraz naprezenia $redniego i intensywnosci napreze-
nia. Funkcje odksztalcalno$ci granicznej mozna wyznaczy¢
eksperymentalnie wykonujac testy materiatowe dla r6znych
przypadkéw stanéw naprgzen (Grosman, 1976; Bao
i Wierzbicki, 2004). W rozwazanym przypadku funkcje te
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sformutowano wyznaczajac warto$¢ odksztatcenia pgkania
na podstawie proby rozciagania (Kut, 2006b), a nastgpnie
aproksymowano otrzymane wyniki wielomianem trzeciego
stopnia (Kut, 2007):

&,(k)=—14,39k> +21,91k> — 9,86k +2,021 (3)

W technologicznych procesach ksztattowania,
w ktorych pekanie poprzedzone jest duzymi odksztatce-
niami plastycznymi, wskaznik W moze réwniez pemic rolg
kryterium powstania zlomu rozdzielczego, a wigc tzw.
kryterium pgkania. Przyjmuje sig, ze pgkanie rozpocznie si¢
woweczas, kiedy warto§¢ wskaznika W > 1. Wowczas to
elementy, w ktorych wskaznik osiagnie krytyczna wartos¢
zostaja w kolejnych krokach obliczeniowych usuwane.

A\ 4

Dane Dane z symualcji
eksperymentalne MES
(funkcja Onmij
odksztatcalnosci Gijj
granicznej) Esi
i — krok obliczeniowy
gp = gp(K) j — numer elementu

1y 1l

Procedura podprogramu
1. kij =om ij/ ol ij
2. g,= gp(kij);

3. (g.5i/ ep(Kij);y) = Wy

NIE TAK
Wi >1

A

Nastepny krok | Wykasuj elementy

Rys. 4. Algorytm stosowany do modelowania fazy pgkania

Modelowanie fazy pgkania odbywa si¢ wedlug za-
proponowanego algorytmu (rys. 4). Do podprogramu po-
bierane sa dane wejsciowe eksperymentalne w postaci
funkcji odksztatcalno$ci granicznej oraz w kazdym kroku
obliczeniowym dla kazdego elementu dane z programu
obliczeniowego w postaci: o;, — naprezenie S$rednie,
o; — intensywnos¢ naprezenia, & — odksztalcenie zastepcze.
Nastegpnie podprogram oblicza warto§¢ wskaznika stanu
naprezenia k oraz wielko$¢ granicznego odksztalcenia pe-
kania ¢, dla obliczonego wskaznika k. Na podstawie tych
danych obliczany jest wskaznik W wedlug ktérego pode;j-
mowana jest decyzja o przej$ciu do nastgpnego kroku obli-
czeniowego lub o usunigciu elementdow, a nastgpnie przej-
$ciu do nastgpnego kroku obliczeniowego.
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Rys. 5. Przyktadowa wykrojka modelowana, ¢ — mierzona strefa
pekania

Z réwnania (2) wynika, ze otrzymane wyniki mode-
lowania beda uzaleznione od parametréw modelowania. Na
wrazliwo$¢ rozwiazania wplywaé bedzie w tym przypadku
rozmiar siatki MES oraz dlugo$¢ czasowego kroku oblicze-
niowego. W celu dokonania analizy wpltywu wyzej wymie-
nionych parametrow na wrazliwo$¢ rozwiazania przepro-
wadzono 25 symulacji procesu wykrawania stosujac ele-
menty skonczone o wielkosci # = 0,12; 0,1; 0,08; 0,05 oraz
0,03 mm. Wielkos$¢ kroku obliczeniowego dla poszczegol-
nych elementow okreslona zostata jako wielko$¢ prze-
mieszczenia stempla w jednym kroku obliczeniowym
i wynosita: s ,=0,2; 0,15; 0,1; 0,05 oraz 0,01 mm. Po prze-
prowadzeniu kolejnych symulacji dokonywano pomiaru
wielkosci strefy pgkania ¢ na wykrojce (rys.5), a otrzymane
wyniki zostaly przedstawione w tabeli 2. Dla wielkosci
elementu 0,03 mm 1ikroku obliczeniowego 0,2 mm ze
wzgledu na zbyt duza deformacj¢ elementéw obliczenia
numeryczne nie zostaly przeprowadzone do konca, co unie-
mozliwito okreslenie wielkosci strefy pegkania dla tego

przypadku.

Tab. 2. Zestawienie wynikow wielkosci przewidywanej strefy
pekania ¢ w zaleznos$ci od wielkosci siatki /4 i kroku obli-
czeniowego S 4

Wielko$¢ elementu skoficzonego 4 [mm]

0,12 0,1 0,08 0,05 0,03

0,2 2,0844 | 2,1384 | 2,3359 | 2,6437 -

0,15 | 2,2533 | 2,2168 | 2,3605 | 2,6134 | 2,7283

0,1 2,3067 | 2,4179 | 2,3692 | 2,6164 | 2,745

0,05 | 2,2968 | 2,325 | 2,3978 | 2,6592 | 2,7317

Wielko$¢ kroku oblicze-
niowego s ; [mm]

0,01 2,35 2,327 | 2,5401 | 2,6919 | 2,699




4. ANALIZA WYNIKOW

Otrzymane wyniki przeprowadzonych analiz numerycz-
nych (tab. 2) oraz badan eksperymentalnych zostaty przed-
stawione w formie graficznej na wykresie (rys. 6). Wykres
przedstawia wptyw wielkosci elementu skonczonego /4 oraz
kroku obliczeniowego s , na wielko$¢ prognozowanej strefy
pegkania ¢ wyznaczonej w symulacji numerycznej (po-
wierzchnia A) w odniesieniu do wielkosci strefy pegkania
wyznaczonej do$wiadczalnie (powierzchnia B). W bada-
nym zakresie zarowno zmniejszanie wielkosci kroku obli-
czeniowego s ; jak 1 wielkosci siatki /4 wplywa
na doktadno$¢ otrzymanych wynikow. Zmniejszanie wiel-
kosci kroku obliczeniowego ma najwigkszy wplyw przy
najwigkszej wielkosci elementu. Im wielko$¢ elementu jest
mniejsza, tym wpltyw wielkosci kroku obliczeniowego jest
nieco mniejszy. Co ciekawe, w badanym przypadku
zmniejszenie wielkosci kroku poprawia zbiezno$¢ wynikow
zarowno przy h = 0,12 mm gdy wielko$¢ prognozowanej
strefy jest zbyt mata, jak i przy s , = 0,03 mm, gdy wielko$¢
prognozowanej  strefy  jest nieznacznie = wigksza
od wyznaczonej eksperymentalnie. Znacznie wigkszy
wplyw na wynik modelowania ma wielko§¢ elementu.
W miar¢ zmniejszania wielkosci elementu w zakresie
h = (0,12 = 0,05) mm wyraznie poprawia si¢ zbiezno$¢
uzyskanych wynikow. Najlepsze rezultaty osiagnigto przy
h = 0,05 mm. Dalsze zmniejszanie wielkosci elementu
do 4 = 0,03 mm spowodowalo, ze uzyskane wyniki byly
nieznacznie zawyzone, a czas obliczen wzrastal prawie
dwukrotnie w poréwnaniu z A = 0,05 mm. W catym bada-
nym zakresie rozwigzanie jest wrazliwe na wymiar siatki,
gdyz nie uzyskano ustabilizowania si¢ wynikow.
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Rys. 6. Wplyw wielkosci elementu % oraz kroku obliczeniowego
s na wielkos¢ strefy pekania ¢ (A — wyniki modelowania
MES, B - warto$¢ wyznaczona eksperymentalnie)

Rysunek 7 przedstawia rozktad wskaznika wykorzy-
stania odksztatcalnosci W na poszczegolnych etapach za-
glebienia stempla s w material. W odréznieniu od typowych
symulacji w tym przypadku oprdocz sprezystej i plastycznej
deformacji materiatu odksztalcanego w prezentacji wyni-
kéw mozemy obserwowaé rowniez poczatek oraz przebieg
pegkania do momentu rozdzielenia materialu. Pozwala to
prognozowac jako$¢ geometryczng elementu wykrawanego.
W miar¢ zaglebiania stempla w materiat (rys. 7a, b, c)
w obszarze pomigdzy krawedziami tnacymi narzedzi gdzie

acta mechanica et automatica, vol.2 no.4 (2008)

wystepuja najwigksze odksztalcenia plastyczne zwigksza
si¢ warto$¢ wskaznika W, przy czym najwicksze wartoSci
osiaga on w poblizu krawedzi tnacych narzedzi. Przy za-
glebieniu stempla s = 0,95 mm (rys. 7d) wskaznik W osiaga
maksymalna dopuszczalng warto§¢ w poblizu krawedzi
tnacych narzedzi. Wéwczas to, od powierzchni natarcia
pojawia si¢ szczelina i rozpoczyna proces pekania. To, ze
pekanie inicjowane jest przy krawedzi na powierzchni na-
tarcia spowodowane jest tym, iz na powierzchni przyloze-
nia wystgpuja znacznie wigksze naciski. W efekcie sita
tarcia na powierzchni przyltozenia jest znaczaco wigksza niz
na powierzchni natarcia, co decyduje o lokalizacji powsta-
nia pegknigcia. Dalsze zaglebianie stempla (rys. 7¢) powodu-
je rozwdj szczeliny w kierunku, w ktérym wskaznik W
osiaga najwigksze wartosci, a pegknigcie rozwija si¢ do
momentu rozdzielenia materiatu (rys. 7).

'

Rys. 7. Rozklad wskaznika wykorzystania odksztatcalnosci W
oraz przebieg pekania na poszczegdlnych etapach zagle-
bienia stempla s: a) s = 0,38 mm, b) s = 0,62 mm,
¢)s=0,83mm, d)s=0,95 mm - poczatek pgkania,
e) rozwoj peknigcia, f) rozdzielenie
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Na podstawie przeprowadzonej symulacji mozna
oszacowa¢ wielko$¢ poszczegodlnych stref na powierzchni
przecigcia, wyznaczy¢ strzatke ugigcia, kat pgkania oraz
inne parametry geometryczne wpltywajace na jako$¢ uzy-
skanego wyrobu. Poréwnujac ksztalt profilu wykrojki uzy-
skanej w symulacji MES (rys. 3a) z profilem rzeczywistym
wyznaczonym eksperymentalnie (rys. 3b) mozna stwierdzi¢
wyrazng zbiezno$¢, co stanowi argument przemawiajacy za
wykorzystywaniem  zaproponowanego  modelowania
w praktyce inzynierskiej.
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5. WNIOSKI

1. Wskaznik wykorzystania odksztalcalnosci stanowi
bardzo istotny parametr technologiczny. Moze on row-
noczesnie spetniac¢ rolg kryterium pekania ciagliwego,
co wykazano w niniejszej pracy. Mozliwos$¢ jego sto-
sowania w komercyjnym programie MES wymaga
opracowania adekwatnego podprogramu oraz znajo-
mosci przebiegu funkcji odksztalcalno$ci graniczne;.

2. Mozliwo$¢ modelowania w procesie wykrawania fazy
pekania materialu stwarza nowe mozliwosci odno$nie
przewidywania jakosci geometrycznej elementu wy-
krawanego.

3. Zaréwno wielkos¢ kroku obliczeniowego jak
i wielko$¢ elementu w znacznym stopniu wplywa na
otrzymane wyniki modelowania fazy pegkania ciagli-
wego. W badanym przypadku najbardziej optymalnym
ze wzgledu na zbiezno$¢ z eksperymentem jest przyje-
cie wielkosci statki 4= 0,05 mm. Dalsze zmniejszanie
siatki znacznie utrudnia modelowanie i znaczaco wy-
dluza czas obliczen. We wszystkich przypadkach
zmniejszenie kroku obliczeniowego do s , = 0,01 mm
korzystnie wplyngto na otrzymane wyniki modelowa-
nia.

4. Przedstawiony sposob modelowania z wykorzystaniem
wskaznika odksztatcalnosci granicznej moze byc
z powodzeniem stosowany w innych procesach prze-
robki plastyczne;j.

LITERATURA

1. Atkins A. (1996), Fracture in forming, J. Mat. Proc. Techn.,
56, 609-618.

2. Bao Y., Wierzbicki T. (2004), On fracture locus in the
equivalent strain and stress triaxiality space, Int. J. of Mech.
Sciences, 46, 81-98.

3. Behrens A., Just H. (2002) Verification of the damage
model of effective stresses in cold and semi-hot forging
operations by experimental testing and FE simulations, Mat.
Konf. Metal Forming ‘2002, Birmingham, 295-301.

4. Behrens A., Landgrebe D., Just H. (2000), Prediction
of cracks in multistage cold forging operations by finite ele-
ment simulations with integrated damage criteria, Mat. Konf.
Metal Forming 2000, Krakow, 245-252.

5. Brokken D., Brekelmans W.A.M., Baaijens F.P.T. (2000),
Predicting the shape of blanked products: a finite element
approach, Journal of Materials Processing Technology,
Vol. 103, 51-56.

6. Clift S.E., Hartley P., Sturgess C. E. N., Rowe G.W.
(1990), Fracture prediction in plastic deformation processes,
Int. J. Mech. Sci., 32, 1-17.

7. Cockroft M.G., Latham D.J. (1968), Ductility and the
Workability of Metals, J. Inst. Metals, 96, 33-39.

8. Fang G., Zeng P., Lou L. (2002), Finite element simulation
of the effect of clearance on the forming quality in the blank-
ing process, Journal of Materials Processing Technology,
Vol. 122, 249-254.

9. Goijaerts A., Govaert L., Baaijens F. (2001), Evaluation
of ductile fracture models for different metals in blanking,
J. Mat. Proc. Techn., 110, 312-323.

10. Gronostajski J., Matuszak A. (1971), Sposoby doktadnego
wykrawania z blach, Mechanik, 9, 493-496.

66

11. Grosman F. (1976), Funkcja odksztalcalnosci graniczne;.
Obrobka plastyczna, 4, 197-202.

12. Grosman F. (2003), Charakterystyki technologicznej
plastyczno$ci materialow stan aktualny a oczekiwania, Rudy
Metale, R48, 10-11, 446-468.

13. Grosman F., Tkocz M. (2003), Koncepcja zastosowania
funkcji odksztalcalno$ci granicznej do prognozowania utraty
spojnosci, Mat. konf. Forming 2003, Podlesie, 63-68.

14. Hambli R., Reszka M. (2002), Fracture criteria identification
using an inverse technique method and blanking experiment,
Int. J. Mech. Sci., 44, 1349-1361.

15. Kachanov L. M. (1986) Introduction to continuum damage
mechanics, Martinus Nijhof, Dordrecht.

16. Kut S. (2004), Sposob wykrawania ze wstepnym wygieciem
potwyrobu, Rudy Metale, R49, 3, 127-130.

17. Kut S. (2006a), Wptyw wybranych parametréw na jako$¢
wyrobéw w procesiec wykrawania doktadnego, OWPRz,
Rzeszow 2006.

18. Kut S. (2006b), Sposoéb wyznaczania odksztatcenia pekania
w probie jednoosiowego rozciagania probek ptlaskich, Acta
Mechanica Slovaca, 10, 2B/2006, 205-212.

19. Kut S. (2007), The method of ductile fracture modeling
and predicting the shape of blanks. Progressive Technologies
and Materials, Vol. 2, OWPRz, Rzeszow 2007, 15-25.

20. Lemaitre J. (1996) A course on damage mechanics.
2nd Edition, Springer, Munich.

21. McClintock F. (1968), A criterion of ductile fracture by the
growth of holes, J. Applied Mechanics 35, 363-371.

22. McClintock F. A. (1968), A criterion for ductile fracture
by the growth of holes, Trans. ASME, Int. J. Appl. Mech.,
35, 363-371.

23. Norris D., Reaugh J., Moran B.,Quinones D. (1978),
A plastic-strain, mean-stress criterion for ductile fracture,
J. Eng. Materials and Technology, 100, 279-286.

24. Oyane M., Sato T., Okimoto K., Shima S. (1980), Criteria
for ductile fracture and their applications, Journal Mechanical
Working Technology, 4, 65-81.

25. Rice J., Trecey D. (1969), On the ductile enlargement
of voids in triaxial stress fields, J. Mech. Phys. Solids,
17,201-217.

26. Taupin E., Breitling J., Wei-Tsu W., Taylan A. (1996),
Material fracture and burr formation in blanking results
of FEM simulations and comparison with experiments. Jour-
nal of Materials Processing Technology, Vol. 59, 68-78.

27. Yu S., Xie X., Zhang J., Zhao Z. (2007), Ductile fracture
modeling of initiation and propagation in sheet-metal blank-
ing processes. Journal of Materials Processing Technology,
Vol. 187-188, 169-172.

FEM MODELLING OF DUCTILE FRACTURE
PHASE IN BLANKING PROCESS

Abstract: This paper presents the numerical simulation
of the blanking process including the ductile fracture phase.
The beginning of ductile fracture phase and its trajectory has been
predicted using the formability utilization indicator.
The specialized subroutine for MSC Marc Mentat software
has been developed and implemented to calculate the formability
utilization indicator. The fracture progress has been modeled
by step-by-step deleting the segments, where the formability
utilization indicator’s critical value has been exceeded. FEM
simulation has been performed for samples made of sheet steel
(thickness 3.5 mm) for clearance Lj = 0.5 mm. The influence
of element size and computational step on accuracy of fracture
phase modelling proposed method has been determined.
The simulation results have been compared with experimental
results. The cross-cut section has been carefully checked.
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Abstract: The variation principle is applied for defining a crack in the solid body. Crack propagation in non-homogeneous
media has been considered. It is shown that electromagnetic fields in the material are essentially affecting the trajectory.
The crack trajectory stability has been studied as function of fracture energy, phase portraits of the trajectory in different
media have been built, and various attractor types have been revealed. Different crack morphologies from single straight

and oscillating crack propagation to straight double crack propagation were theoretically founded.

1. INTRODUCTION

The ability to determine the direction of crack growth
as a function of medium properties or its deformed state
is useful. This ability is the rule rather than the exception
when the technology of material fabrication can control the
praise nature of the material micrstructure. These provide
the means to suppress or enhance crack propagation.
In other words, the direction of crack growth can be prede-
termined if the loadings are known.

The aim of the present paper is to find the conditions
of the material properties for crack propagation in the
wave-guide mode. Studied are the crack path and its stabil-
ity in inhomogeneous media by application of variational
principle. The stability and stochastization of the solution
of the crack trajectory equation are investigated.

Consider the medium that is stretched along the y-axis
from infinity. We believe that the crack propagate
in such a way that the energy involved in fracture process
is minimal along the trajectory of the crack. The variational
equation for specific energy (i.e. energy per unit length)
has the general form Miklashevich and Chigarev (2002),
Miklaschevich (2005).

§I7+W(x,y)dl =0 (1)

where vy is the specific surface energy and w(x, y) the spe-
cific potential deformation energy while dl stands for the
differential length, 6 the variation symbol and L the inte-
gration path. For the brevity we can introduce the func-
tional of specific energy y+ w(x, y)=F(x, y, y’, ¥) in equa-
tion 1.

The Euler’s equation for the problem (1) which follows
from condition of minimum of functional for functional
of elastics energy is given in standard way by Miklashevich
(2005). Because we investigate the stability of trajectory
not stability of the process of fracture we obtain

dx\ oy'

—%[WF (%, y')] =0

Now assume that the boundary conditions are chosen in
such a way that they maintain the stress state unchanged
during the crack propagation (,,dead stress”). For the re-
duced case media properties relative smooth changing
F # F(x, y, y)=F(x, y), equation 2 can be written in the
form Miklashevich and Chigarev (2002).

i[i[m}(F(x, y,y‘))j

2

y"- y'f](x,y)(1+y'2)+ fz(x,y)(1+ y'z)2 =0 3)

For the sufficiently smooth crack term y’* to vanish,
there results the crack trajectory equation:

y'-yf(xy)+f(xy)=0, 4)

where the notations

F(ny) = mQOY)
X

0
(%)
Oln Q(x,y) ’ Q(x,y) _

oy

have been adopted.

2. CRACK PROPAGATION THROUGH
STRUCTURE BOUNDARY

Crack propagation across structural non-homogeneities
represents a significant practical interest, for example,
for composites and structured materials. The theory of
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crack propagation through the structure boundary in state-
ment of “ideal mechanics of fracture” started from well
known articles of Dundurs. In the elastic formulation, an
idealized problem of interaction of the crack with non-
homogeneity (a borders or a dislocation) can be solved, for
example, by the method of complex potentials of Muskhel-
ishvili. Moreover, all the real materials have internal struc-
tural borders (for example, grain structure, walls of disloca-
tions, etc.) and “ideal” theory may be corrected by the more
physical way. In the variational statement, the problems
of accounting borders are connected with discontinuity
of function F(x,y) in borders 0, Li, i=1,..k, etc. These
causes a necessity to consider, at varying the fracture
energy, piecewise smooth functionals. Equation for the
energy functionals, in case of crack passage across i bor-
ders should be rewritten in the form of:

O+e

"+ SF| " +oF

&=0 L +e
+oF ‘
A

SF = 6F

+...0F

)

0- L -¢

where A, B starting and end point of the crack, respectively

and lim e=0. Term oF ttj in (6) is the additional energy,

connected with a L; sharp body boundary.

In real materials, a transition from one material
to another takes place in a narrow zone of contact of grains
(layers). The width of this transition zone depends on tech-
nological and other factors and defines the integration in-
terval in the second term of expression (6). Only for an
ideal material, the width of the transition zone from one
material to another is zero. According to our problem
statement, the crack approaches the border “almost nor-
mally”, and the fracture energy, connected with the exis-
tence of the border, is the energy required for separation of
the material along the layer. In the statement of the problem
of ideal fracture:

SF|, =Tdu (1)D(x—-1)dx

where D(x) is the delta-function, dU(1) is the bond energy
of the border number one (Miklashevich, 2002).

However, real materials do not have any zero transition
zones. Then, with account of the real width of contact zone
2¢, the delta-function can be approximated by a smooth
function:

2

1 —X
exp (—2 J—>‘H6 D(X).
&

ENTT

In this case it is not possible to have a crack propagating
in materials with stabilized trajectory (Miklashevich, 2005,
2008). Unfortunately, because of the complexity of the
coefficient, we managed to obtain a precise analytical solu-
tion of equation (4) only for the limited case of special form
of the coefficients in equation for linear media
(Miklashevich, 2008).
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3. CRACK BEHAVIOUR IN PIECE-WISE
STRUCTURES

The equation (4) was analyzed in case of ideal piece-
wise composite materials (Miklashevich and Chigarev,
2002; Miklaschevich, 2005. For the piece-wise material
the media properties can be taken in the form

0 2 0 0 2
f .=, f .=0, f  =—-aw”, f =0.
2.y 2,y 2,y 1

This corresponds to representation of In Q(y) in the
form as Miklashevich and Chigarev (2002):

nQ(xy)=mQ(y)+v(xy),
an(y):—a)zy2 —an’y".

In this case we can find the condition of stochastization
of the crack trajectory (Miklashevich and Chigarev, 2002).
Consider the stability of equation (4) when the medium's
properties change smoothly along the x axes. Let the media
properties expressed by Eq.(5) be in the form

(an(X,y))yx=5+7/cosa) X. @)

The above representation corresponds to body fracture
energy in form

Q(X) _C exp —(5xw—7sin(a}x)) ,

where C1 is the integration constant. The behaviour of the
non-homogeneity is in general exponential (the slope de-
gree of the exponent is regulated by index J), Fig. 1. A
deviation of the function from smoothness (scatter of the
properties

of the composite by layers) is regulated by parameter y
(See Fig. 1).

Q(x)

0,8\

041

0 1 2 X

Fig.1. Dependence of fracture energy from coordinate x. Parame-
ters = 15, 6 = 1. Solid curve y = 1, dotted curve y = 15

Substitute the Eq. (7) into (4) we obtain the well known
equation of Duffing type (Lichtenberg and Liberman, 1983)
in form



Y—y+Y +80y=5+ycosmw X
The crack bechaviour in last case presented in Fig. 2,

Fig. 3. and whole is stable.

Coord. y(x) A
1.0

\ 4

100 Coord. x

-1.0 v

Fig.2. The crack trajectory behavior. Material parameters ara
€ =201, v =219, o = 0.01, &= 1; Initial conditions
y(0) = 0; y’=0,001

Rate coord. y(x)

1 5 Coord. y(x)

04

-0.8

Fig. 3. Phase portrait. Initial conditions y(0) = 0; y’(0) = 0.000001
dotted line, y(0) = 0.001; y(0) = 0,00005 solid line

The considered models of non-homogeneity correspond
to the conclusion that a change of non-homogeneity along
axis Y ensures a waveguide character of crack propagation
along axis Y. In particular, a cut-out may play the role
of such waveguide. However, even a rigid determination
of the initial and final points is insufficient to have the
crack trajectory y(x) to be a deterministically forecasting
function.

4. INFLUENCE OF ELECTROMAGNETIC FIELD
TO THE TRAJECTORY

In case when in a material the set of actuators is embed-
ded, the electromagnetic field can be presented in a mate-
rial. The general theory of fracture of piezoelectric mate-
rials can be found in Parton and Kudriavcev (1998).
A possibility to apply the crack energy density criterion
to crack propagation in piezoelectric materials was detail
justified earlier (Zuo and Sih, 2000). By using the well-
known L. I. Sedov’s decomposition of the full crack
problem into subproblems, we may present the full crack
problem in piezoelectric medium as superposition of me-
chanical and electrical problems. Let’s take the field as
pure periodical (sinusoidal). In this case the body fracture
energy can be presented in form of
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Q(x)=C, exp(-(sxw-ysin(wx))/@)+C, cos Qx

The crack bechaviour in the last case presented in Fig.
4, Fig. 5. and essentialy differ from stable.

yx 1]

-1.5

Fig.4. The crack trajectory behavior. Q=100

27 y(x)

Fig. 5. Phase portrait for crack under electromagnetic field affect.

5. DISCUSSION AND CONCLUSION

The proposed approach allows analysing the depen-
dence of the crack behaviour from the properties of the
medium, through which the crack propagates, finding the
areas of unstable propagation, and assessing the stochasti-
zation (randomization) length (Miklashevich and Chigarev,
2002; Miklaschevich, 2005). Forecasting of the crack tra-
jectory in case of meeting the stochastization condition in
possible only through use of probability methods, for ex-
ample, on the basis of Markov process theory.

The forecasted crack behaviour is logically explained
in the model of composites with adhesion links. The initial
instability (chaotic state) of propagation of a main crack
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may be physically realized only through formation of lat-
eral microcracks in the boundaries of the structural ele-
ments

of the composite. In development of the destruction proc-
ess, the damage will accumulate in the layers passed by the
crack, and a weak relaxation on destruction of adhesion
links will be insufficient, the energy will start to liberate
along the trajectory of the mainline crack and stabilize
it (Miklashevich, 2008).

The considered problem may be an example of layered
medium synthesis, in which the boundary is a barrier
in the crack route, since in the considered example,
the boundary may break the condition y’?<<I, the crack
propagates along the boundary, and then along the layer
again. Thus, stochastization of the crack trajectory
in a layered medium leads to an impossibility to forecast
its propagation and, therefore, to impossibility of taking
measures, at the stage of designing and manufacturing
of an article, to improve crack-resistance. On the other
hand, the crack stochastization that enables its propagation
along the fibering ensures the crack-resistance of the arti-
cle, since the shear fracture viscosity is higher than the
fracture destruction (Miklashevich, 2002).

In the presence of the electric field, the crack behaviour
is much less stable than in the absence thereof. At crack
development, bifurcation transitions are possible (sharp
outbreaks at phase diagrams). The general analysis of the
crack behaviour indicates that the presence of the electric
field essentially increases the chaotic behaviour of the
trajectory. It follows from Figs. 4, 5 that even in case
of high-frequency electromagnetic field, no “suppression”
of mechanical oscillations takes place, and the trajectory
has multiple bifurcation points (sharp breaks of phase tra-
jectory).
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Abstract: Tubular light guides transport daylight into internal windowless parts in buildings via multi-reflections on highly
reflective surface. They consist of roof dome of glass or transparent plastics, metal hollow core light pipe with mirrored
internal surfaces and ceiling cover from diffusive glass which scatters daylight into interior. The investigation of light effi-
ciency of these new systems of tubular light guides needs correct data of transmittance of transparent roof domes and ceiling
covers of these systems. Angular transmittance of curved glasses and glasses with pattern are not available. A method for de-
termination of angular transmittance of transparent components of light guides was set up. The method is based illuminance

measurements within an experimental box with glass samples.

1. INTRODUCTION

Visual comfort in buildings is one of main demands
for quality of indoor environment in buildings. Dayligting
of internal parts of buildings is a technical problem.
Tubular light guides represent possibility of natural lighting
and also energy saving alternative in a comparison with
artificial lighting. Light guides are special tubular systems,
which optically connect outdoors with indoors. Their
function is based on the principle of light transport for
distant places due to multi reflections on highly reflective
surfaces. A tubular light guide consists of a roof transparent
dome of glass or transparent plastics, metal hollow core
light pipe with mirrored internal surfaces and ceiling cover
from diffusive glass which scatters daylight into interior
(Bracale et al., 2001; Yohannes, 2003).

Values of angular transmittance of glass represent
important input data for daylight and solar systems evalua-
tions. Data of angular transmittance are determined for
clear flat glass and for clear glass with steel wires (Kittler
and Kittlerova, 1968; Rybar, 1987, Hopkinson
et al., 1966). The relative angular transmittance of the flat
clear glass is defined as the ratio between transmittance Ty
in the incident angle @ and normal transmittance T,

— according to Kittler ((Kittler and Kittlerova, 1968)

N

1
—gzcost9(l+—sin2 0) )
T, 2

— according to CSN 730580 (Rybar, 1987)

4 0

r N
—5:c050(1+sin39)+e v _g® )
T

n

— according to Rivera (Hopkinson et al., 1966)

T .
—=1,018.cos O (1+5sin36) 3)
T

n

Angular transmittance of curved glasses or plastics
which are used for roof domes and flat diffusive glasses
with patterns which are convenient for ceiling diffusers are
not available. The investigation of light efficiency of tubu-
lar light guides needs correct data of angular transmittance
of their transparent parts. A method for determination
of light transmittance of the transparent components of light
guides was set up. The method is based on angular trans-
mittance determination on basis of data from illuminance
measurements.

2. MEASUREMENT METHOD

The method for determination of angular transmittance
of transparent components of light guides requires data
of light measurements within an experimental box with
glass samples. Dimensions of the box are 0.6 m x 0.6 m
x 0.95 m. There is a circular opening of diameter 0.16 m in
the middle of the front side of the box for a glass sample
placing. Source of light — four fluorescent lamps 4 x 18 W
covered by a frosted glass cover of dimensions 0.5 m
x 0.5 m was used. The cover serves for diffusion of the
lamps light. The distance of the light source from the front
side of the box is 2.5m=5ds, where ds is the dimension
of the light source (0.5m). This distance is in compliance
with ,oft-quoted five-times rule* which is required
for photometric measurements (the measurement error
is minimized for this distance) [6]. The box with the glass
sample on its front side was revolved at defined angles with
respect the light source position. There were two light sen-
sors of luxmeter Minolta T10 fixed in side walls of the box
—see Fig. 1 (c1 — the upper sensor fixed in the distance 0.15
m x 0.15 m from the upper left hand side corner of the box,
c2 — the lower sensor fixed in the distance 0.15 m x 0.15 m
from the lower right hand side corner of the box). Values
of illuminance monitored inside of the box give data for the
mean internal illuminance which was compared to the re-
ference value (illuminance inside the box without a glass
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sample). These values served for determination of angular
transmittance of selected glass samples.

Results of illuminance measurements have given data
for determination of curves of angular transmittance
in angles from 0° to 90° (with 10° interval) for the fol-
lowing samples of light guide elements: roof glass dome,

° Side view

150

plastic dome (PMMA), flat ceiling covers of clear float
glass and antireflection glass, flat glass diffusers with pat-
terned surface for light scattering — smooth and rough pat-
terned diffusers. All samples have diameters 0.17 m
and thickness 3 mm. Luminance measurements for the
selected samples at given angles were 5 times repeated.

Front view

\

cl

950

170
)

\

530

o

2500

| |

600

|

Fig. 1. The experimental box for illuminance measurements (dimensioned in mm)
z — light source, v — glass sample, c1, c2 — luminance meter sensors (dimensioned in mm)

Fig. 2. Photographs of the box for illuminance measurements,
a) box with a glass sample, b) light source - lamp, ¢) angu-

lar scale, d) lower sensor of the luxmeter

Fig. 3. Luminance distribution of the light source transparent
cover (monitored by LMK Vario)

Luminance of the transparent frosted glass cover of the
used lamps was monitored by luminance camera LMK
Vario, see Fig. 3. Minimal, maximal and average luminance
is presented in Table 1. The luminance distribution was
monitored for determination of light conditions. Average
luminance from the measurements is L = 1947 cd.m™
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luminous emittance H = n.L = 6 116 1x, which is adequate
to outdoor conditions of uniformly overcast sky with diffu-
sive light in accordance with the CIE overcast sky model
(CIE S 011/E, 2003) with sky luminance gradation from
horizon to zenith 1:3 — average luminance is 1592 cd.m™).
For this light conditions measurements of angular transmit-
tance of the light guide components was carried out.

Tab. 1. Luminances L of the cover of the used light source
(luminance camera LMK)

Measure- L[cd.m™]
ment Mean Minimal Maximal deviation

value value value

0 1920 27.7 3030 276.8

1 1895 1758 1983 58.65

2 1983 1192 2642 173

3 1990 1545 2309 158.8
Average luminance 1947,0 cd.m™

3. RESULTS FROM MEASUREMENTS

Results from the light measurements give average illu-
minance for particular angles of incidence which are used
for calculation of transmittance and specification of curves
of relative angular transmittance. Normal light transmit-
tance 1, for light rays affecting the glass sample in angle 0°
(light rays are normal to the glass sample) is calculated
from illuminance data

“

where: E,; is illuminance inside of the box with the glass
sample [1x] (for normal incidence, angle 6=0°), E, is illu-
minance inside of the box without the glass sample [Ix] (for
normal incidence 6=0°)



Curves of angular transmittance of glass samples were
determined for relative values calculated from the following
formula

L E,,/E,, )
. E_/E_

where: T4 is light transmittance for light affecting the sam-
ple at the angle of incidence &, T, is normal light transmit-
tance (6=0°), E,p is illuminance [Ix] inside of the box
without the glass sample for light rays at the angle of inci-
dence 0 [Ix], Enp is illuminance [Ix] inside of the box with
the glass sample for light rays at normal incidence 6=0° .
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Results from illuminance measurements within the box
and the above mentioned calculations of angular transmit-
tance of selected samples are presented in curves of relative
transmittance T,/ T in dependence on the angle of inci-
dence fin Fig. 4.

Another light source (see Fig. 5) was used for the con-
trol measurement — metal-halide lamp HQL (power 250 W,
luminous flux 22 500 Im), with light characteristics similar
to real daylight conditions of direct light of the clear sky -
similar like the daylight simulator used in experimental
investigations of light guides (Yohannes, 2003) and above
mentioned measurements were repeated for the control light
source.

o Ta l
0.2
0,5 4
07
0,6 1
0.5 1 Clear glass— flat glass
04 —DO——  Astireflection glass — flat glass
’ ——— Difusszer-softly patterned, polished sutface
03 4 - - =¥- - - Difusser-softly patterned, diffusive susface
——gp——  Difusserroughly pattemed, polished suface
0241 -...... Difugzer-roughly pattemed, diffusive surface
01 — _ Glass roof dome
- PMNA roof dome
o T T T T T T T

ne 10° 15° 20° 30° 40°

45° 50° 60° 70° 75" 80® g0°

Angle of incidence 8 =P

Fig. 4. Curves of relative angular transmittance of selected transparent elements (roof domes and flat ceiling covers) of the tubular

light guide

Values of relative angular transmittances of the flat
clear glass determined on the basis of illuminance mea-
surements were compared with the curves of the clear flat
glass transmittance determined from calculation results
in accordance with equations (1) and (2), see Fig. 6.

Fig. 5. Control measurements with Metal-halide lamp HQL

0.4 1

0.3 Caleulation - Kiftler

0.2 Caleulation - O8N 73 (4550
_ __  DMeasurement: lamps dx18 W
0.11 —  Measurement: lamp HOL 250W
0 10 20 30 40 a0 &0 70 a0 a0

8f
Fig. 6. Curves of angular transmittance of flat clear glass (de-
termined from measurements and from calculations)
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Results of angular transmittance of the flat clear glass
sample determined from measured illuminances vary about
2 to 20 % compared to calculated values. The difference
is caused by different methods of evaluations. The equa-
tions (1), (2) were derived from results of laboratory illu-
minance measurements and for a light source with parallel
light rays affecting the glass sample. Results from the
above described method in the box are close to real service
conditions. The box is the model of a room of dimensions
3 m x 4.75 m, clearance height 3 m; used light source with
four fluorescent lamps with frozen glass cover simulates
diffusive light of sky.

Determination of the angular transmittance of the se-
lected samples gives information that the glass and plastic

High ekvation

Lowr elevation angle

Flat glass

domes have higher transmittance for angle of incidence
between 50° and 90° but lower transmittance for angles 0°
(normal incidence) to 50° compared to flat glass samples.
It is caused by the roof dome rounded shape, which for
higher incident angles (angle of incidence is measured from
the normal to the surface) - lower elevation angles (eleva-
tion angle is measured from a horizontal plane) gives higher
transmittance but light rays of the same elevation are re-
flected on the surface of the flat glass pane, see Fig. 7.
Light rays of lower angle of incidence - higher elevation
angle are reflected more on curved parts of the roof dome
and they have high transmittance through the flat glass
cover.

High ekwabhon
angle [

Vi )

1 et Lovar eleratiom

| =. - ol
HE

Eoof dome
oy Elevation

 angle

Fig. 7. Scheme of reflection and transmission of light rays of different elevation angle on the surface of the flat and rounded glass sample

4. SUMMARY

Light transmittance of a roof dome and ceiling diffuser
influence light efficiency of the whole light guide system.
The curves of angular transmittance serve as input data
for light efficiency evaluations of tubular light guides.
Angular transmittance of the flat glass cover determined
on the basis of the illuminance measurements are in agree-
ment with results from calculations according to theoreti-
cally and experimentally derived formulae. For this reason
it can be assumed that the curves of angular transmittance
of transparent roof domes and patterned glass ceiling dif-
fusers are determined in sufficient accuracy to be useful as
input data for the following evaluations of the tubular light
guide efficiency.
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Abstract: Materials are evolving today faster than at any time in history. In nowadays developing a technique and techno-
logy considerably enlarge the exposure of the applicable materials, new materials are created still with much better mechani-
cal and technological properties. Their development and prevalence quickly increase. Today wide use such materials that still
recently call by future materials. In the several responsible engineering industry, as well as instrument engineering and other
industries do better with “high — performance” composites, new engineering ceramics, high — strength polymers etc., what
had previously been done with metals.

Choosing of materials is very important in several engineering industries, construction and instrument engineering industries,
for example, crash of bench constructions is one of the reasons that the engineer who designed them used wrong materials
or did not understand the properties of those used. Therefore for rational utilization materials, we need to know not only their
properties, but also need understand factors, witch provides this properties. Therefore we should know how to select mate-
rials which best fit the demands of the design — economic and aesthetic demands, as well as demands of strength and durabi-
lity. Choice of materials of pressure originated details, as also many manufacturing of other important details, which is one
of the most actual problems in nowadays.

First of all this article shows advantages and disadvantages of the conditions of materials choice of pressure originated details
in. The most rational conditions of materials choice, way how to eliminate possibility mistakes, witch can lead down
to different difficulties are given for the manufacturing of the definite group of details.

There is an example witch describes conditions of materials choice for oil flooded screw compressors.

The denotations of different standards of the utilized materials are analyzed in this article. As well as the economic parame-
ters of the various materials in the manufacturing of the oil flooded screw compressors are analyzed.

At the end of the article are given possibilities of the improving of materials. We can achieve improving of materials with
different materials processing methods, which I had analyzed, for example, using mechanical, thermal, thermal-chemical
processing or using different surfaces covering. In nowadays thermal processing method based on metal physic, dislocation
theory and changes of metal structure regularity. These processing methods improve physical and mechanical properties

of materials.

1. INTRODUCTION

Innovation in engineering often means skilfully to use,
choose the new materials for the responsible constructions
in various industries of engineering, which are evolving
today faster than at any time in history, often consider ma-
terials that still recently call by future materials. In nowa-
days developing a technique and technology considerably
enlarge the exposure of the applicable materials, new ma-
terials are created still with much better mechanical
and technological properties. There are over 100 000 diffe-
rent materials available to design engineer. The duty
of every engineer is to know the materials classifications
so even well, as in the own book of remarks. Engineer
and mechanic should be also as designer and technologist.

A designer needs to be able correctly to choose mate-
rials, which their properties would conform to these techni-
cal requirements of constructed detail. As often as not only
in engineering we meet with various reasons which chara-
cterize with the use of incorrect materials. Choosing of ma-
terials is very important in several engineering industries,
construction and instrument engineering industries; for

example, crash of bench constructions is one of the reasons
that the engineer who designed them used wrong materials.
He was not able to choose materials with conformable
properties and exploitation environments from this spacious
offered expound of material. Therefore for rational utiliza-
tion materials, we need to know not only their properties,
but also should understand factors, witch provides this
properties. So it is vital that the professional engineer
should know how to select most suitable materials witch
best fit the demands of the design — economic and aesthetic
demands, economic requirements, criteria of safety as well
as demands of strength and durability. The designer must
understand the properties of materials, and their limitations.

2. MATERIALS IN NOWADAYS AND THEIR
PROPERTIES

There are over 100 000 different materials available
to design engineer. Main task is to reduce this very large
number to a much smaller who let us to be competent more
easily in these materials groups.
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Mainly in the engineering industry use the alloys
of metals, but far rarer technically spotless metals. Me-
chanical properties of alloys usually are better than me-
chanical properties of spotless metals. Chemical composi-
tion and structure are to affect the properties of alloy.
Today we already use materials, which often are called
as future materials.

Nowadays in the modern engineering materially divided
on nine large groups:

— engineering alloys — metals and their alloys;

— engineering polymers — thermoplastics and thermosets;

— engineering ceramics — fine ceramics;

— engineering composites — glass, carbon or aramid
fibere-reinforced plastics;

— porous ceramics — brick, cement, concrete, stone;

— glasses — silicate glasses;

— woods - structural timbers;

— elastomers — natural and artificial rubbers;

— foams — foamed polymers.

Every material is characterized by its mechanical,
physical, thermal, chemical, and also technological
and other properties. From spacious expound of the offered
material we should choose most suitable material accor-
dingly to our requirements. Choosing materials for the
elements of machines, a designer must analyse all proper-
ties of these material.

Mechanical properties of material are one of the most
important properties of them. These properties characterize
material can resist to influence of external force. Taking
apart mechanical properties of material, we analyse their
plasticity, modulus of elasticity, yield strength and tensile
strength, hardness, fracture toughness, fatigue strength,
creep strength and damping. Yield strength and tensile
strength are one of main parameters with which character-
rized most of all materials. Tensile strength of material
is described after the indexes of mechanical properties,
which obtain in mechanical verifications. Tensile strength
of material depends on such characteristic properties
as endurance, kind of hot processing, and from density
of material.

The constructed devices always work in more
unfriendly circumstances, which influencing from various
dynamic loadings, temperatures, and also those construc-
tions are inferior to the always greater loadings. Fracture
toughness is inculcated for characterizing of materials.
Fracture toughness is the index of material, what character-
izes ability of material resist to the various impact loadings
in various temperatures.

Analysing physical properties of material, we adjoin
with such sizes as specific gravity of material, density, and
also for the coefficients of the linear and dimensional
expansion.

Also thermal properties of material keep us in interest,
when we analysing the external environments of construc-
tion. Knowing thermal properties of material — thermal
conductivity, specific heat, thermal expansion coefficient,
and also temperature of melting, we can define efficiency
of action of construction in the various intervals of tempera-
tures. Thermal properties of material allow to us correct
choosing of the thermal processing modes, if necessary
to improve the materials by the thermal process.
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Electric and magnetic properties — resistivity, dielectric
constant, magnetic permeability are used also for character-
rizing of materials.

Properties of surface are important in many engineering
constructions. Knowing properties of surface, we can
reason about oxidization ability of material, ability to resist
corrosion, and also we are able to predict endurance
of wear. Corrosion of metals causes of enormous losses
for industry. To prevent the severe losses, in the engineer
and in the other industries of production, details should
be covered with varnishes, paints, chemical hardy metals
or thin layer of oxides. In a few cases use the special alloys
with good chemical stability.

There is a copula type of operations, which helps to us
improve wearproofness of surface, such as mechanical,
thermal, chemical-thermal, and also coverages of surface.

A technological property of metal and other materials
characterizes workability with various hot and cold proces-
sing methods, i.e. workability pours, hammering, welding,
cutting etc.

Constructing of any device makes to us more or less
interest to properties of making of material are ease
of manufacture and joining, finishing and also aesthetic
properties as colour, texture, feelings.

During designing of machine, we also should analyse
ecological properties of materials toxicity, possibilities
of contamination of environment, and also recyclability.

Properties

Intrinsic

Bulk mechanical
properties

Attributive

Pressure originated Production properties
details (screw rotors) e
/ Enisting

Aesthetic properties —

—
-—
/ appearance, texture,

Bulk nonmechanical
properties

feel
Surface properties

Price and
availability

EE

L

Fig. 1. Stages of materials choice

In the first figure is demonstrative shown the stages
of material choice, with which we adjoin designing
the devices.

Now majority producers and users pay very large atten-
tion to price of material. Users primary in the choice
of materials assume an error, which is why that they choose
material depending on a price. More faithful there would be
that a designer projected the device and chooses necessary
material and then, if the cost of materials dissatisfies, then
arranges competition for the cost of material.

In our days the main task of every designer - to make
not a mistake in the calculations and in the choice. In the
type of example we will examine the terms of choice
of materials of pressure originated details. So that correctly
and faultlessly to choose of materials for manufacture
of rotors of screw type compressor, we need to stipulate all
possible information of output for rotors, for example, this



mechanical, technological, and also properties of surface,
circumstances of exploitation etc.

The rotors of screw spaciously use for production
of compressed air and in the devices of cooling systems.
The rotor is inferior to influencing of variable forces, which
create the compressed gases, forces of inertia, moments
of rotation, processes of various resonance and friction.
In case of resonance external and internal tensions appears
additionally. The processes of wear can be described with
a few hypotheses as abrasive, diffuse, process of wear
of oxidizing and reduction etc. Choosing materials for
rotors of screw compressors it is needed to notice, that they
would provide excellent in statistical and dynamic me-
chanical pointers of resistance, wearproofness, longevity,
and also they must be technological, temperature resistance
etc.

Materials from as we can make the pressure originated
detail of screw type compressors stand more, then we will
appeal only for one of the group of materials - for metals
and their alloys.

As already | mentioned beforehand, more frequent in all
characterize materials with mechanical properties. At one
time in Latvia usually characterized materials with one
of the more characteristic properties, fatigue strength
— could resist to deformations or crash down, which
to cause the static or dynamic loading. Fatigue strength
characterizes the maximal put external loading which
material can survive. For fatigue strength of material reason
after the indexes of mechanical properties, which obtain
in mechanical verifications. Now adjusting for the Euro-
pean norms, materials are always more frequently charac-
terized with the fracture toughness. Majority aggregate
and construction the scopes of elastic deformation operate
to us.

| Natural materialas
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Fig. 2. The classes of engineering materials

We need to choose such material, what is able to work
us in certain office hours, to survive influencing of external
forces, to be comparing easily accessible and cheap.

In the second figure we can examine the main groups
of materials, which offer to us in engineering.

3. MATERIALS CHOICE OF PRESSURE
ORIGINATED DETAILS

There are a few ways how to choose materials
for manufacturing of pressure originated rotors of screw
type compressor. One of them, knowing the mechanical,
physical, technological properties values of detail and also
external environments, we can take all materials in succes-
sion and to execute the experiments, till we find anymore
befits. This principle of choice is comparing expensive
and labour-consuming.

| Coposites

I | Glasses

[ ] Ceramics
[ ] Polymers

Metals and alloys

1000
Tensile strength

Fig. 3. Tensile strength of materials groups

The second from variants is a little bit stranger. The
experiments do not need to be executed, but already from
information of experiments we choose for us the most
suitable material. To characterize material it is possible
with much and for more various properties, therefore
we need to estimate the most important properties from
those, for example, fracture strength, fatigue strength,
tensile ductility, creep strength, hardness etc. Estimating all

[ [ [ [ [
1200 1400 1600 1800 2000

Rm (N/mm?)

the properties of materials, | will choose materials for
manufacture of pressure originated details after the fatigue
strength. In the next figure we can see the group of main
materials which | described with one of their characterizing
parameters - fatigue strength. From this figure we can de-
fine groups of materials for manufacture of pressure origi-
nated details. So even well we could choose a material
group after plasticity or fracture strength. So, that many
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groups of materials more or less than to correspond noti-
ceable for the requirements, then I chose one of widespread
groups of materials - metals and their alloys.

So as metal and their alloys are very spacious, then
analysing after the equivalent figure | choose the group
(steels) of metals, which the rotor of screw will be made
from. The rotors of little oil flooded compressors operate in
the comparing easy circumstances, and then | choose steels
of ordinary quality. The leading producers of screw com-
pressors are recommending constructions of quality steels
(C22, C45), for larger compressors advise the alloyed mate-
rials of constructions (15Cr3). Substantially mechanical

properties of materials are influenced by alloying elements
as chrome, nickel, molybdenum, vanadium etc. Alloying
elements improve mechanical properties of material. The
dry type screw compressors operate to the comparing
greater temperatures, therefore | choose alloy steels with
more resistance of temperature (30CrMoV, 35CrNi5).
Increasing for the temperatures of materials, mechanical
stability of steels diminishes. Compressors which work
in aggressive environments use by resist corrosion alloy
steels (X10Cr13, X7Cr13). To protect rotors from influ-
encing of unfriendly external environment, applies cover-
ages of various thermo - diffusive surface kinds.
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\ | Copper and its alloys

I I I I I
200 400 600 800 1000 1200

1400 1600 1800 2000

Tensile strength of metals and alloys Rm (N/mm?)

| Stainless steel

\ | Case hardened steel
\ | Hardened and tempered steel
\ | Valve steel
[ ] Highstrength low alloy steel
Intermetalic strengthened steel | |
\ | Cold finished steel
Spring steel | |
[ ] Hotrolled steel
i i i i 1 i i i i i
200 400 600 800 1000 1200 1400 1600 1800 2000

Tensile strength of steel Rm (N/mm?)

Fig. 4. Tensile strength of metals and steel

4. IMPROVING WAYS OF METALS MECHANICAL
PROPERTIES

Not looking on a spacious metal and their alloys, we can
improve mechanical properties for almost any material. We
can purchase materials with lower mechanical and physical
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properties, but processing those, obtain properties of mate-
rial for our necessities. Approach of choice of such material
is comparing cheaper than to purchase already suitable ma-
terial. To decrease payments of screw rotors and weight,
rotors can be made from chopped carbon fibre
epoxy composite materials by the RTM (resin transfer



moulding) process using separable four-piece moulds
for easy demoulding of helical shape screw rotors. So
as materials of composites it is difficult to process after,
therefore at the beginning is necessary to make pretty exact
form in which we will form rotors with specific profile.

One of varieties of improvement of mechanical proper-
ties of materials is the mechanical processing. With pro-
cessing methods, we can improve mainly only properties
of overhead layer of material (we strengthen an overhead
layer) — increasing hardness of overhead layer, wearproof-
ness, higher tensile strength. Mechanical processing we can
carry with, for example, processing the overhead layer
of material with pellets, for the special billows etc. Me-
chanically strengthening the overhead layer of material,
we plastic deforms it. The depth of the fixed overhead layer
is identical with the deformed stratified density.

Often for the only made details it is necessary to de-
crease or to take off detail forge. To rest of steel there is
diminishing of deformation of crystalline grate and partial
renewal of physical chemical properties.

In our days heat treatment of material are spaciously
used, which consists of that good warms and cooling which
task - to change the structure of material and properties,
noticing the certain modes. Thus obtain considerable
changes of properties, and do not change chemical compo-
sition. In nowadays thermal processing method based on
metal physic, dislocation theory and changes of metal struc-
ture regularity. Kind of thermal processing stipulate instead
character of temperature changes, but phases of metal and
changes of structure. Heat treatment can be executed
for moulding, forging, rolled metal, details of drawing ma-
chine, welding connections, for more responsible details
of machine and tools. Main thermal processing kinds
are shown in the Fig. 5.

Termal processing

[ I
‘ Thermal ‘ ‘ Chemical thermal ‘

P
1 Ameme ] Cuuing | | Tt metonicd

Tempering without Thermal magnetical
polymorphic change

Nitriding

Tempenng with
polymorphic change

Fig. 5. Types of main thermal processing

Cyanidation and
nitrocarburizing

In the result of technological processes of detail manu-
facturing, plastic deforming and processing, tensions,
to develop untransient by the first order tensions in material
which are counterbalanced in all volume of detail, which
is unfriendly exploitation of detail in time. By using one
of thermal processing kinds — annealing, we can liquidate
internal tensions. Annealing is thermal processing kind
in which result metal or alloy obtains the almost balanced
structure without untransient tensions, and also high plasti-
city, but in correlation low force.

Untransient internal tensions can cause in further treat-
ment of deformations of wares or in exploitation and added
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up with the tensions created by the external loadings, pre-
maturely to cause crashing down of material or impermis-
sible deformation by a construction, and also promote
possibilities of fragile break.

Purpose of tempering is considerable to promote force
of material and hardness. We can execute tempering mainly
for more part steels, in which C>0.25...0.30%. Tempering
leans on steel crystallization means heating above critical
temperatures, sufficiently maintaining in this temperature
and quickly cooling. In such kind prevent austenite trans-
formations in perlite. Tempering steels haven’t balanced
martensite, beinit, trostite or structure of sorbite. Tempering
can be executed also only for the overhead layer of detail.
Tempering of surface of detail above a critical temperature,
heat a thin overhead layer only, but internal layers are not
heated. After tempering detail has hard overhead layer
and sinewy core.

There are also failings of material tempered from which
it was needed to shy away. The defects of tempering are
cracks, warping and decarbonisation. Cracks appear
because in separate places a volume changes is irregular
and appears tensions which in these places exceed tensile
strength of metal. Crack and warping main reason is the
uneven change of volume of detail warming, and also
exceptionally quickly cooling. Surface of steel decarbonisa-
tion appears in the result of burning down of carbon, if long
warm a detail in an environment oxidizing in a high tem-
perature.

As often as not, that would temper steel, it needs to be
prepared, executing his normalization. In the result of nor-
malization steel obtains a fine-grained and homogeneous
structure.

As often after tempering of steel we would necessary
to increase fatigue strength and to decrease fragility, and
abatement it. Abatement softens influence of tempering,
diminishes or takes off untransient tensions, promotes
fatigue strength, diminishes hardness of steel and fragility.

Not so popular kind of thermal processing is chemical-
thermal treatment. That treatment to consolidate thermal
and chemical influence, what changing chemical composi-
tion of overhead layer and structure, together with impro-
ving of good mechanical, physical and chemical properties.
By using of tempering we do not incompletely use part
of material core. Chemical-thermal treatment allows us
to manufacture the detail from the cheapest and the simplest
material, his overhead layer proper strengthening. In nowa-
days chemical heat treatment is often only unite with ordi-
nary heat treatment. About the steel chemical heat treatment
call the satiations of overhead layer in diffusive type in high
temperatures with various elements, for example, carbon,
nitrogen, aluminium, silicon, chromes etc.

In a process of cementations we executed satiation
of surface of steel with a carbon. Carburizing is used for
multiplying wearproofness elements of the machines. For
providing large dynamic loading resistances, part of detail
core desirable to save plastery. Therefore for making
of the carburizing details choose steel with maintenances
of carbon 0,1...0,18%. Diffusion of carbon in steel is possi-
ble only then, if a carbon is in the specific state.

Satiation of overhead layer of material with nitrogen
often is called as nitriding. This process is used for increa-
sing wearproofness, longevities, hardness of surface and for
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multiplying endurance of corrosion of machines details.
Hardness of nitriding overhead layer considerably exceeds
hardness of the cemented and tempered overhead layer.
Nitridind is doing for the responsible details of machines
and mechanisms, which are inferior to the friction and
which the variable loading of size and direction operates
on.

As often as not, to improve properties of overhead layer
of detail, poured cyanidation and nitrocarburizing processes
in which takes place simultaneous satiation of steel surface
with a carbon and nitrogen. Thus is the treated surface both
carburizing and nitriding properties of surface: large hard-
ness, wearproofness and resistance of corrosion in the
atmospheric circumstances and longevity is promoted
in case of the variable loading.

These are one of processing kinds, with the help
of which we can multiply hardness and wearproofness
of surface of screw rotor of screw type compressor.

The thermomechanical treatment is comparatively new
processing type of steels, heat treatment and plastic defor-
mation is incorporated in. In a result of thermomechanical
processing obtain much mechanical dignities nothing
in ordinary heat treatment - higher fracture and fatigue
strength and force, more longevity, but plasticity and vis-
cosity is saved or is even increased.

To decrease remaining austenite amounts and promote
hardness in tempered steel, then we converts untransient
austenite — martensite, using treatment of steel with a cold
which described with cooling of tempered steel below than
a zero. Martensite is the hardest and fragilest structure.

| offer to use various coverages for improving properties
of overhead layer of rotors material of screw type compres-
sors. That will multiply hardness of overhead layer of screw
rotors, and also wearproofnes and diminishes a friction. The
overhead layer of material can be covered with various
coverages, for example, TiN, Ti(CN), SiC, Mo2N, TiAlIN,
teflon, and also other coverages. Coverages on the working
surfaces of rotors are possible to cover with various meth-
ods. One of the methods - CVD, the second method of co-
vering is PVD. For coverages of material surface we can
also use methods of sputtering or to use the method of ele-
ctronforming. With the help of coverages we obtain an
overhead layer with the diminished porosity, balanced
structure, promoted connection with a basic layer.
Covereges we can also create in much coverage.

5. SUMMARY

From all beforehand examined flow out, that the choice
of materials nowadays is very spacious and it importance
is very important in most of all industries. Faultlessly
to choose correct material it is needed to know main output
information of constructions, for example, this mechanical,
technological, and also properties of surface, circumstances
of exploitation etc. Mechanical properties of materials are
pretty important in exploitation of detail in time. Properties
we can easily to change with heat treatment.

In our days the methods of production and facilities
are so varied, that one and the same result it is possible
to extract with various technological processes. Heat treat-
ment in a large measures stipulate a various detail, instru-
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ment and other quality of wares. With heat treatment
we can assign for wares necessary mechanical properties
and provides for them normal term of service, knowing
development conditions of materials. Analyzing these spe-
cial methods of details for force increasing drew a conclu-
sion, that with it thermal processing methods for material
helps we can extract the much better mechanical, physical
and technological dignities nothing using simple methods.
We can extract these dignities, using the special methods
of increase of force of material. From plastic material
far more hardy material which can not be achieved with
ordinary methods.
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Abstract: This paper presents an adaptive neural network approach to control of mechatronics objects. This approach
is applied in adaptive control of DC motor in SISO-system and 3-DOF robot arm actuators in MIMO system. Results
of computer simulation and comparison with other control techniques are introduced.

1. INTRODUCTION

Currently there are a lot of approaches to mechatronics
objects control. Linear algorithms are very easy to employ,
they provide acceptable results in case of using linearized
models. Still, implementing such algorithms with unknown
control object parameters and variable external disturbances
leads to unsatisfactory performance.

So-called “dynamic” control methods based on solving
the inverse dynamics problem became widespread.
Realizability is the main problem of such algorithms appli-
cation. Besides, in case of inaccurate control object parame-
ters estimation such approach does not give satisfactory
results. Adaptive algorithms provide efficient control
in case of parameter and external disturbances uncertainty.
However, implementation complexity makes it difficult
to use them wide in engineer practice.

The ability of artificial neural networks (ANN) (Hagan
and Demuth, 1999; Hunt et al., 1992; Murray et al., 1992;
Narendra and Mukhopadhyay, 1997; Omidvar and Elliot,
1997) to represent non-linear systems makes them
a powerful tool for dynamic systems modeling and control.
Multilayered perceptron networks are capable of perfor-

l('ld lqd

ming adaptive controller, identifier and optimizer tasks
in control systems. Neural network control algorithms
are easy to employ, however some problems of parametric
and structural synthesis remain unsolved.

Another considerable shortcoming of ANN is the neces-
sity of initial neural network learning phase. That is unsuit-
able for control tasks as the uncertainty of initial ANN
weights means that during the learning phase controller
cannot be turned on.

In this paper a universal ANN-based control algorithm
with on-line learning (Omidvar and Elliot, 1997)), which
doesn’t need the initial learning phase, is investigated. An
application of such an algorithm in control of DC motor in
SISO-system and 3-DOF robot arm actuators in MIMO
system is reviewed.

2. ANN CONTROLLER

Structure of ANN-based control algorithm mentioned
above is presented at Fig. 1. As an input controller vector qgq
a vector of desired object coordinates is used.

".a

U Object

A 4

term

Robust

Fig. 1. Neural network controller structure
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According to Eq. 1 ANN forms a control signal f(x)

with W, V the estimated values of the target ANN weights

W (from input to hidden layer), V (from hidden to output
layer) and o(.) — hidden layer sigmoid activation function.
These estimates will be provided by the weight tuning algo-
rithm.

f(x):WTG(VTx). (1)

Control vector input U is defined as:
U=(f(x)+K,e—P). ©)

Wwith  f (x) — neural network functional estimate

of nonlinear object function. Controller stability is provided
by proportional control block with Ky coefficient matrix.
P — robustness providing function.

3. SISO DISCRETE-TIME CONTROL SYSTEM

5 hp DC motor was chosen as a control object for case
of SISO discrete-time control system. As the simulation
was held in mathematic modeling environment MatLab
Simulink, ready to use model of DC motor with given pa-
rameters presented in Simulink SimPowerSystems library
was used. According to proposed controller structure
(Fig. 1) a model of discrete ANN-based control system was
implemented in Simulink.

ANN learning occurs on-line every time step according
to Eq. 3:
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Vk+1)=V(k) - ¢ (k)[¥,(k)+BK r(k)]
~T [ 1-a,6,(K)@ (k) || V(K),
W(k+1) = W(K)—a,p,(K)r(k)-T || T
- a,p,()p} (K) || W(K).

With T', ¢ — scalar design parameters, B; — known pa-

3)

rameter matrix, @, (k) = (o(x(k)) — sigmoid activation

function, gﬁz(k):(p(VT(k)(p(x(k))) — output of ANN
hidden layer, r(k) — filtered tracking error and
)Afl(k):\}T (k)@ (k). As there are no analytic synthesis

methods for investigated control algorithm, coefficients
were selected empirically during computer simulation.

3.1. Simulation Results

Results of control system simulation in conventional
operating regimes presented at Fig. 2, 3. Step variation
of torque payload is used to show adaptive abilities
of control algorithm. To compare results obtained a PD
controller was also created in Simulink. Results, shown
at Fig. 2, 3 (left plots for ANN controller, right for PD),
obtained with zero initial ANN weights, 50 neurons
in hidden layer and 0.01s step time.

| i
— output
= w e jnpUt
——em amOr

Fig. 3. Sin wave input with variable torque payload simulation results (ANN and PD)
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4. MIMO CONTROL SYSTEM
4.1. Control object

PUMA-560 is 6-link anthropomorphic robot. DC
motors with independent excitation are used as actuators.
Robot links a connected by 5-class joint, so robot location
in Cartesian coordinate system is defined by generalized
coordinates vector q=[ qi, q2, 93, 94> 5> qé]T, with q; — i-th
joint coordinate relative to i-1. With elastic deformation
of robot links ignored, according to Lagrange's equation
a matrix equation for robot mechanics was derived as:

A(qaa)q-'-B(q’q’a)-'—C(qaa) =T (4)

With A — manipulator matrix, B - Coriolis and centrifu-
gal forces vector, C — gravity forces vector, T - generalized
forces vector, § — manipulator parameter matrix.

Actuator dynamics is defined in Eq. 5, with Ry — arma-
ture resistance, L - armature inductance, C,, C,, — construc-
tive constants, iy — armature current, U — armature voltage,
M - electromagnetic torque.

di
U=Ri +CQ, +L,—, M=C.i. 5)

dt g

Motor's instantaneous output torque of i-th link corre-
sponds to generalized forces vector as:

T =giMi_kiqi' (6)

With g; — reduction gear ratio, ki — viscous friction co-
efficient of i-th link.

According to Eq. 4-6, robot and actuators constructional
parameters (Soloway and Haley, 1996) in mathematic mo-
deling environment MatLab PUMA-560 robot manipulator
dynamic model was developed.

4.2. Adaptive ANN Controller

For MIMO system a continuous case of ANN learning
algorithm was used (Eq. 7).

W =Fc-e' —Fo-V'xe' —k-Flle|W,
. (7
V=Gx(¢"-We) —k-Gle|V.
With 6=6(V'x) — hidden layer output, F, G — algorithm
tuning coefficient positive-definite matrices, k — scalar
tuning coefficient, e — tracking error.

With ¢'(z) =c(z)(1-0(z)) — expression for sigmoid
activation function derivative and I — identity matrix define:

o''We = diag (o(V'x)) [ 1-diag(c(V'x))[We. (8)

Robust term provides algorithm stability with variation
of ANN gains and weights according to:

acta mechanica et automatica, vol.2 no.4 (2008)

p-k, (2], +2,)-c o)

With K7 — tuning positive-definite matrix, Zy — maxi-
mum value of ||Z||r — Frobenius norm of all ANN weights.

W 0
7=

(10)

0 VvV

To compare results received, three other controllers
were implemented in MatLab.
PD controller was developed according to Eq. 11.

U=k,e+k_é (11)

With U — control vector, Kk, kp — constant diagonal ma-
trices, e=qq—q — tracking error, qq — desired joint trajectory.
Dynamic controller is described by Eq. (12), with
q,(t),q,(),q,(t) — desired joint trajectories, velocities

and accelerations, K, K,, K; — diagonal matrices providing
algorithm asymptotic stability.

_ (A(qdaé)qd +B(ququ§)+ ] (12)
C(q,.8) +A(q,,8)[K,e+K,é]
Regressive adaptive controller (Narendra

and Mukhopadhyay, 1997) with unknown robot parameters
estimation function defined as:

U=Y y+K ey =FYe. (13)

With Y — regression matrix derived from robot dynamic
model, K,, F — constant matrices, defining rate of conver-
gence, ¥ — unknown robot parameters vector.

4.3. Simulation Results

Results of MIMO control system simulation
in different operating regimes presented at Fig. 4-7. As the
operating regimes were chosen: step control input q',=c'1(t)
for each joint, with ¢ — constant coefficient, 1(t) — step fun-
ction; equivalent harmonic regime of i-th joint in form
of q‘p=(c02i/8i)‘sin((si/(oi)t), with ®; — joint maximum speed,
€ — joint maximum acceleration. Results presented for 3-rd
joint as its dynamics is the most dependent. Besides, during
simulation parameter uncertainty is introduced— variation
of robot hand payload at 10-th second.

Transient processes for PD controller are shown
at Fig. 5: for dynamic control — at Fig. 6; for adaptive robot
hand mass definition regressive algorithm — at Fig. 7.
Application of ANN adaptive controller for robot actuators
control presented at Fig. 6. At start of simulation initial
weights of ANN are zero.
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4.4. Results Discussion

Application of neural network controller allows ob-
taining control performance not worse than with PD,
dynamic or adaptive regulators, but in much more heavy
conditions of parametric and functional uncertainty. Adap-
tive neural network controller has some advantages: it can
be implemented on a low performance microcontroller;
it does not require accurate estimation of control object
parameters, therefore neural network weights in initial state
may have zero values; it has an ability of real-time on-line
network weights tuning.

5. SUMMARY

During this research the following results were
obtained:

— application package for estimating capability of using
different control techniques in dynamic objects control
tasks was created in mathematic modeling environment
MatLab Simulink;

— comparative investigation of control algorithms was
held;

— algorithm was confirmed to be a promising control
method, which can be easily implemented in dynamic
systems control tasks in case of parametric and func-
tional uncertainty.

Further ANN algorithms efficiency increasing requires
their modification in order receive quasi-optimal structural
and parametric synthesis procedures.

acta mechanica et automatica, vol.2 no.4 (2008)
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Streszczenie: W pracy badano wpltyw sposobu modelowania MES bezdgtkowej opony na rozktad naprgzenia w stalowej
czegsei kota stosowanego w pojazdach wolnobieznych. Omoéwiono strategie modelowania opon uwzgledniajace charaktery-
styczne wlasciwosci strukturalne i konstrukcyjne opony, materialy liniowe i nieliniowe oraz sposob odwzorowania
geometrii obcigzonej opony. Przy modelowaniu két pojazdéow wolnobieznych, poddanych promieniowym obcigzeniom
quasi-statycznym, wykorzystano wnioski wynikajace z prac dotyczacych modelowania opon samochodowych. Omoéwiono
ilosciowy i jako$ciowy wplyw stopnia uproszczenia modelu opony na wyniki obliczen pol naprezen i odksztatlcen metalowej
czesci kota. Wyniki obliczen MES porownywano z wartoSciami referencyjnymi otrzymanymi dos$wiadczalnie metoda

tensometryczna.

1. WPROWADZENIE

Kota jezdne pojazdéw wolnobieznych poddane sa
w czasie eksploatacji zmiennym obcigzeniom, ktore moga
powodowac ich uszkodzenie. Chodzi tu przede wszystkim
o pekanie czg$ci metalowej, zbudowanej z dwoch spawa-
nych elementéw — tarczy i obreczy. Czgste uszkodzenia kot
spowodowane sa rowniez rozcigciem, przedziurawieniem,
rozwarstwieniem lub rozerwaniem samej opony, ktore
to przypadki wystepuja incydentalnie i wynikaja z losowe-
go kontaktu kota z przeszkoda zewngtrzng lub z blgdow
technologicznych wykonania opony, dlatego nie bgda roz-
patrywane w obecnej pracy.

Kota pojazdéw poddane sa zmiennym obcigzeniom
eksploatacyjnym dziatajacym gltéwnie w kierunku promie-
niowym i bocznym. Fakt obracania si¢ kota w czasie ruchu
pojazdu powoduje, ze nawet state w czasie obciazenie ze-
wnetrzne wywoluje cykliczne zmiany naprezenia w catym
kole. Ze wzgledu na zmeczeniowy charakter uszkodzenia
metalowej czegSci kota, konstruktor powinien dysponowaé
podstawowymi informacjami o wielkoSciach naprgzen
wystepujacych w  konstrukcji, zwlaszcza w miejscach
o najwigkszej ich warto$ci i zmiennos$ci. Analiza musi obej-
mowac cykl obrotu kota wzglgdem osi i uwzgledniaé cechy
jego budowy, jak: wielko$¢, lokalne ksztalty geometryczne
tarczy 1 obreczy, sposob potaczenia obu czgéci, grubosci
blachy, rodzaj stosowanej opony, itp.

Zgodnie z obowiazujacymi wymaganiami, kazda pro-
dukowana partia kot musi przej$¢ specjalistyczne
badania trwalo$ciowe realizowane na maszynie bieznej
o regulowanej sile docisku kota do biezni oraz przy
jego odpowiedniej predkosci obrotowej (PN-S-91240-03
:1993, PN-ISO 4251-3:1999, E/ECE/324 E/ECE/TRANS/
505 2008). O charakterze obciazen w czasie badan decydu-
je srednica bgbna maszyny bieznej, jak i szczegotowe wy-
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magania stawiane przez odbiorcéw produkowanych kot
(E/ECE/324 E/ECE/TRANS/505 2008, ETRTO Standard
Manuals 1999; Mitas Agricultural Data Book 2007;
Szymaniuk, 2007). Ograniczeniem sity promieniowej
jest warunek dopuszczalnego obciazenia stosowanej opony
zalezny od jej no$nosci, natomiast ograniczona predkosc
obrotowa wynika z charakteru eksploatacji ,,pojazdow
wolnobieznych”.

Praktycznie jedynym alternatywnym, w stosunku
do badan doswiadczalnych, sposobem analizy naprgzen
wystepujacych w obciazonym kole jest modelowanie nu-
meryczne z uzyciem metody elementéw skonczonych
MES, pozwalajace najszybciej i najtaniej oceni¢ efekty
wprowadzanych  zmian konstrukcyjnych. Wiadomo,
ze model taki powinien by¢ mozliwie prosty i stanowié
racjonalny kompromis migdzy doktadnoscia uzyskanych
wynikow obliczen a kosztami okre$lonymi czasem nie-
zbednym do ich otrzymania. Z drugiej strony skompliko-
wany pod wzgledem konstrukcyjnym 1 strukturalnym
obiekt uniemozliwia czgsto intuicyjne stosowanie uprosz-
czen modelowych, poniewaz trudno jest na poczatku
oceni¢, ktore jego cechy i w jakim stopniu wplywaja
na wyniki obliczen.

Na podstawie danych literaturowych (Mancosu, 1998;
Luchini, 2000; Zheng, 2006; Matachowski, 2006, 2007)
oraz wlasnych do$wiadczen (Tarasiuk i in., 2008) mozna
wyciagna¢ wniosek, ze nie jest mozliwa poprawna analiza
catego kota jezdnego bez opracowania odpowiedniego
modelu samej opony. Zarowno ksztalt opony jak i jej
ztozona konstrukcja, rodzaj bieznika, grubosci $cianek
bocznych, lokalna i globalna sztywno$¢ oraz material,
W sposoOb znaczacy wptywaja na charakter i sposob przeno-
szenia obciazenia zewngtrznego na czgs¢ metalowa kota
i decyduja o doktadnosci uzyskanych rozwiazan.

W trakcie kilkuletniej dziatalnosci laboratorium badan
zmeezeniowych firmy PRONAR w Narwi, przeprowadzo-



no wiele badan kot pojazdow wolnobieznych w kierunku
okreslenia ich jakoSci wyrazonej wytrzymatoscia i trwato-
$ciag zmeczeniowa (Szymaniuk, 2007; Tarasiuk i in., 2008).
Jednoczesnie prowadzono badania poréwnawcze wplywu
rodzaju ogumienia bezdgtkowego, pochodzacego od ro-
znych producentdéw i posiadajacego roézne cechy konstruk-
cyjne, na trwalo§¢ metalowej czgsSci kota. Stwierdzono
wyrazng zalezno$¢ trwatosci kota od rodzaju ogumienia.
W przypadku két o identycznych cechach konstrukcyjnych
czgsci metalowych pochodzacych z tej samej serii produk-
cyjnej i poddanych jednakowym obcigzeniom, ale wyposa-
zonych w opony roznych producentéw, roznice trwalosci
zmgczeniowe] wynosity do 20% liczby cykli powodujacych
peknigcie metalowej obrgczy. Ponadto charakter zaobser-
wowanych uszkodzen zmegczeniowych kot zalezal réwniez
od cech konstrukcyjnych opony. Przy zachowaniu iden-
tycznych parametrow badan, pgknigcia zmgczeniowe poja-
wialy si¢ w réznych miejscach obrgczy zaleznie od rodzaju
stosowanej opony (Szymaniuk, 2007). Wyniki te potwier-
dzaja istotng rol¢ opony w przenoszeniu obciazenia ze-
wnetrznego na obrecz kota oraz $wiadcza o koniecznos$ci
zwrocenia szczegdlnej uwagi na jej poprawne modelowa-
nie.

Najwigcej dostepnych informacji na temat modelowania
koét jezdnych dotyczy pojazddéw samochodowych Iub kon-
strukcji lotniczych, gdzie uwzglednia si¢ dodatkowo zjawi-
ska dynamiczne (Szefer, 1995; Mancosu, 1998; Luchini,
2000; Holscher i in., 2004; Zheng, 2006; Malachowski,
2006, 2007). Opisywane w literaturze modele kot pojazdow
wolnobieznych, ze szczegdlnym uwzglednieniem opony,
dotycza gtéwnie problemow trakcyjnych maszyn, gdzie
wigkszy nacisk potozony jest na oddzialywanie opony
z podlozem, zwlaszcza gruntem (Zebrowski, 2003;
Mirostaw 1 in., 2006; Kolator i in., 2007; Taryma, 2007,
Zebrowscy, 2008), niz na naprezenia w czesci metalowej.
Dlatego celem obecnej pracy jest omowienie problemow
zwigzanych z modelowaniem MES kot pojazdoéw
wolnobieznych, zwiazanych zwlaszcza z poprawnym
odwzorowaniem oddziatywania bezdgtkowej opony
na czg$¢ metalowa obciazonego kota.

2. OPONA I SPOSOB JEJ MODELOWANIA
2.1. Konstrukcja opony, jej wlasciwosci i material

Poznanie konstrukcji opony i roli poszczegolnych ele-
mentéw sktadowych jest niezbedna przy odwzorowaniu
numerycznym obciazonego kota. Ponizej przedstawiono
schematycznie (za zgoda P. Mioduszewskiego, 2000)
budowe opon stosowanych w samochodach osobowych
i cigzarowych.

Z przedstawionych rysunkow 1 i 2 wynika, ze na kon-
strukcje¢ opony sktadaja si¢ liczne warstwy o réoznych wia-
sciwosciach zapewniajacych oponie pozadane cechy, jak:
odpowiedni ksztalt, odksztalcenie i ugigcie pod obciaze-
niem, wytrzymato$¢, przyleganie do obrgczy, thumienie
drgan itp. (Luchini, 2000; Mioduszewski, 2000; Holscher
i in., 2004; Zheng, 2006; Matachowski, 2007; Mitas Agri-
cultural Data Book, 2007). Skomplikowana budowa opony,
jej zmienna sztywno$¢ i grubos¢, powoduja trudnosci
w budowie modelu numerycznego.
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wypelniacz

drutéwka (7

stopka osnowa

Rys. 1. Budowa wewngtrzna opony samochodu osobowego
(Mioduszewski, 2000)

biezmk

opasanie
z krodu staloweg0 |-

oslona
z kordu stalowego

pasek wziacmajacy
z kordu stalowego

drutéwka

Rys. 2. Przekroj przez opong samochodu cigzarowego
(Mioduszewski, 2000)

Na podstawie informacji dotyczacych konstrukcji opony
mozna stwierdzi¢ wystgpowanie dwoch grup materiatow.
Z jednej strony sa to materiaty sprezyste, jak guma i stal,
oraz materialy warstwowe o strukturze kompozytu, repre-
zentowane przez opasujacy kord z tworzywa sztucznego
lub stali. Rodzaje materiatow stosowanych w budowie
opony przedstawiono schematycznie na rysunku 3.

Materialy wykorzystywane
w konstrukcji opony

Materialy sprezyste Materialy warstwowe

Materialy sprezyste
liniowo

Materialy sprezyste
nieliniowo (hiperspregzyste)

Rys. 3. Podzial materialow konstrukcyjnych wykorzystywanych
w konstrukcji opony
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2.2. Modelowanie numeryczne materialu opony

Budowa modelu MES opony sktada si¢ z dwdch zasad-
niczych etapéw, a mianowicie: odwzorowania geometrii
obiektu oraz opisu cech materialowych poszczegdlnych
elementow. W kazdym z nich mozna dokona¢ uproszczen
utatwiajacych budowe¢ modelu, poprawnego ze wzgledu
na postawiony cel analizy.

Poniewaz opona jest elementem podatnym (odksztatca
si¢ 1 deformuje nawet pod wlasnym cigzarem) pojawia si¢
pytanie: jaki ksztalt opony jest wlasciwy do modelowania
w MESie w momencie zadawania obciazenia? Wedlug
Matachowskiego i wspdtautorow (2006), najbardziej
wlasciwy jest pomiar geometrii opony samochodowej,
gdy we wnetrzu kota panuje ci$nienie nominalne (Mitas
Agricultural Data Book, 2007). W takim stanie opona
powinna by¢ zmierzona i odwzorowana numerycznie. Jest
to sytuacja wyjsciowa do przykladania obciazenia
zewngtrznego, ktoére powinno byé zadawane w sposob
iteracyjny, uwzgledniajacy stopniowa deformacjg opony.

Do opisu elementow stalowych mozna stosowac
materiat podlegajacy prawu Hooke’a. Podejscie takie
nie sprawdza si¢ w przypadku obciazania gumy i materia-
16w wykonanych na bazie gumy. Nie ma wowczas liniowej
zaleznos$ci pomigdzy przytozona sita a przemieszczeniem.
Inne jest rowniez zachowanie si¢ materialu w czasie jego
$ciskania i rozciggania (ANSY'S, 1999).

Guma definiowana jest jako material hipersprezysty
(Mooney, 1940; Oden, 1972; Rivlin, 1983; Ogden, 1997).
Moze odksztatcaé si¢ sprezyscie w bardzo duzym zakresie
odksztatcen siggajacym setek procent. Dodatkowa cecha
charakterystyczna materialow opartych na bazie gumy jest
ich niescisliwos¢. Wspodlczynnik Poissona jest bliski
v=0,5 (0,48 +0,5), a naprgzenia moga by¢ traktowane

jako funkcja gestosci energii odksztalcenia materiatu
(Green i Adkins, 1960). Przyktadowe charakterystyki mate-
riatdw sprezystych - liniowego 1 hipersprezystego - pokaza-
no na rysunku 4.

Rozeigganie

o

Sciskanie

I

Materiat sprezysty liniowy

——— Material hipersprezysty (nieliniowy)

Rys. 4. Porownanie charakterystyk materialow sprezystych
w czasie $ciskania i rozciagania (ANSYS 1999)

Wedlug danych literaturowych (Holscher i in., 2004;
Luchini, 2000; Matachowski, 2007; Zheng, 2006), najczg-
sciej w modelowaniu elementéw gumowych wykorzystuje
si¢ material hipersprezysty (izotropowy) Mooneya-Rivlina
(M-R) (Mooney, 1940; Rivlin, 1951; ANSYS, 1999). Jest
to model wieloparametryczny o stalych wspolczynnikach
i umozliwia opis rzeczywistej charakterystyki materiatowej
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réznych rodzajow gumy. Liczba parametrow uzytych
do opisu materiatu (dwa, pig¢ lub dziewigc) zalezy
odpowiednio od liczby punktow przegigcia rzeczywistej
charakterystyki materiatowej, przedstawionej przyktadowo
na rysunku 5 A), B) i C).

Pojedyncza krzywa
bez punktow przegiecia

il ;

c |

Jeden punkt przegigcia

L

c |

Dwa punkty przegiecia

&
Rys. 5. Typowe ksztalty charakterystyk gumy i materiatow gumo-

podobnych otrzymane w probach rozciagania (ANSYS
1999)

W modelu Mooneya-Rivlina, gdzie materiat mozna
traktowa¢ jako izotropowy w calej swej objetosci, potencjat
sprezysty W staje si¢ funkcja tensorow odksztalcenia
i moze by¢ wyrazony w funkcji niezmiennikéw (Rivlin,
1951; ANSYS, 1999):

w=w(I,I,I, &)

gdzie I, I, I; — sa niezmiennikami tensora odksztatcenia.

Funkcja gestos¢ energii odksztatcenia W moze rowniez
uwzglednia¢ wspotczynnik Poissona materialu, zawarty
w module odksztalcenia objetosciowego K

E
K=—79—
3(1-2v)

Woéwczas jej postac staje si¢ nast¢pujaca



W= X (13 (1-3) 42K (- 1) @

k+1=1

gdzie wspotczynniki C, reprezentuja stale charakteryzujace
dany materiat.

Zakladajac, ze material gumowej czgsci opony jest
w przyblizeniu niescisliwy, otrzymujemy zastgpczy modut
Y ounga materiatu hipersprezystego:

E=6(c,+¢y) 3)

Zdefiniowany w ten sposob model materialowy wyka-
zuje dobra zgodnos¢ z badaniami do$wiadczalnymi.

2.3. Modelowanie poszczegdlnych stref opony

Ze wzgledu na zlozona konstrukcjg, geometri¢ opony
najwygodniej jest modelowa¢ MESem laczac elementy
skoniczone typu Solid (w zagadnieniach 3D) lub Plane
(w przypadku analiz 2 wymiarowych) z elementami powlo-
kowymi typu Shell. Elementy klasy Solid (Plane) stuza
do odwzorowania czgsci konstrukcji wykonanych z gumy
i stali, jak: stopka z drutowka, bok opony i bieznik.
Natomiast rola elementéw skonczonych typu Shell jest
odwzorowanie wszelkich materiatbw kompozytowych
wystepujacych w oponie, jak: kord, osnowa, ekran,
czy opasanie. Wszystkie wymienione typy elementow
skonczonych moga stuzy¢ do opisu materiatdéw izotropo-
wych jak i anizotropowych.

Jednym z najwigkszych problemoéw wystepujacych
w czasie budowy modeli MES opony jest dostgpnosc¢
i wlasciwy opis cech materialowych jej poszczegdlnych
fragmentow (Matachowski i in., 2006; Matachowski, 2007;
Zheng, 2006). W publikacjach dotyczacych tego typu za-
gadnien bardzo rzadko spotyka si¢ wlasciwe wartosci pa-
rametrow  materialowych  Mooneya-Rivlina  uzytych
w trakcie modelowania. Wynika to z faktu, Zze dane mate-
riatlowe gumy zastosowane do opisu poszczegélnych opon
zaleza od producenta, rodzaju konstrukcji oraz partii pro-
dukowanych opon.

Wykorzystywanie do opisu elementéw hipersprezystych
danych materiatowych M-R pochodzacych ze zrodet ze-
wnetrznych 1 nie zweryfikowanych doswiadczalnie jest
bledem merytorycznym (ANSYS, 1999). W zaleznosci
od rodzaju przeprowadzanych analiz wielkosci te begda
w wigkszym lub mniejszym stopniu wptywaty na doktad-
no$¢ wynikéw obliczen. Z tego tez wzgledu wartosci
statych materiatowych uzywanych w modelu M-R powinny
by¢ wyznaczone doswiadczalnie, a poprawnos¢ zbudowa-
nego modelu powinna by¢ zweryfikowana na stanowisku
badawczym.

Spos6b wyznaczania warto$ci stalych wspotczynnikow
materiatu hiperspre¢zystego metoda eksperymentalng mozna
znalez¢ w literaturze (ANSYSS, 1999).

3. MODELOWANIE MES KOLA POJAZDU
WOLNOBIEZNEGO

Po dokonaniu analizy literaturowej zagadnien zwiaza-
nych z modelowaniem koét, przystapiono do opracowania
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modeli numerycznych kota pojazdu wolnobieznego
ze szczegodlnym uwzglednieniem wiasciwosci opony. Mo-
del numeryczny MES, opracowany z wykorzystaniem sys-
temu ANSYS, mial stuzy¢ analizie konstrukcji kota typu
9x15,3 (ETRTO, 1999; PN-ISO 4251-3:1999) z ogumie-
niem pneumatycznym bezdg¢tkowym i odzwierciedlaé za-
chowanie sig kota obciazonego promieniowo na stanowisku
badawczym (PN-S-91240-03:1993). Przy modelowaniu
MES kota uwzgledniono rzeczywiste ksztalty geometrycz-
ne tarczy i obreczy oraz rodzaj stosowanej opony Imple-
ment (Mitas Agricultural Data Book, 2007) rozmiaru
12.5/80-15.3, typu IM-04. Opracowano trzy rézne modele
numeryczne, roéznigce si¢ stopniem zlozonosci. W pierw-
szym, najprostszym przypadku, opong uksztattowano
w postaci ceownika opasujacego obrgcz, wykonanego
z jednorodnego materialu gumowego, bez uwzglednienia
sztywnosci bieznika, drutowki ani materiatbw kompozyto-
wych opony (rys. 6).
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Rys. 6. Warunki brzegowe i siatka elementow skonczonych
uwzgledniajaca najprostszy model opony

Do opisu materialu opony wykorzystano dwuparame-
tryczny model M-R i potraktowano gume¢ jako materiat
nie$ci§liwy. Energia potencjalna odksztalcenia wyrazona
jest wowczas wzorem

W:CIO(TI_3)+COI(TZ_3) “
gdzie 71 i 72 oznaczaja pierwszy i drugi niezmiennik

dewiatora odksztalcenia.
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Poprawnie zdefiniowanie statych materiatowych musi
zapewni¢ dodatnia warto$¢ energii odksztalcenia, co pro-
wadzi do warunku:

¢, +c, >0 (5)

Warto$ci statych materiatowych M-R uwzglednione w
modelu, pochodzily z bazy danych utworzonej przez uzyt-
kownikow oprogramowania ANSYSS, zajmujacych si¢ mo-
delowaniem materiatdow hipersprezystych. Na podstawie
zaleznosci parametrow cjo 1 ¢o; od twardosci gumy, zasto-
sowano nastgpujace wartosci statych materialowych:
c10=7136MPa 1 cy=184MPa. Przy odwzorowaniu obreczy
i tarczy kota wzigto pod uwage rzeczywiste wymiary gaba-
rytowe tych elementow wykonanych ze stali. W modelo-
waniu MES tej czgsici kota wykorzystano elementy skon-
czone osmiowe¢ztowe typu Solid.

Kolo obcigzono cisnieniem wewngtrznym o wartosci
nominalnej py=0,43MPa, dzialajacym na powierzchnig
wewnetrzng opony i obrgczy kota. Utwierdzenie kota od-
wzorowano przez odebranie odpowiednich stopni swobody
weztom nalezacym do powierzchni sferycznych otworow
przylacza, co odpowiadalo rzeczywistej sytuacji przykrece-
nia tarczy kota $rubami do glowicy na stanowisku badaw-
czym (rys. 6). Obciazenia zewngtrzne, dziatajace w kierun-
ku promieniowym, zrealizowano w modelu numerycznym
za pomoca fragmentu sztywnej cylindrycznej powtoki
0 promieniu biezni stanowiska badawczego, przyktadanej
przemieszczeniowo W sposob iteracyjny do opony
az do uzyskania zadanej warto$ci sity Fy. Odksztalcenie
opony w czasie obcigzania wynikato z rozwiagzania zagad-
nienia kontaktowego. (Matachowski 2007). Szczegdétowe
warunki obcigzeniowe 1 przemieszczeniowe dla tego przy-
padku opisano w pracy Tarasiuka i in., (2008).

Obliczone w ten sposob wartosci naprezen i odksztatcen
metalowej czgsci kota zostaly zweryfikowane doswiadczal-
nie przez poroéwnanie ich z wynikami pomiarowymi uzy-
skanymi metoda tensometryczna. Wartosci otrzymane
na drodze numerycznej roznily si¢ znaczaco od wynikow
pomiarow doswiadczalnych, a najwigksza réznica wynosita
28%. Wielkosci bledow zalezaly od wartosci obcigzenia
oraz miejsca na metalowej czgsci kota. Wyniki te nie byly
satysfakcjonujace i podjeto prace nad dalsza modyfikacja
modelu obliczeniowego.

Poprawiony model opony, traktowany jako przypadek
drugi, polegat na dokltadnym odwzorowaniu ksztattu geo-
metrycznego opony zgodnie ze wspomnianymi wczesniej
zaleceniami Matachowskiego i in., (2006), dotyczacymi
opon samochodowych. Material opony, podobnie jak
w pierwszym przypadku, uznano za jednolity i jednorodny,
z zachowaniem rzeczywistych grubosci §cianek w poszcze-
gblnych miejscach przekroju. Nie uwzgledniano whasciwo-
$ci materiatbw kompozytowych ani drutéwki, natomiast
grubos¢ opony w strefie bieznika potraktowano jako stala,
réwng sumie grubosci opony i wysokosci bieznika. Czg$¢
metalowa kota i warunki obcigzeniowe odwzorowano iden-
tycznie jak w modelu pierwszym. Podejscie to spowodowa-
o zmniejszenie maksymalnego btedu obliczen do poziomu
15% oraz znaczace zmniejszenie rozrzutu wynikow dla
poszczegolnych iterowanych krokéw obciazenia.

W trzecim przypadku modelowania kota opong podzie-
lono na pig¢ stref rézniacych si¢ pod wzglgdem struktural-
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nym: bok, stopke i bieznik, stalowa drutéwke w stopce oraz
kompozyty warstwowe. Trzy pierwsze strefy opisano mate-
riatem hipersprezystym o rdznych warto$ciach stalych
materiatowych. Dane do opisu poszczegolnych stref opony
pochodzily z pracy Holschera i in. z 2004 roku. Dwie pozo-
statle strefy opisano materialami liniowo-sprezystymi.
Sztywno$¢ zastgpcza przekroju poprzecznego drutowki
uwzgledniata jej konstrukcje ztozona z wielu stalowych
drutow zatopionych w warstwach gumy, procentowe udzia-
ly warstwy stalowej i gumowej w modelowanej strefie oraz
odpowiednie moduty Younga obu materiatow. Strefa ta
odpowiadata rzeczywistej powierzchni drutéwki wystgpu-
jacej] w przekroju modelowanej opony. Podziat kota na
poszczegolne strefy oraz odpowiadajace im siatki elemen-
tow skonczonych zamieszczono na rysunku 7.

felga stalowa

Rys. 7. Czesci sktadowe kota pojazdu wolnobieznego z opona
Implement, uzyte w biezacej analizie i odpowiadaja-
ca im siatka elementdw skonczonych (na rysunkach
pominigto elementy warstwowe opony)

Zmieniano réwniez miejsce przylozenia obciazenia ze-
wnetrznego Fy w zakresie 0°-30°, w celu zbadania wpltywu



kierunku dziatania obciazenia wzgledem $rub mocujacych
tarcze, na rozktad napr¢zen w tarczy i obreczy kota. Obcia-
zeniowe 1 przemieszczeniowe warunki brzegowe pokazano
na rysunku 8.

W wyniku wigkszego uszczegotowienia modelu opony,
odzwierciedlajacego jej rzeczywisty ksztatt i wlasciwosci
geometryczne, otrzymano znaczaca poprawe dokladnosci
obliczen. Maksymalny btad, w stosunku do wartosci zmie-
rzonych odksztalcen w wybranych miejscach tarczy i obrg-
czy kota, nie przekraczat 3%. Poprawila si¢ rowniez w
sposoOb znaczacy zbieznos¢ rozwiazania numerycznego.

R
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Rys. 8. Obciazeniowe i przemieszczeniowe warunki brzegowe
w trzecim modelu kota (Tarasiuk i in., 2008)

4. PODSUMOWANIE I WNIOSKI

Modelowanie numeryczne opony kota jezdnego pojazdu
wolnobieznego ma kluczowe znaczenie w uzyskaniu od-
powiedniej doktadnos$ci poszukiwanych pdl naprezen
w metalowej czgsci obcigzonego kola. Musza by¢ jednak
zachowane pewne podstawowe zasady modelowania:

1. opona powinna by¢ podzielona przynajmniej na pigc
stref o réznych wilasciwosciach, do ktorych naleza: bok,
stopka i bieznik, stalowa drutowka w stopce oraz kom-
pozyty warstwowe. Pierwsze trzy elementy zostaty opi-
sane dwuparametrycznym materialem Moonleya-
Rivlina, a réznice wiasciwosci materialowych w kazdej
strefie opony polegaly na przyjgciu réoznych wartosci
stalych materialowych zastosowanych w modelu.
Przy modelowaniu uwzgledniono fakt, ze material naj-
bardziej migkki znajduje si¢ w stopce opony, a twardy
w strefie bieznika;

2. stale materialowe najlepiej jest wyznaczyé dos$wiad-
czalnie na drodze odpowiedniego eksperymentu. Za-
chowuje si¢ wowczas duza doktadno$¢ rozwiazania
numerycznego pomimo nieliniowego charakteru zagad-
nienia, wynikajacego nie tylko z nieliniowej charaktery-
styki materialowej, ale rowniez z nieproporcjonalnego
wzrostu naprezen w metalowej czgsci kota wywolanych
obciazeniem promieniowym deformujacym opong;

3. wazne jest poprawne okreslenie sztywnosci zastgpczej
przekroju poprzecznego drutowki, uwzgledniajace
jej konstrukcje ztozong z wielu stalowych drutow zato-
pionych w warstwach gumy. Sztywno$¢ zastgpcza po-
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winna uwzglednia¢ udziaty warstwy stalowej 1 gumowe;j

w modelowanej strefie oraz odpowiednie moduty Yo-

unga obu materiatoéw. Strefa ta powinna odpowiadac

rzeczywistej powierzchni drutowki wystepujace] w

przekroju modelowanej opony. Poza tym poprawne

okreslenie i zamodelowanie drutowki w znaczacy spo-
sOb poprawia zbiezno$¢ rozwigzania numerycznego.

Z danych uzyskanych z literatury wynika, ze przy mo-
delowaniu opony kot pojazdow samochodowych, w strefie
wystgpowania opasania i1 innych materialtdow wielowar-
stwowych nalezy uwzglednia¢ anizotropowe wlasciwosci
materiatlowe. Doswiadczenia wlasne wykazaly, ze w przy-
padku modelowania opony typu Implement, stosowanej
w kotach pojazdéow wolnobieznych obciazonych promie-
niowo, potraktowanie tej strefy jako materiatu izotropowe-
go nie spowodowalo pogorszenia doktadnosci obliczen
numerycznych, natomiast dzigki temu zmalata liczba itera-
cji i skrocit sig czas obliczen.

Przeprowadzone obliczenia numeryczne wykazaly
roéwniez znaczacy wpltyw poprawnego odwzorowania po-
czatkowej geometrii opony na otrzymana doktadnosc
i przebieg zbiezno$ci rozwiazania numerycznego. Najlep-
szy rezultat otrzymano przy numerycznym odwzorowaniu
rzeczywistego ksztattu opony pod ci$nieniem nominalnym
i potraktowaniu go jako ksztalt poczatkowy w procesie
obciazania kota promieniowa sita zewng¢trzng. W omawia-
nym przypadku ksztatt zarysu bieznika nie miat znaczenia,
natomiast wazne okazato si¢ przyjgcie wtasciwej sztywno-
$ci zewngtrznej strefy opony w warstwie wystgpowania
bieznika.

O ile poprawne okreslenie podziatu opony na strefy
o odpowiednich wlasciwosciach materiatowych pozwala
z duza doktadnoscig uzyskac¢ poprawne rozwiazania nume-
ryczne, to efekty modelowania nowej konstrukcji kota
i opony o niezidentyfikowanych parametrach powinny by¢
zweryfikowane doswiadczalnie.

Doktadno$¢ przeprowadzonych analiz numerycznych
metalowej czgsci kota, w zaleznosci od stopnia uproszcze-
nia modelu obliczeniowego opony, byla nastgpujaca:

— w przypadku uznania opony za element o prostych
$ciankach (ceownik) opasujacy obrgcz kota i wykonany
z jednorodnego materialu gumowego z zachowaniem
grubosci $cianki, ale bez uwzglednienia materialow
kompozytowych, uzyskano maksymalny blad oszaco-
wania naprezen w obreczy kota rzedu 28% w poréwna-
niu z warto§ciami otrzymanymi doswiadczalnie.
Doktadno$¢ obliczen byta rézna w zaleznosci od war-
tosci obciazenia oraz miejsca metalowej czgsci kota;

— w przypadku odwzorowanego pierwotnego ksztaltu
opony traktowanej jako jeden material, bez odwzoro-
wania elementow warstwowych i drutowki, otrzymano
btad obliczeniowy na poziomie 15%, przy czym rozrzut
btedu wynikéw byt mniejszy niz w pierwszym przypad-
ku;

— uwzglednienie omoéwionych wczesniej wlasciwosci
materiatowych 1 geometrycznych w pigciu wyszczegol-
nionych strefach opony spowodowato obnizenie blgdu
obliczeniowego do poziomu 3% oraz w sposob znacza-
cy poprawito zbiezno$¢ rozwiazania numerycznego.
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INFLUENCE OF FEM MODELING STRATEGIES
OF TIRES ON THE ACCURACY

OF CALCULATED STRESS DISTRIBUTION IN WHEELS

Abstract: The present paper deals with the FEM modeling strate-
gies for tubeless tires and their influence on stress distribution
in the remaining part of wheels of the low speed vehicles. Dif-
ferent modeling approaches were discussed considering structural
tire properties, linear and non-linear materials as well as geometri-
cal description of the tire initial shape. Some conclusions found
in the literature and useful for modeling of car and airplane wheels
were applied for modeling low speed vehicle wheels subjected
to quasi-static radial loading. Quantitative and qualitative results
of numerical solutions were discussed compared to experimental
results of strains obtained by means of strain gauges.
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Abstract: Most current Intrusion Detection Systems (IDS) examine all data features to detect intrusion. Also existing intrusion
detection approaches have some limitations, namely impossibility to process a large number of audit data for real-time op-
eration, low detection and recognition accuracy. To overcome these limitations, we apply modular neural network models to
detect and recognize attacks in computer networks. They are based on the combination of principal component analysis (PCA)
neural networks and multilayer perceptrons (MLP). PCA networks are employed for important data extraction and to reduce
high dimensional data vectors. We present two PCA neural networks for feature extraction: linear PCA (LPCA) and nonlinear
PCA (NPCA). MLP is employed to detect and recognize attacks using feature-extracted data instead of original data. The
proposed approaches are tested with the help of KDD-99 dataset. The experimental results demonstrate that the designed
models are promising in terms of accuracy and computational time for real world intrusion detection.

1. INTRODUCTION

At present one of the forms of the world space globa-
lization is cyber space globalization because of increasing
of the number of computers connected to the Internet.
The rapid expansion of network-based computer systems
has recently changed the computing world.

As a result the number of attacks and criminals con-
cerning computer networks are increasing. Therefore
the security of computer networks is becoming more
and more important.

The goal of Intrusion Detection Systems (IDS)
is to protect computer networks from attacks. An IDS
has been widely studied in recent years. It must perform
its task in real time. There exist two main intrusion detection
methods: misuse detection and anomaly detection.
Misuse detection is based on the already known signatures
of intrusions or vulnerabilities. The main disadvantage
of this approach is that it cannot detect novel or unknown
attacks that were not previously defined. There
are examples of misuse detection models: IDIOT (Kumar
and Spafford, 1995), STAT (llgun et al., 1995) and Snort
(http://www.snort.org). Anomaly detection defines normal
behaviour and assumes, that an intrusion is any unacceptable
deviation from normal behaviour. The main advantage
of anomaly detection model is the ability to detect unknown
attacks. There are examples of anomaly detection
models: IDES (Lunt et al., 1992) and EMERALD (Porras
and Neumann, 1997).

There exist different defense approaches to protect
the computer networks. The principal component classifier
is examined in Denning, 1987; Lee et al, 1999. The data
mining techniques were presented in Lee andStolfo, 1999;
Liu et al., 2004. The other authors proposed a geometric

framework for unsupervised anomaly detection and three
algorithms: cluster, k-Nearest Neighbor (k-NN) and Support
Vector Machine (SVM) (Eskin et al., 2002; Shyu et al.,
2003). Different neural networks can be used for intrusion
detection (Kayacik et al., 2003; Zheng et al., 2001): Self
Organizing Maps (SOM), MLP, Radial Basis Function
(RBF) network.

The major problem of existing models is recognition
of new attacks, low accuracy, detection time and system
adaptability. The current anomaly detection systems are not
adequate for real-time effective intrusion prevention (Shyu
et al, 2003). Therefore processing a large amount of audit
data in real time is very important for practical implementa-
tion IDS.

In our previous paper (Golovko and Vaitsekhovich,
2006) we proposed four variants of IDS architectures. They
were based on combination linear PCA neural network
(LPCA) and MLP. In this paper we extend our previous
work and examine several models: LPCA and MLP, NPCA
and MLP, Ensembling Network (EN). PCA network are
employed for feature extraction and for dimensionality
reduction. MLP is intended to identify and recognize attacks
using feature-extracted data.

The paper is organized as follows. The main stages
of detection process and the data, which we use, are given in
Section 2. In Section 3 the intrusion detection systems are
described, based on modular neural network approach.
Section 4 deals with linear and nonlinear recirculation neural
networks (RNN). Section 5 describes the ensembling neural
networks and rules used for their training. Section 6 presents
experimental results. Finally, concluding remarks are made
in the last section.
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2. THE DETECTION PROCESS

The detection process using the data from network traffic
is illustrated in Fig. 1. It consists of three stages.

1

1 1
Network S " . Result o
Trafic Feature se- | 2| Feature ex- | 2 |  Classi- |2, Classfic afi;n
lection - traction o ca-tion | -

Fig. 1. The detection process

The first stage involves measurement of network traffic
for feature selection. The special software monitor selects
characteristics of the network traffic for features obtaining.
In this paper we use the KDD-99 data set (http://kdd.ics.uci.
edu/databases/kddcup99/kddcup99.html). The data set
contains approximately 5000000 connection records. Each
record in the data set is a network connection pattern, which
is defined as a sequence of TCP packets starting and ending
at some well defined times, between which data flow to and
from a source IP address to a target IP address under some
well defined protocol.

Every record is described by 41 features and labeled
either as an attack or a non-attack. Every connection record
consists of about 100 bytes. Among these features, 34 are
numeric and 7 are symbolic. For instance, the first one is the
duration of connection time, the second is a protocol type,
and the third is a service name, and so on. Therefore during
the first stage the features are converted into a standardized
numeric representation.

The second stage involves feature extraction for impor-
tant data selection and dimensionality reduction. Between
the selected features there exist complex relationships,
which are difficult to discover. Some data may be redundant
and not useful for IDS. A large amount of features can
increase computation time. Therefore feature extraction is a
very important stage. In this paper we use linear and
nonlinear PCA neural networks (RNN) for important data
extraction. As a result we have extracted 12 significant
features (see Fig. 1). This number has been taken through
several trials where quantity of principal components in-
cremented by one. Then the model with sufficient per-
formance test and the smallest number of principal compo-
nents was chosen.

The goal of the classifier is to detect and recognize
attacks. There are 22 types of attacks in KDD-99 data set.
All the attacks can be divided into four main classes: DoS,
U2R, R2L and Probe.DoS — denial of service attack. This
attack leads to overloading or crashing of networks; U2R —
unauthorized access to local super user privileges; R2L —
unauthorized access from a remote user; Probe — scanning
and probing for getting confidential data.

Each class consists of different attack types.

3. IDS ARCHITECTURES

Let’s examine the different neural network approaches
for construction of intrusion detection systems. They are
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based on modular neural networks. As for input data they
will be used the 41 features from KDD-99 dataset, which
contain the TCP-connection information. The main goal of
IDS
is the detection and recognition type of attack. Therefore the
5-dimensional vector will be used for output data, where
5 is the number of attack classes plus normal connection.
The significant question concerning design of IDS is the
following: which features are really important? We propose
to use principal component analysis (PCA) neural network
for important data extraction and dimensionality reduction.

The second stage construction of IDS is to detect and
to recognize attacks. In this paper a multilayer perceptron
(MLP) is proposed to be applied for this purpose. Combin-
ing two different neural networks we can obtain the various
IDS architectures.

We have chosen three main and most successful models
based on our previous experiments.

1 1 1

5 3 5
3 RNN | MLP |—»

a1 12 5

Fig. 2. The first variant of IDS

As it is shown in Fig. 2, the first variant of IDS archi-
tecture consists of PCA and MLP neural networks, which
are connected consequently. The PCA network, which
is also called a recirculation network (RNN), transforms
41-dimentional input vector into 12-dimensional output
vector. The MLP performs the processing of compressed
data for recognition of one type of attack or normal state.

MLP
(Do)

MLP
(U2R) [—]

MLF | —]
(R2L)

RNN

o |1~
T

AN

MLP
(Probe)

Fig. 3. The second variant of IDS

The second variant of IDS structure is shown in Fig. 3.
It consists of four MLP networks. As we can see every MLP
network is intended for recognition one class of attack: DoS,
U2R, R2L and Probe. The output data from 4 multilayer
perceptrons enter the Arbiter, which accepts the final deci-
sion concerning the class of attack. The one-layer perceptron
can be used as the Arbiter. The training of the Arbiter
is performed after leaning of RNN and MLP neural net-
works. This approach permits to fulfill the hierarchical



classification attacks. In this case the Arbiter can define one
of 5 attack classes and the corresponding MLP — type of
attack.

A5
o mxp 1 PO
Souirce i 1
testing set - ” va(5) ] 2
x(41) » EXT 2 ] A —
=
=5
o Fxp 3 P2 )

Fig. 4. The third variant of IDS (testing mode)

Complex computational problems can be solved by di-
viding them into a quantity of small and simple tasks. Then
the results of each task are aggregated in general conclusion.
Calculating simplicity is reached by distribution of training
task among several experts. The combination of such experts
(EXP) is known as Committee Machine. This integrated
knowledge per se has priority over the opinion of each
expert taking separately.

The next variant of IDS structure based on this idea
is shown in Fig. 4. Expert is represented by a single classi-
fication system. We use model 1 as an expert. Training data
set for each expert are not the same. They are organizing
during the training process as a result of classification per-
formed by the previous experts. The rule that was chosen for
this purpose is Boosting by filtering algorithm (Drucker
et al., 1993) which is discussed in Section 5. After training
the neural networks have ability to intrusion detection.
In testing mode every expert is intended for processing
of original 41-demensional vector. Arbiter accepts the final
decision.

4. RNN NEURAL NETWORKS

In this section we present two neural networks based
principal component analyses techniques, namely linear and
nonlinear RNN networks.

Fig. 5. RNN architecture
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Let’s consider an autoencoder, which is also called a re-
circulation neural network shown in Fig. 5. It is represented
by multilayer perceptron, which performs the linear
or nonlinear compression of the dataset through a bottleneck
in the hidden layer. As we can see the nodes are partitioned
in three layers. The bottleneck layer performs the compres-
sion of the input dataset. The j-th hidden unit output in total
case is given by

yj = F(Sj)’ 1)
S, = iw” X, )

where F is activation function; S; is weighted sum of the j-th
neuron; wj is the weight from the i-th unit to the hidden j-th
unit; x; — i-th unit input.

The i-th output unit is given by

X =F(S), (3)
S = Zw'ji Y, - (4)

In this paper we use two algorithms for RNN training.
One is the linear Oja rule and the other is the backpropaga-
tion algorithm for nonlinear RNN.

The weights of the linear RNN are updated iteratively
in accordance with the Oja rule (Oja, 1992):

W‘ji(t+1)=w‘ji(t)+a-yj-(Xi—;i), ®)
W, =W

Such a RNN is known to perform a linear dimensionality
reduction. In this procedure the input space is rotated in such
a way that the output values are as uncorrelated as possible
and the energy or variances of the data is mainly concen-
trated in a few first principal components.

As it has already been mentioned the backpropagation
approach is used for training nonlinear RNN. The weights
are updated iteratively in accordance with the following rule:

W, (t+1) =w, () —a-y,-F(S,) X, (6)
WD) = w0 -any, F IS —X), ()

where y; is error of j-th neuron:

7= Y- %) F(S) W, ®)

The weights data in the hidden layer must be reor-
thonormalized by using the Gram-Schmidt procedure,
as follows:

1) The first vector of the orthonormal frame is chosen as:

' Wy, Wy, Wi
w' = 1. 9)

o] |
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where

| = W+ W W (10)

2) The subsequent weight vector is defined by the following
recurrent formulas:

wo=w, —i(wiT W)W (11)
j=1
| = \/Wf FW W (12)
w,ow, W
W= [, S (13)
Jwi | Jw |
where i=2..12.

Let’s consider the mapping of input space data for
the normal state and Neptune type of attack on the plane
of the two principal components. As we can see from the
Fig. 6 the data, which belong one type of attack can be
located in different areas. The visualization of such data
obtained by using only linear RNN isn’t satisfactory because
of complex relationships between the features. One of the
ways to decide this problem is to use the nonlinear RNN
network.

P

15+
normal

Neptune
05 \X 2 ?:5

4

. . o
-15 -1 ‘i o
* -85

Y2 coordinate

44

45—

Y1 coordinate

Fig. 6. Data processed with linear RNN

L)
Neptune v i

Y2 coordinate

normal _—W ® *

Y1 coordinate

Fig. 7. Data processed with nonlinear RNN
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As we can see from Fig. 7 the nonlinear RNN performs
the better visualization of dataset in comparison with linear
RNN.

5. ENSEMBLING NEURAL NETWORKS

Let’s consider the ensembling neural network. This
network is trained using the boosting by filtering algorithm
(Drucker et al., 1993) as it is shown in Fig. 8. It consists of
the following steps:

Sotirce
training set vi(3)
x(41) +» EXF 1
Training
set exp I-2 1 >
v2(5) T 2
» EXT 2 = A —
Training Al
set exp 2-3 !
val3)
EXF 3

Fig. 8. The third variant of IDS (training mode)

1) train a first expert network using some training set;
2) a training set for a second expert is obtained in the fol-
lowing manner:

(a) toss a fair coin to select a 50% NEW training set and
add this data to the training set for the second expert
network;

(b) train the second expert;

3) a third expert is obtained in the following way:

(a) pass NEW data through the first two expert networks.
If the two experts disagree, add this data to the
training set for the third expert:

(b) train the third expert network.

4) vote to committee output.

In our case the Arbiter performs vote functions. Arbiter

is represented by the multilayer perceptron.

After being trained, neural networks are combined in an

intrusion detection system.

6. EXPERIMENTAL RESULTS

To assess the effectiveness of proposed intrusion detec-
tion approaches, the series of experiments were performed.
The KDD cup network data set was used for training
and testing different neural network models, because it is
one of the few in the domain of intrusion detection and it
attracts the researchers’ attention due to its well-defined and
readily accessible nature.

The boosting by filtering algorithm, which is used in the
case with model 3, needs a large number of records to pro-
duce acceptable results. So we have used 10% selection from
KDD dataset (almost 500 000 records) for testing and ge-n-
eration of training subset. We have used 6186 samples for
training neural networks. All records from 10% selection are



used for testing (see Tab. 1). The same data sets were applied
for model 1 and model 2. Thus we can compare the dis-
cussed models. Proposed intrusion detection approaches are
implemented to detect 5 classes of attacks from this dataset

acta mechanica et automatica, vol.2 no.4 (2008)

the influence on the outputs of others performing aggregated
opinion of several neural networks.

Table 3. Attack classification with model 2

including DoS, U2R, R2L, Probe and Normal.
class count detected recognized
Tab. 1. Training and testing samples | DoS 391458 (3319%%2) (SZ%%?;}))
Dos | U2R | R2L | Probe [Normal| 1°% S e
count U2R 52 49 (94.23%) | 37 (71.15%)
training 1088 1075
3571 37 278 800 1500 6186
samples R2L 1126 (96.63%) | (95.47%)
testing 3749 3735
391458 52 1126 4107 | 97277 | 494020
samples Probe 4107 (91.28%) | (90.94%)
normal state
To evaluate our system we have been interested in three 23879
major indicators of performance: the detection and recogni- normal 97277 (86.22%)
tion rates for each attack class and false positive rate. The '
detection rate (true attack alarms) is defined as the number of
intrusion instances detected by the system divided by the Table 4. Attack classification with model 3
total numb_er_ of |ntrt'JS|on.|nst§1nces_ p(esent in the test set. class count detected recognized
The recognition rate is defined in a similar manner. The false
positive rate (false attack alarms) represents the total number DoS 391458 391443 370663
of normal instances that were classified as intrusions divided (99.99%) (94.69%)
by the total number of normal instances. U2R 52 50 (96.15%) | 42 (80.76%)
Let’s examine the recognition of attacks with the model 1 ROL 1126 1102 1086
(see Section 3). This model is quite simple. Tab. 2 shows (97.87%) (96.45%)
statistics of recognition depending on attack class. 3954 3939
Probe 4107 (96.27%) | (95.91%)
Table 2. Attack classification with model 1 normal state
class count detected recognized normal 97277 (8874(7)537)
391441 370741
DoS 391458 (99.99%) | (94.71%)
U2R 52 48 (92.31%) | 42 (80.77%) This two algorithms (model 2 and model 3) perform
1113 658 to each other relatively close. It was difficult to make correct
R2L 1126 (98.85%) (58.44%) comparison. But on closer examination we decided to give
Prob 107 4094 4081 preference to model 3. _ -
robe (99.68%) (99.37%) The total results of the detection rates and false positive
normal state rates related with each model are considered in Tab. 5.
normal 97277 --- (552022014 ) Table 5. Total results for each model
model True attack|False attack|Recognized rec;)rg():[r?ilze d
The above results show that the best detection and re- alarms alarms | correctly %
c_ognltlon rates were achleveq for DoS and Probe connec- Model 396696 16446 375522 :
tions. U2R and R2L attack instances were detected a bit 1 (99.98%) | (47.75%) | (94.65%) | °6-30%
worse (80.77% and 58.44% respegtlvely). Be3|de§, the Model 395949 13398 375391 .
bottom row shows that some normal instances were (incor- 2 (99.80%) | (13.77%) | (94.61%) | 2297
reCtIy) classified as intrUSionS.. ) ] Model 396549 12549 375730 93,210
The number of false positives produced by previous 3 (99.95%) | (12.90%) | (94.70%) 2170

classification model is considerable. This can be corrected
by application of other models proposed in Section 3. As for
model 2 (see Tab. 3), it performed quite well in terms of false
positives due to four single multilayer perceptrons for each
attack class.

Model 3 (see Tab. 4) uses the opinion of three experts.
As it was mentioned above each expert is represented
by a single classification system (in this experiments we use
model 1 as an expert). But every subsequent expert exerts

In general, model 3 is shown to achieve the lowest false
positive rates and the highest accuracy (93,21%). In fact,
it is more accurate than model 1 (86.3%) and model 2
(92.97%). So model 2 and model 3 can be effectively used
for the classification of huge input data set with a compli-
cated structure.
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7. CONCLUSION

In this paper the neural network architectures for the in-
trusion detection have been addressed. The proposed
approach is based on the integration of the recirculation
network and multilayer perceptron. The KDD-99 dataset
was used for the experiments performed. Combining two
differrent neural networks (RNN and MLP), it is possible
to produce an efficient performance in terms of detection
and recognition attacks on computer networks. The main
advantages of using neural network techniques are the
ability
to recognize novel attack instances and the quickness of
work which is especially important in the real time mode.
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MEASUREMENT OF THE QUALITY OF LUBRICANTS FOR MECHANICAL SYSTEMS
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Abstract: One of the basic factors which plays the dominant role in different machines and mechanisms (and in robots too)
is a lubricant (oil, grease, fat, plastic lubricant, organic or synthetic lubricant etc.). In the paper the new effective method
of quality test for different lubricants is represented, because a bad lubricant may be a reason of any mechanical system

damage.

1. INTRODUCTION

The new device to investigate the main properties of lu-
bricants was created which helps to determine very quickly
and exactly both the viscous properties of the lubricant and
its adhesion to lubricated faces (Fig. 1). In a capacity
of sample the cylindrical element was used. Before experi-
ment a small amount of definite Iubricant was smeared
on the surface of this sample. The sample in the form of the
shaft was connected with the engine which can realize
smoothly the rotation from zero to 25,000 revolutions per
minute. At the definite moment the lubricant begins to get
away from the shaft because of the centrifugal acceleration.
To observe this effect and catch disconnected from the shaft
amount of lubricant the sample was put into the transparent
glass before experiment.

So, the researcher can determine the moment when the
first quantity of the lubricant will appear on the inner wall
of the glass.

2. EXPERIMENTAL

Below four results of these experiments are presented.

1. Unirex Ne3 ISO L-XADHB 3 DIN 51825 — K 3 N-10
NLGI 3 (Esso Lubricants): the first small part of the lu-
bricant was appeared on the wall of the glass when the
cylindrical sample reached 3,280 revolutions per minute
(RPM). This kind of lubricant can be applied for hinges
and bearings if the temperature value is from the range
of about -40 to + 135 °C.

2. Russian lubricant «BHUHWHII-207E»: the beginning
of the appearance of a small amount of this lubricant
on the inner wall of the glass was at about 2,480 RPM.
This lubricant can be used for bearings, hinges, ropes
and so on. The work temperature is from the range
of about -40 to + 140 °C.

3. Lubricant “Litol-24”: the beginning of the appearance
of a small amount of this lubricant on the inner wall
of the glass was at about 1,610 RPM. It is the multifun-
ctional anti-wear lubricant which can be used for

bearings, hinges and so on. The work temperature
is from the range of about -35 to + 120 °C.

4. The last investigated lubricant was «IIIPYC, Cymnep-
4MJI»: the first small amount of the Iubricant appeared
on the wall of the glass when the cylindrical sample
reached 1,430 RPM.
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Fig. 1. The outline of the new device to express — control
for different lubricants: 1 — high-speed electromotor;
2 — transducer of a velocity; 3 — joint; 4 — shaft / specimen
having three various diameters to put on them lubricant;
5 — electronic balance; 6 — ground; 7 — transparent plastic
glass; 8 —lid; 9 — support

The process of test is the next: bring a definite quantity
of lubricant on the definite part of cylindrical diameter
of a specimen; smoothly start rotation of our shaft using
electromotor. At the definite speed of rotation some amount
of lubricant we can see on the wall of the glass. At the same
time the electronic balance begins to show that the weight
of the empty plastic glass started to grow too. The limit
velocity of rotation for our shaft with a lubricant gives
a signal by electronic balance that all amount of grease
is come off.
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J=1..34 bin::7

vj =

n = length(v) n =35 m := mean(v) m = 13.497
13.10
15.20

s =2416  median(v) = 13.97

14.38
13.25 upper := ceil(max(v)) upper =16  lower := floor(min(v))
13.20

13.66 |

upper — lower , ,
13.70 h:= _ h = 2.286 i:=o0.. bin
14.20 bin

14.05
14.00
13.80
13.20
12.98
12.84
13.14 .
14.66 ngj =

14.70 0
14.32 2.286
14.29 4571
14.55 6.857
13.97 9.143
13.83 11.429
13.86 13.714
1433 16
14.43
14.46
14.06
14.00 f
14.05
13.82
13.52
13.31
13.10

int ;= lower+ h-1  f := hist(int,v) F(x) := n-h-dnorm(x,m,s)

intx; ;= int+ 0.5-h

Fig. 2. The distribution of the velocity vj (x100) during rotation of the cylindrical sample with lubricant «Ilpyc» (Luxoil) smeared on

This method helps us to determine very quickly not only
the quality of lubricants but the force of adhesion as well.
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bin:=7

n = length(t) n =27

s := stdev(t)-

lower := floor(min(t))

b upper — lower
o bin

int; := lower + h-1

m := mean(t)

S = 3.125

upper := ceil(max(t))

h = 2429
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m = 15461

median(t) = 16.02

upper = 17

1:=0.. bin

f := hist(int,t)

F(x) := n-h-dnorm(x,m,s)
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Fig. 3. The distribution of the velocity tj (x100) during rotation of the cylindrical sample with lubricant “Litol-24” smeared on

3. CONCLUSIONS

In a result of carried out investigations the following
conclusions can be formulated:

1. The lower viscosity of a lubricant the lower rotational
speed at which the lubricant begins to separate from
the sample (shaft).

2. Proposed examination method enables quick and effe-
ctive evaluation of lubricant properties.
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NUMERICAL REVIEW OF FRICTION FORCES IN MICROBEARINGS
WITH CURVILINEAR JOURNALS
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Streszczenie: The research showed in this paper lead to presentation of hydrodynamic HDD micro-bearing with orthogonal
curvilinear profile of journal for example for conical, hyperbolic and other cooperating micro-bearing surfaces. Pressure dis-
tributions and load carrying capacity values on the conical micro-bearing journals are calculated. The formulae describing the
friction forces and friction coefficients for micro-bearing curvilinear journals are derived. Up to now, the dynamic behavior
of HDD micro-bearings was considered mostly by Jang at al. (2005). Presented paper indicates that on the memory capacity
have influence not only herringbone or spiral grooves but in many cases the shapes of micro-bearing journals and sleeves too.

1. INTRODUCTION ear orthogonal and particularly conical and hyperbolic jour-

nal shapes. Fig. 1 show the spindle system of a HDD

. . . and a coupled journal and thrust hydrodynamic bearing

.Pre.sent paper detemlnes thq hydrpdynamlc pressure (.h' introduced by Bhushan (2007) and Jang at al. (2005, 2007).
stributions, load carrying capacity, friction forces and fric-
tion coefficients in slide micro-bearings gaps for a curvilin-

4 s
W‘_m_g___ journal or shaft = O7=Yh
2 = =
90 i =9
sheys We B ‘|upperjjoumal bearing fe b= o
- o journal bearing \ I / gl
A _ //y : S

//3 7 /UW'I}UUSI bearing = sleeve Flm: ?
N et \ T
oL z ud g [ R
/ . N\ V7722 .. T . S —
Mhrustpad  Jower thrust bearing EOoves. mdge  groove £ /ridge

Fig. 1. Coupled curvilinear journal and thrust hydrodynamic HDD micro-bearing (20 000rpm): a) after G.H. Jang and J.W. Yoon (2002), b)

classical ridges and grooves on the HDD journal or sleeve surface, c) height of ridge in hyperbolic journal and sleeve after Wierz-
cholski (2007)

Fig. 2. The view of conical and hyperbolical micro-bearing journal surfaces: a) conical surface, b) hyperbolic surface with longitudinal and
circumferential grooves, c¢) hyperbolic journal with grooves
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The aim of the presented paper generalizes the recently
calculation methods of the pressure and friction coefficients
distributions in a thin layer of non-Newtonian, visco-elastic
lubricant of slide micro-bearing gaps presented in: Jang
(2005), Jang (2007), Jang (2002), Liu at al.(2007),
Wierzcholski (2006, 2007),Yong (2005). The groove and
ridge geometry located on the conical and hyperbolic sur-
face are presented here. Fig. 2 shows that the grooves on
the hyperbolic and conical journal surfaces can be situated
in circumferential or longitudinal directions Jang at al.
(2005). Groove location affects the dynamic performance
of HDD spindle system.

The micro-bearing lubrication is characterized by the
dynamic viscosity changes in thin gap- height direction.

2.PRESSURE DISTRIBUTIONS IN CURVILINEAR
MICRO-BEARINGS GAPS

For the conical and hyperbolic micro-bearing we as-
sume following conical and hyperbolic co-ordinates: o=@,
=Y., 03=X. and o=@, o,=y,, o3=C, respectively. Men-
tioned coordinates are presented in Fig. 2. For conical jour-
nal we assume:R;—the largest radius of the conical shaft,
R— the smallest radius of the conical journal, 2b, the bear-
ing length, y—angle between cone generate line and the
cross section plane of the journal (see Fig. 2). For hyper-
bolic journal we have: a, the largest radius of the hyper-
bolic journal, a the smallest radius of the hyperbolic jour-
nal, 2b, the bearing length (see Fig. 2). From the system
of conservation of momentum and continuity equation after
thin boundary layer simplifications and boundary condi-
tions in the curvilinear coordinates (o.;,0,,03) wWe obtain the
dimensional pressure function p(o,as,t) satisfying the
modified Reynolds equations in the following curvilinear
form see Wierzcholski (2006, 2007), and Wierzcholski
at al.(2007):

OE®) h, 0 | h GE(),
601{ 20, “And% H h, a%[h o, [fAﬂd%ﬂ (1)
2 0 2 OE(gr)
oh? [ [J.Asddazj E(sT)] =

where: E_denotes expectancy function, er(o, os,t) gap
height. Flow is generated by journal rotation and the sleeve
is motionless. Lubricant velocity components vi,v,,v3
in ay,0,, oy directions, respectively, have the following
form Wierzcholski (2007a):

1
(00,0, =2 ATH(1= A Joh,. @
h, Oa,
1 op
v, (00,0 )=——A 3)
h, da,
oy 1 a o) 1 ah
v, (o ,0,,0 ,t):—.[_ida N ( 1V3)d(1 ’
2 1 2 3 h aa 2 h h aa )
e @)
and
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A, ((ll,(lz,(l3,t) o , An ((Xl,(lz,(X,},t)E (5)

J. L2 da, - A, (0,,0,,01,t) _[ %2 4a,,

0 n 0 n

where n=n(a;,a, a3) — liquid dynamic viscosity, t time,

0<o<ern0<a,<2m0;,0<0,<1 and -b. < a3 < b,

for conical journal and —by, < a3 < by, for hyperbolic journal.
For the conical shapes of micro-bearing journals we

have following coordinates: o, =@, a,=Yy., 0,3=X., and Lame
coefficients are as follows see Wierzcholski (2007):

h;= R+x.cosy, h3=1, (6a)

where y angle between conical surface and the cross sec-
tion plane of the journal.

For the hyperbolic shapes of micro-bearing journals we
have following coordinates: a,;=¢, 0,=y,, 03=C,, and Lame
coefficients are as follows see Wierzcholski (2007):

-2
h,=acos (A,C;)s (6b)

2
h3:\/1+4(Am/LR1)2tan2(AmCm) cos (ACy)s

s G = (6¢)

a-a b
a

where R, a, a;, b, are defined before.

3. FRICTION FORCES IN CURVILINEAR MICRO-
BEARING GAP

This section presents the friction forces calculation
in curvilinear micro-bearing gaps.

The components of friction forces in curvilinear
oy, a3 directions occurring in micro-bearing gaps have
the following forms see Wierzcholski (2007):

' j h h. da,da,,
az o, =¢

Sk
(2] e,
F 2 Ja,=¢

where n=n(a.,00,03) — liquid dynamic viscosity , t time,
0<o,<er,0<a,<2m0;,0<0;,<1 and -b,< a3 < b, for
conical journal and — b,< a3 < by, for hyperbolic journal,

— lubrication surface, and v,,v; fluid velocity components
(2), (3) in o, a3 directions, respectively, and h;, h; Lame
coefficients (6a,b,c) in o, a; directions.

Putting formulae (2), (3) into equation (7) for curvilin-
ear journal, then we obtain the friction components Fg;, Frs
in circumferential o, and longitudinal a5 directions, re-
spectively see Wierzcholski (2006):

Q)

=e&r
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op 0A, (a,,0,,a,)
oo

FR—FH{ 4,0,.0,)

} xh h,da do,+

1 2

A
—”{mh n(a,.0,.0, )M} xh h,da da,,

o, =g;

®

OA (0),05,0,4)

,”' {whln (al ,0Ly 0L ) : 30,

F

} hh,da,da;,
o

n(ay,0,,0,) Op OA o (0,00, )

where for conical journal Fp 3 = Fpy . and for hyperbolic

journal we have Fp 3 = Fth .

4. LOAD CARRYING CAPACITY CALCULATIONS

The load carrying capacities for conical and hyperbolic
journal are calculated by see Wierzcholski (2007a) from the
following formulae respectively:

Cio(v)= {“ (1 p(w,xc,t)(sinfp)hld(ﬂJ hzdxc} + (10)

J{ [ [wj p((p,xc,t)(cosw)hld¢]h3dxc1 }

-b,

~by,

+b, (o 2
cht = [j ( [ p(9.¢, O)(sin (p)hld«)Jhsdch] +
v (11)

[ I [f p(@,G, . t)(cos p)h, deh dch}

,bh

where symbol @y denotes the end coordinate of the film in
circumferential direction.

Friction coefficients are calculated by Wierzcholski
(2007a) as follows:

u = e, Fr, €, Fgy
c (c) >
Ctot (12)
B e¢FR¢+e FRgh‘
Hy = cm ’

tot

Where ¢, €x. By are the unit vectors in conical and

hyperbolic coordinates respectively.
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5.NUMERICAL CALCULATIONS

We determine the pressure distributions and load
carrying capacity values in HDD micro-bearing for conical
journal in the lubrication region F, which is defined by the
following inequalities: 0 <@ < @, X1=Xc/be, —b.< X < b
where 2b, — micro-bearing length. Numerical calculations
are performed in Mathcad 14 Program by virtue of the
equation (1), (8) by means of the finite difference method
(see Fig. 3). If grooves length is situated in x. and ¢ direc-
tion then gap height of the conical micro-bearing has the
following form respectively:

& (@ X, )= g[(l+/1c cos@)sin” ¥ +

de 1 3
+— s1n@+ smﬂ+ + (13)
V4 o 3 o,
+6(@, X, 6),

e(px. t)y=¢ [(1 +4 cosg)sin’ y+

4e X 1  3xx

+— cos”———oosL... + (14)
7 X 3 X,

+0(, %, 6),

for 0 < <2m, —b.< x. < b, where Ao eccentricity ratio in
cylindrical micro-bearing, € radial clearance in cylindrical
micro-bearing, gq1=¢,/€, &, — ridge height. Symbols @r, xt
denote periods of grooves sequence about 65nm in ¢ and x,

_directions respectively. Symbol & denotes the dimensional

random part of gap height changes resulting from vibra-
tions, unsteady loading and surface roughness measured
from the nominal mean level. The symbol ¢ describes the
random variable, which characterizes roughness arrange-
ment. We show in Fig. 3 the results of numerical calcula-
tions of pressure distributions without stochastic changes.

The grooves and ridges are now neglected. We assume
the largest radius of the journal R=0.001 m, length/radius
ratio L,;=b/R=1, dynamic viscosity of the oil n,=0.03 Pas,
angular velocity ©=565.5 s, characteristic dimensional
value of hydrodynamic pressure p,=on,y’=16.96 MPa,
relative radial clearance y=g1/R=0.001, eccentricity ratio
A=0.4; A=0.2. By virtue of good known [6] boundary
Reynolds conditions the angular coordinate of the film end
has the values: @=3.678 radian; ¢,=3.731 radian respec-
tively.

If eccentricity ratio increases from A.=0.2 to A.=0.4,
then the maximum value of hydrodynamic pressure in-
creases from 7.07 MPa to 18.87 MPa. The carrying capac-

ity Cg,c) in y direction increases from 13.44N to 32.93 N

and the Cgc) total carrying capacity in z direction increases
from 4.89 N to 11.98 N.



C~11.98[N]
@k =3.678 [rad]
he=0.4

Oil flm end

Pr=707 [MPa]
Cy=13.44[N]
C~4.89[N]
=3.731 [rad]
% =0.2

Oil film end

Fig. 3. The pressure distributions caused by the rotation in circum-
ferential direction in conical micro-bearings. Left side
presents the view from the film origin, right side shows
the view from film end

5. CONCLUSIONS AND REMARKS

— We can simulate the increases of the capacity memory
of fluid dynamic HDD micro-bearings not only by the
herringbone or spiral groove indicated in papers by Jang
at al. but also by the various conical and hyperbolic
shapes of journal micro-bearings.

— If the sleeve surface is grooved than the peak pressures
are higher than that which arise in micro-bearing with
the grooved journal surface. These results were obtained
for various journal shapes.

— The friction forces arising over micro-bearing surfaces
of about 10 pm’® during its lubrication attain value
of about 0,4 nN. The numerical calculations and contact-
less AFM measurements methods are here very desirable
compare in Wierzcholski (2007).

Nomenclature

a; — largest radius of the hyperbolic journal, m; by, — half
hyperbolic journal length, m; h;,h; — Lame coefficients
depended from the journal surface geometry and roughness;
p — hydrodynamic pressure, Pa; Fr — friction force, N;
F — lubrication surface, mz; o,0, a3 — curvilinear coordi-
nates in circumference — gap height, and longitudinal di-
rections; & — dimensional random part of gap height
changes, m; et — total value of gap height, m; ¢ — circum-
ference direction; &, — dimensional longitudinal direction
in  hyperbolic coordinates, m; ¢ — random variable;
1N — fluid dynamic viscosity, Pas; p — dimensionless fric-
tion coefficient; » — angular velocity, s™', y. — coordinate
directed vertically to the conical surface, m;
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