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A b s t r a c t: The basic purpose of the vehicle bumper 
is absorption of impact energy in the collision with another 
vehicle at smaller velocities. On the other side, numerous 
statistical data show that over 80% head-on collisions with 
serious or fatal injuries occur with impact speed range 40–60 
km/h, which is considerably more than velocities issued by 
existing standards [3]. 

There is no doubt, that just now, the conditions for fur-
ther high-quality development and improvement of the current 
and future passenger vehicle bumpers are “ripened” (inde-
pendently of the drive system). 

In the paper a modern designing approach for creating 
technical product with top performances is presented, by 
which the current passenger vehicle bumper is analyzed as a 
system. 

The existence of the problem is noticed, and on the ba-
sis of those data the new task of the bumper is defined. The 
requirements list is assembled, with the help of abstraction the 
General Technical Function (GTF) of the new bumper is de-
fined and finally (by division of GTF to partial and elementary 
functions) the functional structure of the bumper is elaborated. 

Key words: requirements list (RL); abstraction; General 
Technical Function (GTF); functional structure 

1. INTRODUCTION – DEFINING  
OF THE PROBLEM 

The current passenger vehicle is a complex 
technical system, realized as a result of a hundred 
years evolution and team work of highly qualified 
experts, whose mutual goal is satisfaction of a set 
of most different requirements. 

First vehicles did not had a bumper. The in-
crease in number of vehicles, and the increase of 
the possibility of unpleasant collision of two vehi-
cles, actualizes the need of existence of an element 
sufficiently strong to reduce the damage of less 
heavy collisions, and which is at the same time 
cheap with simple construction and appropriate 
appearance. 

Up to 70-ies, the vehicle bumpers were pro-
duced as separate elements of the outside vehicle 
equipment, from hard-chrome plated sheet of steel. 
These steel bumpers in the 70-ies were replaced by 
nonmetal bumpers. The first nonmetal bumpers 
were made of polyester (Renault 5), and then poly-
ester was replaced of thermoplastics [6]. 

The last few years, the current passenger ve-
hicle bumper, became an integral part of the body, 
and together with it, it makes functional and aes-
thetic entirety. Concurrently with the evolution of 
the shape, the evolution of applied materials hap-
pens as well [4, 5, 6]. 

The technical function of the bumper is be-
coming more and more complex, and just now it is 
not a simple detail, but system with numerous 
functions. Parallel with the evolution of the bumper, 
numerous limitations as standards, laws, regulations 
and recommendations were developed, too. 

International regulations define the term 
bumper as: an outside protective device, which is 
set at the front and rear end of the vehicle and 
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which is so constructed to allow touches and little 
shocks, without causing bigger damage. 

The basic purpose of a vehicle bumper is ab-
sorption of impact energy in the collision with an-
other vehicle, at smaller velocities. On the other 
side, numerous statistical data show that over 80% 
frontal collisions with serious or fatal injuries oc-
cur with impact speed range 40–60 km/h, which is 
considerably more from velocities issued by exist-
ing standards. 

There is no doubt however, that just now, the 
conditions for further high-quality development 
and improvement of the current and future passen-
ger vehicle bumpers are “ripened” (independently 
of the drive system). 

In the paper, on the basis of the existing prob-
lem, the passenger vehicle bumper is analyzed as a 
system, and the new task of the bumper is defined. 
The new requirements list is assembled with ab-
straction, the new General Technical Function 
(GTF) of the new bumper is defined, and finally, the 
new functional structure of the bumper is elaborated. 

2. DEFINING OF THE NEW GENERAL 
TECHNICAL FUNCTION 

During the evolution of the passenger vehi-
cles, the bumper also evolves, from simple shape 
to more and more important subsystem with many 
functions: partial prevention from front and rear 
collision, reducing of the pedestrian injuries in an 
accidental contact with vehicle, reducing of the 
aerodynamic resistances and of the consumption 
of fuel , reducing of the noise of air flow, correct 
directing of air flow under and over the body, car-
rying of various signal and other elements, impor-
tant aesthetic function, etc. 

In accordance with the usual procedure [1, 7, 
8], all the requirements resulted from a clarified 
task, as well as the existing limitations are classi-
fied according to the requirement category (yes/no 
demands, tolerated minimal demands and wishes) 
(see Table 1). 

The requirements list is a base for many de-
signer's activities. On the occasion of new product 
creation, the abstraction of the task to reduce the 
problem to its most essence form has a first-rate 
importance. (By abstraction of the requirements, 
the problem reduces to general, solution-neutral 

terms. Abstracting to identify the essential problem 
by reducing it to its most essential form). 

According to the usual methodical treatment, 
the process of abstraction is done in five steps [8]: 

1) omitting of all wishes, 
2) omitting unimportant demands, 
3) transforming demands from quantitative to 

qualitative, 
4) broadening the designer's knowledge and 

the level of abstraction, 
5) stating the problem in solution-neutral terms 

(to generalize the task, i.e. formulation of GTF). 
Many inexperienced designers perceive the 

fourth step of abstraction as formality. This posi-
tion may bring many difficulties in the defining of 
GTF. For that reason, in this concrete design task, 
the fourth step of abstraction was specially at-
tended. Three very important knowledges resulted 
from this analysis: 

a) The basic principle of passive safety is to 
have the passengers retained, i.e. well fixated at 
their seats during the collision. In a sitting position 
the human body, in the direction back-belly (or 
vice versa), can endure acceleration of 15 g for 
several seconds, up to 30 g for 0.1 second. How-
ever, in a collision with a bigger velocity, the level 
of deceleration is even to –40 g, so that normal 
passengers could not endure it, and their detain-
ment in the seats does not have any effect. In that 
case, plastique deformation could play "leading 
role" in decreasing the acceleration at a bearable 
level. 

b) It is noticeable that all cited effects and re-
quirements can be attained by forming the ends of 
the body in such way, that these ends have the 
bumper features, i.e. the bumper is unnecessary. 
However, it is as clear as day that any small dama-
ges will be impractical for frequent repairs. It is 
much better, if a changeable part exists, which can 
be changed and frequently, if it is necessary, with-
out any influence at the body entirety. 

c) At this step, it can be recognized that the 
bumper performs two kinds of functions: 

– Permanent, i.e. providing of aesthetic, at-
tractive and aerodynamic form of the body, reduc-
ing of the aerodynamic resistance, reducing of the 
noise of wind, reducing of the fuel consumption, 
carrying of various signal and light devices, direct-
ing of the air flow around, over, under and in the 
vehicle. This function is performed by carefully 
modelling and shaping, and by selection and proc-
essing suitable materials as well. 
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T  a  b  l  e   1  

Requirements list for the current passenger vehicle bumpers 

 R E Q U I R E M E N T y/n tol. wis.

1. Geometry: The bumper dimensions are dependent on vehicle dimensions and harmoniously and esthetically 
pleasant, merge with the car body in aerodynamical, functional and esthetic ensemble: *   

 – the bumper is changeable exterior part of the body (front or rear), *   
 – the upper line of the bumper coincides with the bottom line of the headlights,   * 
 – the car passing (front approach angle min. 16 deg., and rear exit angle min.10 deg.) in accordance with SAE J 689,  *  
 – the size of the aperture for the passing air in the refrigerated device is min 0,08…0,1 m2.  *  

2. Kinematics: In activated state, the bumper can endure deformation or carry out limited rectilinear motion in the 
impact direction:    

 – the size of motion is limited by the condition, that in the collision there must not be any damages of the vital 
vehicle systems (fuel, cooling, braking, steering, and light and signal devices), *   

 – the size of the motion is in accordance with ECE 42 (min. 70 mm),  *  
 – the security velocity range, for the bumper to be functional is 35…65 km/h.  *  

3. Forces, loading: The basic bumper loading is an impact force from the collision with enother vehicle or an 
obstacle. The impact direction may be from the left side, from the right or head-on collision:    

 – the forces are a result of impact with another solid at 35…65 km/h velocity,  *  
 – reduction of the level of deceleration during collision up to –7 g,  *  
 – the bumper mass ought to be as small as possible, max. 1 % of the vehicle mass,  *  
 – aerodynamical form, small aerodynamical resistance (as smaller as possible Cx factor),  *  
 – the bumper loadings are transferred to the body by support system which accepts the collision forces and is 

specially designed for that purpose.   * 

4. Energy: The bumper functions upon the principle converting kinetic impact energy of vehicles in motion to 
deformation labor for deforming of the bumper, or some other kind of energy (friction-warmth, hydropneumatical 
damping, shearing of the adjusted screws): *  

 
 

 – a favorable aerodynamical shape directly influences the engine fuel consumption.   * 

5. Material: It is possible to use all customary technical materials (alloy steels, stainless steels, aluminium or mag-
nesium alloys, thermoplastics, polypropylene – PP+EPDM, PC+PBT), which have to require mechanical features, 
high dimensional stability at high and low temperatures (–40…+80 oC), high abrasion resistance, impact-resistant, 
resistance to chemicals and weather), possibility of shaping with productive and rational methods and treatments 
(welding, gluing, squirting) and economical recycling. *   
Ergonomy: Easy to handle, i.e., simple montage and changing (a damaged bumper with new one), or simply 
regeneration of an activated bumper:   * 
– rounded edges and surfaces to minimize danger of injuring during "contact" with pedestrians. Outside edges 

have to be rounded with rmin = 5 mm to avoid injures at handling,  *  
– serviceability, recycling, varnishing with usual varnishes,   * 
–  nonflammable, incombustible, nonpoisonous (when burning, it doesn't produce toxic agents), *   

6. 

–  aerodynamical form for decreasing the air flow noise and optimal air flow directing under, around and over the 
body, as well as, along holes for air to cool (engine, brakes, air conditioner) and so on…  *  

7. Fabrication and control: Simple design solution, possibility of shaping with productive and rational methods and 
treatments (welding, gluing, squirting):   * 

 – satisfaction law obligation from rules ECE 42, ECE 26, ECE 48, FMVSS581, SAE J 689, *   
 – surface for license plates of the vehicle (CEE 520*120 mm, USA 12"*6"), *   
 – a hole for a hook for pulling of the vehicle,   * 
 – a hole for the exhaust pipe from the engine (min. clearance 30 mm because of vibrations),   * 
 – placing a lighting in accordance with the rule ECE 48 (a positional light, a blinking light of the turn signal, a fog 

light, a light for rear license plate), *   
 – placing a pump for head-light washer. *   

8. Assembly and transport: Simple montage and/or regeneration of the working ability of the activated bumper: *   
 –  transport in wood container and plastic bag, for eliminating the possibility of mechanical injuries, the influence 

of the humidity and of the corrosive agents.   * 

9. Exploitation: The bumper must be made from material resistant at temperature fluctuation (–40…+80 oC), and 
capable of retention of dimensions stability: *   

 – resistance at usual chemical agents (salt, oils, acids, humidity, antifreeze, different industrial gases), *   
 – cleaning with water and usual body care shampoo,   * 
 – repair of damaged surfaces with usual materials for body repair,   * 
 – possibility for varnishing the bumper in two colors.   * 

10. Costs: A price of a bumper ready for montage max. 0,2 % from the vehicle worth.   *  
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– Incident, i.e. reducing of the level of dece-
leration during the collision, kinetic energy absorp-
tion, passenger protection from fatal injuries, pro-
tection of vital vehicle systems (fuel, cooling, 
braking, steering), and reducing pedestrian injuries 
on the occasion of possible contact with them. This 
function is accomplished by creating the kind of 
forms capable to perform safety requirements 
without jeopardizing the permanent function and 
the costs of the vehicle. 

In the fifth step, the GTF of the bumper is de-
fined in the following form: To make a concept of 
a changeable exterior part of the body with vari-
able dimensions and aerodynamical form from 
material resistant at temperature fluctuation and 
different chemical agents, which assured dimen-
sion stability, which enables converting of kinetic 
impact energy to deformation labor or some other 
kind of energy, with the task of passenger protec-
tion from injuries in a collision, as well as protec-
tion of the vital vehicle systems (fuel, cooling, 
braking, steering) and reducing of pedestrian inju-
ries on the occasion of possible contact with them. 

3. CREATING OF THE NEW FUNCTIONAL 
STRUCTURE OF THE BUMPER 

The GTF formulation gives us the possibility 
of creating the bumper functional structure. A 
rough structure can be formulated by just two ele-
ments, according with the two kinds of established 
functions performed by the bumper [9]: 

– Permanent (providing of aesthetic, attractive 
and aerodynamic form of the body, reducing of the 
aerodynamic resistance, reducing of the noise of 
wind, reducing of the fuel consumption, carrying dif-

ferent signal and light equipment, directing of the air 
flow around, over, under and in the vehicle). 

– Incident (reducing the level of deceleration 
during the collision, kinetic energy absorption, 
passenger protection from fatal injuries, protection 
vital vehicle systems for fuel, cooling, braking, 
steering and reducing pedestrian injuries on the 
occasion of possible contact with them, and trans-
fer the bumper loadings to the body by the support-
ing structure. 

It is easy to see that incident function can be 
divided in two parts, dependently on the level of 
the realized forces, on the occasion of vehicle im-
pact with another solid. Consequently, we have a 
function for small velocities and a function that 
bumper realizes at greater velocities. An analysis 
of the rough structure gives more detailed structure 
of partial functions (Fig. 1) [9]. 

By permanent function, we obtain: decreasing 
of the negative aerodynamically effects (resistance 
motion decreasing, decreasing of the noise of wind 
and fuel consumption), realization of likeable ap-
pearance of the body for conquering the customer's 
heart, regular directing of the air flow for cooling 
the engine, the brakes, the condeser of air condi-
tioner and so on. 

By the incident function we obtain: amortiza-
tion of smaller impacts, decreasing the impact con-
sequences in a possible contact with pedestrians, 
reduction of deceleration, impact absorption, vehi-
cle vital systems protection, transfer of the load-
ings to the supporting vehicle structure. Such 
formed rough functional structure, makes it possi-
ble for us to define the executors of the partial 
functions, i.e. to discover more suitable executors 
for each partial function (Table 2) [9]. 

                     energy                                                                                                               energy 
 
                       materials                       GENERAL TECHNICAL FUNCTION                  materials 
                      information                                                                                                     information 
 
 
 

permanent 
 
 

incident (small velocities) 
 

 

incident (greater velocities) 
 

Fig. 1. Rough structure of bumper partial functions 
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T  a  b  l  e   2  
Possible executors of the separate bumper partial function 

Function Executor 

Reducing of harmful aerodynamical effects (resistances, noise, 
turbulence and so on). 

Aerodynamical form obtained with CAD program module 
modelling, FEM analysis and with testing and checking in an 
aerotunnel. 

Creating attractive looks to "conquer customer's heart". Attractive form, obtained with CAD program module 
modelling (NURBS, B-spline…). 

Supplying a suitable form for regular directing of the air flow (for 
cooling the engine, the brakes, the condenser of airconditioner and 
so on. 

System of spoilers and suitably placed openings and slits in the 
bumper structure. 

Decreasing of the impact consequences in a possible contact with 
pedestrians.  

Application of rounded forms, optimal locating and application 
of soft materials. 

Amortization of smaller impacts. Elastic deformation of the bumper structure. 

Reducing of the level of deceleration, during the collision to a 
bearable level. 

Elastic and/or plastic deformation of the bumper structure. 

Absorption and amortization of the kinetic energy of bigger impacts 
(damping). 

Plastic (permanent) deformation of the bumper structure. 

Protection of the vehicle vital systems from collision consequences. Elastic deformation of the bumper structure, and limitation of 
the bumper operation (passage). 

Transfer of loadings from the bumper to the supporting vehicle 
structure. 

Specialy designed system of supports and amortisseurs. 

 
 

 

4. DEFINING THE EXECUTORS OF THE 
SEPARATE BUMPER PARTIAL FUNCTIONS 

It is customary, the functional structure with 
executors of partial functions all together to be pre-
sented graphically (Fig. 2). The separate partial 
function and their principled executors are pre-
sented in Table 2. Further analysis of the content of 
the table shows the possibilities for detailed defin-
ing of the separate executors. 

The possible executors are given in Table 2 
and the finite form of the expanded functional 
structure is given in Figure 2. 

5. CONCLUSION 

On the occasion of new product creation or an 
essential improving of an existing, it is necessary 
to perform a complete methodical concepting, i.e., 
to analyze the functional structure of the technical 
product as it is done in the paper. 

The further process of concepting has a gen-
erally scheme-like character: from the created 
functional structure, with the help of a morpho-
logical matrix, more reliable and real feasible solu-
tion variants are obtained, and finally, by using an 
evaluation system, the optimal concepting variant 
is selected. This variant will be developed (worked 
out) by the embodiment designing and by con-

structive elaboration. This part goes out of the in-
tentions of this paper and can be found in the cited 
references [1, 8, 10]. 
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GENERAL TECHNICAL FUNCTION OF THE BUMPER 

To make a concept, of a changeable exterior part of the body with variable dimensions and aerodynamical form from material resistant 
 at temperature fluctuation and different chemical agents, with assured dimension stability which enables converting of kinetic impact energy 

 to deformation labor, or some other kind of energy, with the task of passenger protection from injuries in a collision, as well as protection 
of the vital vehicle systems (fuel, cooling, braking, steering) and reducing of pedestrian injuries, on the occasion of possible contact with them 

 
 

Reducing of harmfull aerodynamical effects:  Creating attractive looks to "conquer  Supplying a suitable form for regular  
– aerodynamic resistances,  the customer's heart":  directing of the air flow (for cooling  
– noise of wind,  the engine the brakes, the condenser 
– turbulence,  of air conditioner, and so on). 

 – aerodynamical form obtained with classical  – modelling with CAD program module  – system of spoilers and suitably placed  
    methods and with checking in an aerotunel,     ( NURBS, B-spline…),    openings and slits in the bumper structure, 
 – aerodynamical form obtained with CAD  – shaping the bumper exterior as separate part,  – without separate directing elements, 
    program module modelling, FEM analysis,  – shaping the bumper exterior cover and – integral system of spoilers and bumper cover, 
    and with testing and checking in an aerotunel.     internal structure as integrated entirety.  
 

Decreasing of the impact consequences in  Amortization of impacts at smaller velocities  Protection of the vital vehicle systems (fuel, 
a possible contact with pedestrians or other  because of causing damage as little as possible:  cooling, braking, steering) from collision 
solid at smaller velocities:  consequences at smaller velocities: 
  
 – rounding of all the edges,  – elastic deformation of the bumper structure (EDBS),  – elastic deformation of bumper reinforcement 
 – complete form with a lot of roundings,  – EDBS, as well as, a checked running with using    srtucture, and limitating movement in the  
 – applications of rounded forms, optimal locating     friction elements,    direction of fuel, cooling, steering and braking  
    and application of soft materials.  – EDBS, as well as, a checked running with using     instalations,  
    hydropneumatical damping elements. – elastic deformation of complete bumper struc- 
     ture and limitating movement in the direction  
     of fuel, cooling, steering and braking instalations 
 

Absorption and amortization of the kinetic energy  Reducing the level of deceleration during  Transfer of impact loadings, from the bumper 
at greater velocities: the collision with greater velocities to a to the supporting vehicle structure by: 
  bearable level for passengers: 
 
 – plastic deformation of the bumper structure (PDBS),  – plastic (durable) deformation of the bumper  – common rigid system with two supports (CRS), 
 – PDBS and shearing some supporting elements,     structure (PDBS),  – CRS and supplementary connecting of the upper 
 – PDBS and hydropneumatical amortisseur,  – PDBS and hydropneumatical amortisseur.    and the lower bumper edge, with the body, 
 – PDBS and disconnection some elements.   – specially designed system of supports and  

   absorbers (amortisseurs), with elastic, friction,  
   pneumatical or hydropneumatical elements. 

Fig. 2. The functional structure of the bumper 
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Klu~ni zborovi: branik; apstrahirawe; tehni~ka funkcija; funkcionalna struktura 

Osnovnata namena na branikot e apsorpcija na 
udarnata energija pri sudir so drugo vozilo pri po-
mali brzini. Od druga strana, statisti~kite podato-
ci poka`uvaat deka pove}e od 80% ~elni sudiri so 
seriozni ili fatalni posledici se slu~uvaat pri br-
zini od 40 do 60 km/h, {to e zna~itelno pove}e od br-
zinite na koi postojnite standardi se povikuvaat. 
Nema somnevawe deka sozreale uslovi za ponatamo{-
no kvalitetno usovr{uvawe i podobruvawe na brani-
cite na sovremenite i idnite patni~ki avtomobili 
(nezavisno od vidot na pogonot). Vo trudot e prika-

`an moderen konstruktiven priod kon sozdavawe teh-
ni~ki proizvod so vrvni performansi, pri {to bra-
nikot na patni~ko motorno vozilo se analizira kako 
sistem. Uo~eno e postoewe na problemot i vrz osnova 
na toa e definirana nova zada~a za branikot. Sosta-
vena e lista na pobaruvawa, so apstrahirawe e defi-
nirana op{ta tehni~ka funkcija na noviot branik 
(OTF), a so nejzinoto razlo`uvawe na parcijalni i 
elementarni funkcii e razrabotena funkcionalna 
struktura na branikot. 
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A b s t r a c t: This article presents specific method of 
calculations in technical mechanics, especially in mechanical 
engineering. Worldwide in technical faculties and schools 
curriculum of technical mechanics exist. This is the basis for 
other further disciplines in the knowledge of any mechanical 
engineer. The statics, kinematics, dynamics and the strength 
theory, vibrations are parts of the technical mechanics. Some 
parameters like a position of center of gravity, areas, axial and 
polar moments of inertia, resistance moments of inertia are the 
most frequently used parameters in mechanics. There are 
many exact equations for their calculations. Sometimes, for 
complex profiles special methods of calculation and determi-
nation exist. 

This paper shows the abilities of computer program 
"TMI.EXE" based on the "SCREEN CONTACT" methodol-
ogy [1], for parameter calculation of complex profiles in the 
machines. 

Key words: center of gravity; moment of inertia; profile; me-
chanics; machines 

1. INTRODUCTION 

The center of gravity and moment of inertia 
of the regular geometrical plane profiles are easy to 
calculate. There are equations for exact calculation. 
However, the machines and other technical sys-
tems are often assembled of elements with very 
complex shapes (irregular profiles) (Fig.1, Fig. 2). 

These elements are produced by casting, forg-
ing, welding, etc. It is important to calculate such 
profile of axial or tangential stress. The parameters 
like the position of center of gravity, and moments 
of inertia are necessary for stress calculation, and 
also for calculation of real security factor, and at 
least to give a compact design. 

Now-a-days various programs are offered 
based on finite elements methodology. However, 
all of these programs are expensive, hulk and very 
complicated for use. 

There are many parameters needed in me-
chanics: 

A (cm2) – cross-section area of the profile, 
m1 (kg/m) – mass of 1 m long beam of this 

profile, 
xT, yT (cm) – position of center of gravity of 

the profile, 
xmax, ymax (cm) – maximal distances of the 

contour of the profile, 
rmax (cm) – maximal absolute distance be-

tween center of gravity and contour, 
Sx, Sy (cm3) – statical moments of the profile, 
Ix, Iy, Ip (cm4) – axial and polar moments of 

inertia of the profile, 
Ixy (cm4) – centrifugal moment of inertia, 
Imax, Imin (cm4) – capital (main) moments of 

inertia of the profile, 
imin, imax (cm) – minimal and maximal radius 

of inertia of the profile, 
ϕ (grad) – capital (main) course of inertia of 

the profile, 
Wx, Wy, Wp (cm3) – resistance moment of iner-

tia of the profile. 
Geometrical and other values of the parame-

ters can be presented in millimeters (mm), (mm2), 
(mm3), (mm4) or meters (m), (m2), etc. 

Along with the aforementioned parameters 
there is another information presented: deformaion 
of a 1 meter long beam of this profile under the 
force of 1 kN. This information is included in 
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TMI.EXE program, but information of the polar 
resistance moment of inertia Wp (cm3) is not in-
cluded, because of several reasons. 

2. COMPLEX SHAPES OF ELEMENTS  
IN MECHANICAL ENGINEERING 

In many cases machines are consisted of 
complex elements. There are economic reasons: 
saving material and decreasing of weight. Instead 
of simplicity – the present modern designs are very 
complicated shapes. 

Older designs are also very complex [3], (Fig. 
1). 

 

 

 

 
Fig. 1. Some complex shaped elements used in chain 

conveyors and chain bucket excavators 

 
Fig. 2. Jaw crushers consisted of many complex shaped 

elements given by casting 

 
Fig. 3. Journal bearing with removable cap [4] 

 

 

 
Fig. 4. Floor frames for journal bearing [4] 
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Fig. 5. Special rails for conveyors and trains 

Many of the designed parts have very com-
plex profile. For stress analysis or determination of 
factor of safety it is necessary to calculate some of 
parameters mentioned above (Fig. 3, 4, 5). 

For example, fixed or movable jaw of crush-
ers shown on the Fig. 2, are under strong bending 
stress [5, 6]. Thus, it is required to calculate the 
resistance moment of inertia Wx (cm3). It is the 
same with the rails, frames, journal bearings, 
splined shaft (Appendix D), etc. 

3. FEATURES OF THE TMI PROGRAM 

The TMI program is a C/C++ computer pro-
gram based on the "SCREEN CONTACT" meth-
odology introduced in dissertation [1]. The main 
principles of this methodology are contacts be-
tween pixels of two or more different colored ob-
jects. The motion of the objects on the computer 
screen produces contacts or/and overlapping. The 
first state of a contact is defined as an overlapping 
of only one pixel of the one object with one pixel 
of the other object. Actually, this is the most im-
portant status between objects. The positions of the 
objects in this instant are very important informa-
tion. 

This methodology is used in kinematic analy-
sis of complex mechanisms containing kinematic 
groups of 3-rd class (trada), and especially in the 
mechanisms with higher kinematic pairs (gears, 
chains, geneve-mechanisms, cams, etc.). 

However, some variations of this methodol-
ogy can be used in other different tasks. Calcula-
tions of parameters of complex profiles enumer-
ated above can be implemented by program based 
on this methodology. 

The main principle of TMI is the "pixel 
counting" then, the pixels of the same color are 
made a conversion in real coordinate (ratio), and 
other computation of different arithmetic opera-
tions (adding, multiplication, dividing, etc.), for 
any pixel or group of pixels. 

However, at first, the objects must be shown 
on the screen. The TMI program enables to draw 
or scan the drawings in BMP graphic format. Then, 
the image can be colored with some of the 16 VGA 
colors (the old version is under DOS). 

Then program allows import (load) the BMP 
image, and after input the RATIO, the program 
gives the results (Appendices A, B, C). 

The inside region of the image must be of one 
color, and other information (dimension, arrows, 
lines, accessories, etc.) must be differently colored. 
The precision of the TMI program is tested and 
analyzed in [2]. This program gives very precise 
results when the image on the screen is larger. The 
complexity of the profile is not important. The fig-
ures are showing very complex profiles of machine 
elements used in the industries. 

4. SOME PRACTICAL EXAMPLES 

The examples presented here are very often 
used in the industries (Fig. 6). 

 

Fig. 6. Basis of a journal bearing with removable cap 

The load of the working forces on the journal 
bearing with removable cap, creates a bending 
stress of the profiles denoted in the Fig. 7. 

The resistance moment of inertia 
 Wx = (b h2)/6 (cm3). 

However, it is clear that the profile is not a 
rectangle, but it is a very complex image. One way 
to calculate is to assume the approximate height h 
(cm) or h2 (cm). But there is no accuracy (preci-
sion). 

Instead of such arbitrary approximation, the 
TMI program offers great accuracy. 
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Fig. 7. Approximate determination of resistance moment  

of inertia of journal bearing 

Figure 8 shows a profile of basis of the jour-
nal bearing, scanned and prepared for calculation. 
The results of this calculation by TMI are pre-
sented in the Appendix A. 

 
Fig. 8. The profile of the journal bearing basis prepared for 

program TMI (from Fig. 3) 

The standard rails and also the special rails 
are intensively loaded on the bending stress. Figure 
5 shows the special rails used in chain overhead 
conveyors. Appendix B presents the results of 
these special rails. 

Appendix C presents the TMI results of jaw 
crushers profile (movable jaw), and Appendix D 
shows the results of a splined shaft with six 
splines. 

5. CONCLUSION 

The TMI program is a very compact program, 
written in C/C++ program language in 1995 [1]. 
Although it works under DOS operating system, 
similar to other DOS applications, it can be easily 
adjusted for Windows operating system. Because 
the procedure is very simple, the manual (direc-
tion) is very short – it takes only one page text. It 
needs only one hour for training. This paper pre-
sents only a part of machine elements of complex 
profiles, but it can be used not only in mechanical 
engineering, but also in construction, mining, etc. 
The "Screen Contact" is computer based method-
ology which also gives many opportunities for va-
riety calculations in mechanics. 
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Ovoj trud prezentira eden specifi~en metod za 
presmetki vo tehni~kata mehanika, osobeno vo oblas-

ta na ma{instvoto. Na site tehni~ki fakulteti i 
u~ili{ta vo svetot postoi disciplina tehni~ka me-
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hanika. Taa e osnova za site drugi naredni predmeti 
potrebni na eden ma{inski in`ener. Statikata, ki-
nematikata, dinamikata, jakosta na materijalite, 
kako i teorijata na oscilaciite, vsu{nost se delovi 
na tehni~kata mehanika. 

Nekoi parametri i veli~ini kako {to se te-
`i{tata, povr{inite na napre~nite preseci, aksi-
jalnite i polarnite momenti na inercija, otpornite 
momenti, se mnogu ~esto koristeni vo mehanikata. 

Postojat to~ni ravenki za nivno presmetuvawe. Se-
pak, ponekoga{ za slo`eni profili (preseci) posto-
jat specijalni metodi za nivno utvrduvawe i pres-
metka. 

Ovoj trud gi prika`uva mo`nostite na kompju-
terskata programa TMI.exe koja e zasnovana na meto-
dot „ekranski kontakti“ [1], spored koj se presmetu-
vaat veli~ini na slo`eni profili kaj ma{inite. 

APPENDIX A 

TMI Results – Basis of journal bearing 
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APPENDIX B  

TMI Results – Special rail for conveyors 
 

AHPPENDIX C  

TMI Results – Movable part of a jaw crusher 
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APPENDIX D 

TMI Results – Profile of a splined shaft with six splines 
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A b s t r a c t: Success of organizational change process 
is in direct connection with the resistance that appears to that 
process and the issues related to successfully overcoming that 
resistance. For successfully overcoming resistance to organ-
izational change the managers or the initiators of those chan-
ges must predict the reaction of the people in the organiza-
tional system to the proposed changes. Therefore, in this paper 
the authors represent the results of analysis of the reaction of 
managers to the organizational change against management 
styles according to Adizes. The research is obtained with a 
questionnaire in 50 enterprises in the Republic of Macedonia. 

Key words: organizational change; resistance to change; reac-
tion to change; management styles  

1. INTRODUCTION AND THEORY REVIEW 

For this part of paper literature that is cited in 
reference section [1], [2], [3] is used. Instead of 
nonmanagerial staff in one organizational system 
resistance to organizational change may come from 
the organizational members from management lev-
els. The initiators of organizational changes may 
predict resistant behavior to change of organiza-
tional members in many ways. One of those ways 
that are usually in use is the management style. 
Ichak Adizes derives four different roles that sepa-
rate every management style. With their combina-
tion, we may predict the behavior of managers 
about accepting or resisting the change process. 
The basic management styles according to Adizes 
are: 

(P) – Producer 
(A) – Administrator 

(E) – Entrepreneur 
(I) – Integrator 
According to Adizes these styles present the 

four roles that are need in management. The rule of 
the producer in management is rule that should 
produce results through products and services. The 
role of the administrator is rule that provides im-
plementation of politics and procedures. The ad-
ministrator is the one who does not produce the 
results, but produces effective and efficient func-
tioning of the whole system. The role of the entre-
preneur provides new ideas and initiatives. This 
role is the one that initiates organizational changes 
and that shows the direction in which the organiza-
tional system must go in order to adapt to the 
changed environment. The role of the integrator is 
the last role in management according to Adizes. 
Integrators provide teamwork, integrate people and 
provide perfect functioning of the system from 
people’s viewpoint. 

The ideal manager is the manager who can 
incorporate all these roles in his/her management 
style (PAEI). This type of manager is impossible to 
find in practice. The useless manager is manager 
who has neither of these roles in his/her manage-
ment style (_ _ _ _). Emphasizing one role in re-
gard of other role and their combination provide 
different management styles that have different 
names according to Adizes. For example, Paei 
style presents producer, while P_ _ _ style presents 
recluse rider. In Table 1 some of the characteristic 
management styles according to Adizes with basic 
characteristic of that style and way of respond to 
organizational change are given. 
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T a b l e  1  

Management styles according to Adizes and (reac-
tion) resistance to organizational change 

Code Management 
styles 

Respond to change 

---- Useless man He/She does not resist the change 
because he/she is disinterested in it.

P--- Recluse rider He/She resists the change because 
he/she has not got enough time.   

He/She accepts the change as 
he/she provides fast results. 

-A-- Bureaucrat He/She resists the change because 
he/she fears from loosing control.  

--E- Incendiary He/She accepts the changes if those 
changes are his/her initiative. 

He/She resists if he/she did not 
initiatie it. 

---I Super follower He/She accepts if they increase their 
role in solving of conflicts and not 
threat the cohesion. 

He/She resists if with the change is 
not increasing conflict solving and 
cohesion. 

Paei Producer Because of the expression of the role 
of producer, he/she resists to change 
that did not give fast results. 

pAei Administrator Expressing role of administration 
provides resistance to change that 
made destroying stability of the 
organization. 

paEi Entrepreneur He/She accepts the change when it 
comes from them.  
He/She resists when change 
provides increasing of the rules, 
politics, and procedures in working. 

paeI Integrator He/She resists the change that 
destroys social relationship because 
of expressed role of integration.  

 

Looking this table we may conclude that only 
managers with entrepreneurial style of manage-
ment are those who give active support to organ-
izational change.  

2. ANALYSIS OF MANAGEMENT STYLES 
VERSUS RESISTANCE TO 

ORGANIZATIONAL CHANGE 

The research obtained here was conducted 
with one questionnaire that was given to 62 man-

agers in 50 enterprises in the Republic of Mace-
donia. The questionnaires include questions which 
help us identify management style of the respond-
ers of the questionnaire and the way of reaction 
(potential resistance) of responders to organiza-
tional change. The statistical sample for this re-
search obtains managers from top level, middle 
managers and first-line managers. The research 
was realized in the period of December 2005 to 
July 2006. The questionnaire for this segment of 
research obtains two types of question: 

1. Questions about analysis of reaction of 
managers to organizational change [4]. 

2. Questions about analysis of management 
styles of responders of questionnaire [5]. 

For the first type of questions related to the 
reaction of the managers to the organizational 
change are used questionnaire RTCI – Reaction to 
Change Inventory. The reaction that was obtained 
in questions about analysis of people’s reaction to 
change is: 

1. Great change support. 
2. Mean change support.  
3. Inferior behavior to change. 
4. Mean change resistance. 
5. Great change resistance. 

The second type of questions from this analy-
sis related to management styles conducted ques-
tions which help us identify what style of man-
agement the responder of questionnaire has. A 
management style that is analyzed in this research 
was management styles according to Adizes, that 
was obtained in the introduction text of this paper. 

These two types of questions and their com-
bination give us the answer to how the managers 
from certain management style react to organiza-
tional change. 

In Table 2 management levels at whom be-
longing analyzed managers are given. From this 
table we may note that managers from top level are 
managers that are mostly included in research (38 
managers), while first level managers are only 9. 
This is due to the fact that the top managers have 
better picture for entire organization and because 
they have more experience with resistance to 
change since they passed all the levels of the hier-
archical structure in the organization. 
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T a b l e  2  

Management level of managers  
obtained in research 

Management level Number of analyzed managers 
Top level 38 
Middle level 15 
First-line level 9 

The purpose of this analysis is to get interde-
pendence (correlation) of way in which managers 
react to organizational change with management 
style of managers. In Table 3 results from research 
for all management styles according to Adizes with 
certain reaction to organizational change of ana-
lyzed managers are given. 

T a b l e  3  

Management styles versus reaction to change 

Management styles 
according to Adizes Reaction to change Number of 

appearance

Great change support 1 

Mean change support 10 

Inferior behavior to change 14 

Mean change resistance 1 

Producer 

Great change resistance 0 

Great change support 3 

Mean change support 1 

Inferior behavior to change 7 

Mean change resistance 0 

Administrator 

 

Great change resistance 0 

Great change support 12 

Mean change support 5 

Inferior behavior to change 0 

Mean change resistance 0 

Entrepreneur 

 

Great change resistance 0 

Great change support 0 

Mean change support 5 

Inferior behavior to change 2 

Mean change resistance 1 

Integrator 

Great change resistance 0 

 

From Table 3 we can note that neither the 
manager who is a part of this analysis is not react-

ing with great resistance to change. This may be 
due to the fact greater part of the analyzed manag-
ers belong to the top level of management, and ini-
tiative for change coming from that level. Great 
supporting of change has entrepreneurs that is nor-
mally and that is expected. To find what kind of 
management styles have usually reaction to 
change, this reactions is ranged from 5 for great 
supporting of change to 1 for great resistance to 
change and from that is derived basic statistics 
(mean, medians, mode, standard deviation and 
variance) for all management styles (Tab. 4). 

T a b l e  4  

Statistics for management styles 

 Producer Administrator Integrator Entrepreneur

N 26 11 8 17 

Mean 3.42 3.6364 3.5000 4.1176 

Median 3.00 3.0000 4.0000 5.0000 

Mode 3 3.00 4.00 5.00 

Standard 
deviation 0.643 0.92442 0.75593 1.40900 

Variance 0.414 0.855 0.571 1.985 

 
From this table where the basic statistics from 

analyses of management styles against reaction to 
organizational change is presented, we may to note 
that only entrepreneurial style giving great support 
of organizational change. The interpretations of the 
results of this analysis are given in the next few 
lines: 

1. The producers are usually inferior to 
change which approve theoretical hypothesis from 
Table 1. This means those managers that have this 
kind of style will accept organizational changes 
only when those changes give fast results. Pro-
ducer present potential enemy for proposed organ-
izational changes, unless they do not conform to 
those changes. 

2. The administrators according mean value 
(3.6364) sometimes may give mean supporting to 
change, but according values of median and mode 
these managers are inferior to organizational 
change. If with organizational change administra-
tors do not lose control they will give mean sup-
porting or will be inferior to that change, but if 
they lose some part of controlling role, they will 
resist to that change. Here the theoretical hypothe-
sis from Table 1 is approved. 
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3. The entrepreneurial style is the style that 
gives to much support for organizational change, 
and in the larger number of situations these man-
agers are initiators of organizational change. This 
is approved from values of median and mode, but 
the mean value (4.1176) give us the right to con-
clude that sometimes these managers may have 
mean supporting to organizational change. Some-
times skepticism may exist about changes from 
these managers if changes increase rules and pro-
cedures in working.  

4. The integrator gives mean supporting of 
organizational change, but often is inferior to it 
(mean value of 3.5 and median and mode value of 
4). From this we may conclude that it is true theo-
retical hypothesis (Table 1) that managers who 
have this type of style will support change only if 
those changes do not destroy social relationships in 
the organizational system. 

This analysis approve theoretical hypothesis 
from first part of this paper where we conclude that 
from management style that some managers have, 
we may predict the reaction to change of the man-
agers. However, to check whether correlation ex-
ists between the way of reacting to organizational 
change of the managers and management styles of 
that managers, we accomplish correlation analysis 
with Pearson’s coefficient of correlation. The re-
sults from this analysis is given in Table 5. 

T a b l e  5  

Correlation analysis of management styles  
and reaction to change 

 
Management 

style 
Reaction 
to change 

Pearson correlation 1 –0.350(**)
Management 
style Sig. (2-tailed)  0,005 

Pearson correlation –0.350(**) 1 Reaction  
to change Sig. (2-tailed) 0.005  

** Correlation is significant at 0.01 level (2-tailed). 
 
 
From this table we may to note that between 

the management styles and reaction to organiza-
tional change from managers have poor negative 
(inverse) correlation with value of Pearson’s coef-

ficient of –0.350 with level of significantly of 0,01. 
This negative correlation means that when the 
value of one variable increases, then the value of 
other variable decrease. However, this correlation 
is too small to give us some powerful relation. This 
led us to conclusion that all the reactions to the 
organizational changes against management styles 
will depend on certain situation, and will differ 
from situation to situation of organizational changes. 

3. CONCLUSION 

The analyses of the management styles ac-
cording to the reaction of managers to organiza-
tional changes approve the theoretical hypothesis 
that the entrepreneurial style is one who give more 
powerful support to organizational change (or that 
style initiates the change process), while the other 
styles of management have mean support that may 
outgrow to resistance to that process. This is a very 
significant for the initiator of the change processes 
because they may predict the behavior of the man-
agers.  

Correlation analyses do not give us some 
strength relationship between the management styles 
and the reaction of the managers to the organizational 
change processes. These analyses give weak in-
verse correlation that lead us to conclude that this 
type of predicting potentially resistance to organ-
izational change must be estimated from situation 
to situation of processes of organizational changes. 
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A b s t r a c t: An experimental and numerical investiga-
tion of the behavior of the overmatched welded joint with a 
crack in the heat-affected-zone (HAZ) is performed. Two cases 
are considered: crack tip located into the fine-grain HAZ (FG 
HAZ) and into the coarse-grain HAZ (CG HAZ). In both cases, 
after the initial growth phase of the crack in FG HAZ or CG 
HAZ, the overmatching acted as a barrier to further propagation 
of a crack, directed its propagation towardsweaker and more duc-
tile base metal instead of structures with lower toughness. A 
detailed three-dimensional finite element analysis was per-
formed in order to explain such a behavior. 

Key words: overmatched welded joint; fine-grain heat-
affected-zone; coarse-grain heat-affected-zone; crack propaga-
tion; finite element method  

1. INTRODUCTION 

The complexity of the welded joint regarding 
its understanding as material system with signifi-
cant heterogeneity in the microstructure and me-
chanical properties is more than evident. Further-
more, its fracture behavior depends on different 
factors, especially on the properties of the regions 
surrounding the crack tip, too. The shielding effect 
of overmatching is well known [1, 2], but for a 
determined welded joint there is still need for de-
tailed analysis and investigation. 

In the scope of assessment of the integrity of 
cracked welded pressure vessel, described else-
where [3], the experimental and numerical investi-
gation of the overmatched welded joints with a 
crack in Fine-Grain Heat-Affected-Zone (FG 
HAZ), and Coarse-Grain Heat-Affected-Zone (CG 
HAZ) is performed. The experimental investiga-
tion encompassed chemical and metallographical 
analysis of the base metal and welded joint, hard-
ness and toughness testing, fracture mechanics 
testing on standard SENB specimens for fracture 

toughness evaluation and direct measurement of J 
integral on tensile specimens. Numerical investiga-
tion included three-dimensional finite element 
analysis of the investigated welded joints, too. An 
extract of this investigation regarding the metal-
lographical and numerical analysis is shown in this 
paper, together with an analysis of the welded joint 
behavior. The experimental and the numerical in-
vestigation encompassed two cases: case 1 – 
welded tensile specimen with artificial crack lo-
cated in the fine-grained (FG) HAZ, and case 2 – 
welded tensile specimen with artificial crack lo-
cated in the coarse-grained (CG) HAZ. 

2. EXPERIMENTAL INVESTIGATION  
AND RESULTS 

The base material is micro-alloyed steel St. E 
420 (according to DIN), 30 mm thick plate. The 
chemical analysis and measured tensile properties 
are given in Tables 1 and 2, respectively. The X 
welded joint (Fig. 1) is made by multipass manual 
metal arc welding, using base coated electrode 
AWS E 7018-1 (EN 499: E 46 5 B42 H5), of 
chemical composition given in Table 1, too. 

T a b l e  1   
Chemical analysis 

Chemical composition of base metal, % 

C  Si Mn P  S  Ti Cr  Al  Cu  Ni  V Mo Nb 

0.2 0.44 1.35 0.012 0.01 0.12 0.15 0.06 0.05 0.1 0.008 0.015 0.001

Chemical composition of base coated electrode, % 

C  Si Mn P  S  Ti Cr  Al  Cu  Ni  V Mo Nb 

0.05 0.51 1.56 0.011 0.008 – 0.04 – 0.1 0.02 0.03 0.1 0.01
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T a b l e  2  

Tensile properties of base metal 
Yield strength, Rp0.2 

(MPa) 
Tensile strength, Rm 

(MPa) 
Elongation, A5 

(%) 
420 604 25 

 

 
Fig. 1. Weldment cross section 

Micro-hardness measurement 

The micro-hardness was measured at subsur-
face layers (2 mm below the surface, lines H1 and 
H3), and at depth corresponding to the location of 
the crack tip (lines H2), but also in vertical direc-
tion through the weld metal (line V1), Fig. 2. 

H1-1 H1-2

H2-1 H2-2

H3-1 H3-2

V1

0- + - 0 +

- 0 +

- 0 +

- 0 +

- 0 +

Fig. 2. Micro-hardness measuring positions 

The micro-hardness measurement exhibited 
small differences for different weld metal values, 
measured along V1 line (Fig. 3 – adopted average 
values: HV1root = 212, HV1fill = 205, HV1surface pass = 
215) and the base metal (HV1BM = 185), indicating 
moderate overmatch of welded joint. The width of 
HAZ is approximately 3 mm and typical hardness 
level near the surface for ″true″ coarse-grained 
structure is about HV1 = 350, whereas at depth 
near the crack tip, which was relevant for the σ−ε 
curves determination, the hardness varied between 
HV1 = 281 for the "quasi" CG HAZ and HV1 = 221 

for the FG HAZ (Fig. 4). These results are used for 
σ−ε curve determination, and also for the FEM 
analysis of the welded joint. 

The stress-strain curves 

The σ−ε curve of the base metal was obtained 
by the standard tensile test, and the σ−ε curves for 
weld metal (WM) and CG HAZ and FG HAZ of 
the heterogeneous welded joint, are assessed 
through a combination of micro-hardness meas-
urement and Ramberg-Osgood law (Fig. 5). Input 
parameters were the micro-hardness, measured by 
HV1 (enabling evaluation of the yield strength, 
Rp0.2, of the tensile strength, Rm, and indirectly of 
the elongation, A), and cooling time, Δt8/5, from 
800 °C and 500 °C (from which strain hardening 
exponent n* could be evaluated), as shown in [4]. 
The following equations were applied in order to 
evaluate the basic tensile properties for the HAZ [4]: 

80)1.0(HV1.3 *
2.0 −⋅⋅= n

pR  (Mpa) 

92)
*1

*5.12*)(1(HV5.3 −
−

−⋅⋅=
n

nnRm  

25.14 )(1075.5 −×= mRA  (%) 
n* = 0.065⋅(Δt8/5)0.17. 

For the estimated Δt8/5 = 15 s, obtained values 
are: 
n* = 0.103, 
Rp0.2 = 461 MPa (for FG HAZ), and 
Rp0.2 = 605 MPa (for "quasi" CG HAZ) [4]. 

For the weld metal [4] following equations 
were used: 

168HV15.32.0 −⋅=pR  (MPa) 
8HV3.3 −⋅=mR  (MPa) 

for 100 < HV < 250 
93HV15.3 +⋅=mR  (MPa) 

         for 250 < HV < 400. 
Thus, the average yield strength for weld 

metal (in fill passes) is Rp0.2 = 478 MPa, obtained 
by the average HV1 measurement values.  

Finally, by applying the Ramberg-Osgood re-
lation: 

n
1

000
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

σ
σα

σ
σ

ε
ε

, 

where σ0 is the reference yield stress, ε0 equivalent 
strain and α non-dimensional constant, the true σ–ε 
curves of the welded joint regions are determined 
and shown in Fig. 5. 
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Fig. 3. Distribution of the measured micro-hardness HV1 along V1 (see Fig. 2) 
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Fig. 4. Distribution of the measured micro-hardness around the fusion line (“the zero points" in Fig. 2) 
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Fig. 5. Determined stress-strain curves of the welded joint’s regions 

Direct measurement of J integral 

The main reason to apply direct measurement 
of J integral in addition to the standard fracture 
toughness testing was to get, in the same time, the 
strain distribution along the weldment. Toward this 
end, tensile specimens (width W = 24 mm, thick-
ness B = 20 mm, length L = 300 mm, Fig. 6) were 
machined out of the spare welded plate (400 × 400 
mm). Cracks were produced by electroerosion, 
since by standard fatigue procedure it was prac-
tically impossible to locate the crack tip in very 
narrow HAZ subregions (fine grain – FG HAZ, 
and coarse grain – CG HAZ). Special procedure 
was applied, including very small amperage (cca. 1 
A) in order to get crack tip as sharp as possible 
(below 0.05 mm, as shown schematically in Fig. 
7). The nominal length of crack was 12 mm. 

 
Fig. 6. Tensile test specimen precracked in heat-affected-zone 

 

Fig. 7. The shape of the crack tip obtained by electroerosion  

Strain gauges were positioned following 
properly selected J integral path and CMOD clip 
gauge was applied, as shown in Fig. 8. The proce-
dure for evaluation of J integral is described else-
where [6]. Strains were recorded at successive 
loading levels during tension, enabling detailed 
analysis of strain distribution along the weldment, 
both from cracked and uncracked side. At the same 
time, as the final result, this method provides rela-
tionship force, F, vs. crack mouth opening dis-
placement, CMOD, and resistance curves in the 
form of J integral vs. CMOD. 

Two specimens with different crack tip posi-
tion (case 1 – specimen E5-2 with crack tip located 
in FG HAZ, and case 2 – specimen E4-1 with 
crack tip located in CG HAZ) were tested. Another 
pair of specimens was tested in the same way, ex-
cept for the instrumentation, which consisted only 
of CMOD clip gauges, in order to verify results. 
The results, in a form of strain distribution are 
shown in Fig. 9 for case 1 and in Fig. 10 for case 2. 

BM – base metal (experimental) 
WM – weld metal 
CG HAZ – coarse grained HAZ 
FG HAZ – fine grained HAZ 
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Fig. 8. Instrumentation for direct J integral measurement 
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Fig. 9. Strain distribution – specimen E5-2 (case 1 – crack tip located in FG HAZ) 
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Fig. 10. Strain distribution – specimen E4-1 (case 2 – crack tip located in CG HAZ) 
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Fig. 11. F vs. CMOD curves for specimens with crack tip located in CG HAZ (E4-1) and FG HAZ (E5-2) 

The results in form of force F vs. CMOD are 
shown in Fig. 11 for two specimens in each con-
sidered case. In Figure 12 the resistance curves J 
integral vs. J-Δa are presented for one specimen in 
each case, due to the fact that only one pair of 
specimens was instrumented with strain gauges. 

J-Δa revealed stabile crack growth. The J-Δa 
resistance curve for the homogeneus materials con-
sists of two ranges of different slope, one with 

steeper slope indicating the blunting of the crack 
tip, and the second one of lower angle indicating 
the stabile crack growth. Instead of it, these speci-
mens revealed J-Δa resistance curves consisting 
additional, third, section of steeper slope, indicat-
ing the entrance of the crack tip into the material of 
higher fracture resistance, i.e. the base metal. The 
resistance curves for both of the cases revealed 
similar trend except the propagation of higher rate 
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of crack propagation in case of crack in CG HAZ, 
due to the fact that the coarse grained HAZ has 

lower toughness and the crack initiation started 
sooner.
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Fig. 12. J vs. Δa curves for specimens with crack tip located in CG HAZ (E4-1) and FG HAZ (E5-2) 

 
3. METALLOGRAPHIC INVESTIGATION 

The metallographic investigation was per-
formed on both types of specimens. The results are 
shown in Fig. 13 and in more details in Fig. 14 and 
Fig. 15. One should notice that for both crack tip 
locations (CG HAZ and FG HAZ) crack propa-
gated into the base metal. 

 

 
a)  

 
b) 

Fig. 13. Propagation of a crack from HAZ toward the parent 
metal: a) specimen E5-2, crack tip located in FG HAZ,  

b) specimen E4-1, crack tip located in CG HAZ  

 

initial tip of the
eroded crack  

a)  

initial tip of the
eroded crack

 
b) 

Fig. 14. Crack propagation – specimen E5-2, crack tip located 
in FG HAZ: a) free surface, b) weld centre  
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initial tip of the
eroded crack

 
a) 

initial tip of the
eroded crack

 
b) 

Fig. 15. Crack propagation – specimen E4-1, crack tip located 
in CG HAZ: a) free surface, b) weld centre 

Both of the cases, the case 1 and the case 2, 
exhibited crack propagation towards the base 
metal. 

In the case 1 the crack was located in the 
finegrained region of the HAZ. On the free sur-
faces the crack has started its propagation straight 
towards the base metal (Fig. 14-a). After that, it 
keeps the same direction of propagation as a result 
of free contraction, until the start of unstable crack 
growth. In the middle, small deviation of the crack 
path towards the base metal could be noticed, and 
than the propagation has been directed in broken 
line directly through-thickness (Fig. 14-b). Such 
behavior is resulting from the high tri-axial state in 
the middle of the specimen due to constraining of 
the surrounding material leading to decreasing of 
the fracture resistance of the material of crack 
propagation [8]. Such stress state could result with 
brittle fracture if the crack is surrounded by mate-
rial of higher strength. Anyhow, in this case the 
base material has absorbed certain amount of the 
deformation and has prevented the brittle fracture. 

Likewise, in the case 2 the crack has propa-
gated towards the base metal, with exception of the 

longer way of crack propagation till the entrance in 
the base metal structure, since the initial tip was 
located in the CG HAZ. In this case, the crack was 
located in CG HAZ (Fig. 15) and, in certain points 
along the welded joint, directly by the fusion line. 
At the free surfaces (Fig. 15-a), the crack propaga-
tion moves directly through the CG HAZ, and then 
shifts towards the base metal. Furthermore, Figure 
15-b shows multiple directioning of the crack 
propagation, lightly shifting towards the base 
metal, then sudden sharp shunt towards the weld 
metal, and again sudden sharp shunt towards the 
base metal, each time in angle of app. 180o, as ex-
plained in details in [4, 7]. Such sharp shuntings of 
the propagation path are resulting from the nature 
of the CG HAZ and the fusion line, as well the in-
gredients concentrated around the grain bounda-
ries. The crack propagation in the middle has ex-
hibited certain brittle behaviour due to the plane 
strain state explained above. 

4. NUMERICAL ANALYSIS 

Tensile behavior of specimens was analyzed 
numerically by the finite element method (FEM). 
The two-dimensional (2D) and three-dimensional 
(3D) models were generated and run by using AN-
SYS with incremental loading in large number of 
steps. Special care was taken to model HAZ and 
crack region, as shown in Fig. 16, and with magni-
fied crack tip region, given in Fig. 17. This region 
requested large number of 3D 20-node elements 
(total amount is 4560), as presented in Fig.18. 

The tip with radius of 0.05 mm, i.e. the front 
of the crack in the threedimensional analysis is 
modelled with big refinement of the mesh, thus 
requiring large number of 2D 8-node, i.e. 3D 20-
node elements. This provides singularity of the 
stress and the strain around the small zone in front 
of the crack tip. Each element at the tip has 3 inde-
pendent nodes which is a postulate for elastic-
plastic behavior of the material in the zone of in-
creased stresses and straines, according to the ESIS 
recommendations. 

Material behavior in the ANSYS input file 
was modeled by multi-linear stress-strain curves. 
Numerical results for remote force F vs. CMOD 
are shown in Fig. 19 for the specimen with crack 
tip in FG HAZ and in Fig. 20 for the specimen 
with crack tip in CG HAZ, together with results of 
2D FEM calculation and the experimental results. 
Three models for each case are taken into the nu-
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merical analysis: 2D – plane stress and plane 
strain, and 3D. Numerical results for J vs. CMOD 
curve are shown in Figs. 21–22. The equivalent 
strain distribution, obtained by the 3D FEM is 
shown in Fig. 23 for both specimens and for three 
different levels of loading (remote stress σ = 250 
and 292 MPa, corresponding to the remote force 

F = 120 and 140 kN, respectively). Significant in-
fluence of overmatching is obvious, acting as the 
barrier for strain development, pushing the strain to 
the more ductile base metal of lower strength and 
protecting the welded joint from fast fracture, in 
both of the cases. 

 

root

fillsurface layer

FG HAZCG HAZ  
Case 1 – crack in FG HAZ 

 
Welded joint sight 

 
Case 2 – crack in CG HAZ 

Fig. 16. The simplified FEM model of the welded joint 

 

  
Fig. 17. The simplified FEM model of the welded joint – enlarged crack tip region 

 

 
Fig. 18. The 3D model with enlarged crack tip region 
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Fig. 19. F-CMOD curves for the specimen with crack tip in FG HAZ  
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Fig. 20. F-CMOD curves for the specimen with crack tip in CG HAZ  
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Fig. 21. J-CMOD curves for the specimens with crack tip in FG HAZ  
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Fig. 22. J-CMOD curves for  the specimens with crack tip in CG HAZ 

  
a) crack tip in FG HAZ b) crack tip in CG HAZ 

at remote stress σ = 167 MPa corresponding to load F = 80 kN 

  
a) crack tip in FG HAZ b) crack tip in CG HAZ 

at remote stress σ = 250 MPa corresponding to load F = 120 kN 

  
a) crack tip in FG HAZ b) crack tip in CG HAZ 

at remote stress σ = 292 MPa corresponding to load F = 140 kN 

Fig. 23. Equivalent strain distribution 
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5. DISCUSSION 

Experimental investigation 

Although the direct measurement of J integral 
is primarily used to get the J-R curves, in this in-
vestigation the strain distribution was of primary 
interest instead. As one can see from Figs. 9 and 
10, the strain distribution is not significantly dif-
ferent in two considered cases, except at very high 
levels. The specimen E4-1 exhibited higher level 
of the strain, in general, since the crack tip was 
located in region with higher strength, thus shifting 
the greater amount of the deformation to the sur-
rounding material, primarily into the base metal. 
The strain reaches its maximum at approximately 
10–12 mm left from the crack tip for both cases. 
This is in accordance with the ligament length (ap-
proximately 12 mm) and propagation of the de-
formation along the planes of maximum shear 
stresses (45o to the crack tip plane). On the right 
side of the crack tip, the deformation tends to be-
have in the same way, except for the lower level 
due to the higher strength of weld metal. Sharp 
decrease of strain at approximately 10–15 mm, 
being more expressed for the case 2 than for the 
case 1, is due to the effect of the HAZ. The ab-
sence of such an effect on the right side is due to a 
dominant influence of crack. 

For the specimen E5-2, the level of the strain, 
in general, is lower comparing with the first 
specimen, since the crack tip was located in more 
ductile structure (FG HAZ), thus not shifting the 
complete deformation into the surrounding base 
metal, but resuming certain part of it. The crack 
propagation at the free surface started in the HAZ 
(Fig. 14-a), but immediately after that it turned to 
the base metal, due to the weld metal, acting as a 
barrier, and also supported by the free contraction, 
i.e. plane stress condition. Nevertheless, in the 
specimen center, after an initial "intention" to turn 
toward the base metal, crack propagated straight 
downwards (Fig. 14-b) due to the constraint de-
formation (plane strain condition) resulting with 
high triaxial stress condition, which decreased the 
fracture resistance of the welded joint in general. 

The specimen E4-1 exhibited similar behav-
ior, except that the crack had to pass greater length 
to reach the base metal. At the free surfaces the 
crack initially propagated straight through the CG 
HAZ, but afterwards it turned toward the base 
metal (Fig. 15-a). In the specimen center, the crack 
propagated through the base metal and than turned 
to the uncracked side (Fig. 15-b). 

It should be emphasized here that the triaxial 
stress condition in the specimen center can cause 
brittle fracture if regions with higher strength, act-
ing like barriers, surround the crack. Nevertheless, 
in both cases analyzed here, the stronger weld 
metal surrounded the crack tip only from one side. 
On the other side was the weaker metal, either the 
base metal or the FG HAZ, absorbing the deforma-
tion and increasing the fracture resistance of the 
welded joint in general [5]. 

Numerical analysis 

The numerical analysis consisted of 3D and 
2D modelling. In general, the behavior of a speci-
men is 3D, but 2D analysis is also beneficial since 
the plane stress and plane strain conditions are the 
two thresholds limiting the structure behavior. The 
first one, plane stress state, is dominant on the free 
surface i.e. it is typical for structures of small 
width, and the second one, the plane strain state is 
dominant in the middle of the specimen, i.e. it is 
typical for structures of greater width. The three-
dimensional condition is between these two ex-
treme conditions, since the width of the tested 
specimens is between the definition of small and 
great width. 

Both pairs of curves, J vs. CMOD and F vs. 
CMOD exhibited good agreement between the ex-
perimental and the 3D numerical results (Figs. 19–
22). Comparing with the 2D analysis, the expe-
rimental curves were between the two extreme 
conditions, as expected. The partial mis-agreement 
between the numerical and experimental results 
can be explained by following reasoning: 

– geometrical simplification of the welded 
joint, including its shape, dimensions and its com-
position which is approximated as being built of 
root, fill, and surface passes, although it contains 
much more different microstructural regions with 
different mechanical properties; 

– material behavior simplification, having in 
mind the analytical determination – assessment of 
the σ-ε curves for the welded joint regions using 
the Ramberg-Osgood law; 

– the finite element analysis used here did not 
include crack extension. 

The strain distribution for the case 1 (crack tip 
located in fine-grained HAZ, E5-2), as presented in 
Fig. 23-a, shows strong influence of the surround-
ing regions with different properties and size, 
pushing the deformation in the direction of the 
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base metal. This effect is a consequence of several 
associated influences. Namely, the crack is located 
in the fine-grained HAZ region, which is placed 
between coarse-grained region with higher yield 
strength (Rp0.2 = 605 MPa) and the base metal with 
lower yield strength (Rp0.2 = 420 MPa). The defor-
mation is blocked in the direction of the weld 
metal and is directed towards the base metal for 
lower but also for higher loads. This could be ex-
plained by the following reasons: first, the high 
strength CG HAZ acts like barrier, preventing the 
propagation of deformation in the direction of less 
ductile structures, secondary, due to this constraint, 
and high stress concentration around the crack tip, 
deformation was directed towards the base metal, 
and third, the shifting of deformation towards the 
base metal is supported by the weld metal as well, 
although having only slightly higher strength than 
the base metal (Fig. 5), but much larger size com-
pared to HAZ. 

In the case 2 (E4-1) (Fig. 23-b) the crack is 
located in the material with high yield strength, 
surrounded by the more ductile fine-grained HAZ 
region and the weld metal, having similar yield 
strengths, Rp0.2 = 461 and 478 MPa, respectively. 
At lower loads, having better ductility, the sur-
rounding fine-grained HAZ, as well the weld metal 
absorbed the deformation, thus relaxing the crack 
tip region placed in coarse-grained HAZ. At higher 
loads, not only because of slightly lower yield 
strength, but also because of the shifted rotation 
center, deformation shifted toward the base metal 
through the fine-grained HAZ (Fig. 23-b). Due to 
this absorption of the deformation, the plastified 
zone around the crack tip is smaller comparing to 
the one in case 1. 

6. CONCLUSION 

The behaviour of welded joint with crack 
placed in fine-grained HAZ is under significant 
influence of the adjacent coarse-grained HAZ sup-
ported by the weld metal as well. By blocking the 
free deformation, this effect causes high three axial 
stress state and, although on the other side the 
more ductile base metal accepts the deformation, 
this leads to deterioration of the fracture behavior 
of the fine-grained HAZ, compared with its behav-
iour in a state without the effect of mismatch [4]. 
In the other case, there is coarse-grained HAZ, 
having smaller fracture toughness, but, since it is 

surrounded by regions with smaller strength and 
bigger plasticity, this effect leads to absorption of 
the deformation by these more ductile regions, 
causing more favourable stress conditions for the 
coarse-grained HAZ, compared with its behavior 
in a state without the effect of mismatch [4]. 

Anyhow, both of the cases exhibited high 
fracture resistance due to the barrier effect of the 
mismatching. After the initial propagation of the 
crack in FG HAZ or CG HAZ, relatively small 
overmaching has changed crack propagating direc-
tion toward weaker and more ductile base metal, 
thus decreasing the speed of the crack propagation. 

In general, more favourable stress-strain state 
around the crack tip is being achieved in case when 
the surrounding adjacent material has lower 
strength and higher plasticity (overmatching), so 
this material absorbs the deformation under load-
ing, thus reducing the stresses in the crack tip zone, 
thus improving the fracture resistance. This mostly 
relates to the weld metal, as most dangerous zone 
for crack occurence. 
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Sprovedeno e eksperimentalno i numeri~ko is-
tra`uvawe na zavarena vrska so zgolemeni mehani~ki 
osobini (overmatching) so puknatina vo ZVT. Razgleda-
ni se dva slu~aja: puknatina locirana vo finozrnesta 
ZVT i vo grubozrnesta ZVT. I vo dvata slu~aja na 
zgolemeni mehani~ki osobini na metalot, zavarot vo 

odnos na osnovniot metal se odnesuval kako bariera 
za ponatamo{na propagacija na puknatinata vo struk-
turi so namalena `ilavost, a naso~uvaj}i ja kon po-
slabiot i poduktilen osnoven metal. Detalnata nume-
ri~ka 3-D analiza so kone~ni elementi be{e sprove-
dena zaradi objasnuvawe na vakvoto odnesuvawe. 
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A b s t r a c t: In this paper the original developed 
method for measurement of needed precision regarding reali-
zation of assembly between cylindrical elements using of in-
dustrial robot with help of MATLAB/Simulink program lan-
guage is presented. Original MATLAB/Simulink schemes for 
measurement of kinematics and dynamic parameters of modu-
lar pneumatic robot is presented. Algorithm for optimization 
of specified link movement is developed. Increasing of air 
pressure in pneumatic cylinders (in our experiment we do such 
a phase by increasing of force into kinematical pairs), which 
means increasing of acceleration. Kinematical schemes of 
PMIR by using MATLAB module Virtual Reality toolbox 
with a simulation possibility of robot movement, and also 
changing kinematical and dynamical parameters are devel-
oped. 

Key words: manipulator; optimization; error; simulation 

1. INTRODUCTION  

The main task of this paper is to define the 
suggestions about modernization of modular ma-
nipulators. Regarding this, in this paper we used 
inverse kinematics algorithms for theoretical re-
search and calculation implemented by MAT-
LAB/Simulink. Special accent is put on optimiza-
tion of end-effector trajectory as a mathematical 
interpretation of productivity, which can be rapidly 
increased up to 20 times.  

Problem definition 

Define optimal values of the coordinates x, y 
and z shown in Fig. 1. After the optimization rou-
tine calculate position and velocity errors of the 
end-effector. The following are given: 

– trajectory: 222 yxz += , 

– initial postures: 3.0=x m, 4.0=y m and 
5.0=z m, 

– forces: 11 =F kN and 102 =F kN, 

– masses: 168001 =m g, 25002 =m g and 
35003 =m g. 

 
Fig. 1. Manipulator kinematics scheme 

2. MANIPULATOR DIRECT KINEMATICS 

The homogeneous transformation matrices for 
manipulator are: 
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direct kinematics function is: 
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according to equations 1, 2, 3 and 4: 
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3. MANIPULATOR DIFFERENTIAL 
KINEMATICS 

Jacobian of the manipulator can be calculated 
with equation: 
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The Jacobian in differential kinematics equa-
tion of a manipulator defines a linear mapping 

( )
•

= qqJv between the vector 
•
q  of joint velocities 

and the vector 
T

pv ⎥
⎦

⎤
⎢
⎣

⎡
=

••
ω   of end-effector veloc-

ity. By considering the previous mentioned, joint 
velocities can be obtained via simple inversion of 
the Jacobian matrix: 

 ( )vqJq 1−
•
= . (7) 

If the initial manipulator posture ( )0q  is 
known, joint positions can be computed by inte-
grating velocities over time: 

 ( ) ( ) ( )0

0
qdttqtq

t
+∫=

•
. (8) 

The integration can be performed in discrete 
time by using Euler integration method; given an 
integration interval tΔ ; if the joint positions and 
velocities at time kt  are known, the joint positions 
at time ttt kk Δ+=+1 can be computed: 

 ( ) ( ) ( ) ttqtqtq kkk Δ+=+
•

1  (9) 

or: 

 ( ) ( ) ( )( ) ( ) ttvtqJtqtq kkkk Δ+=+ −11 . (10) 

It follows that the computed joint velocities 
do not coincide with those satisfying (7) in con-
tinuous time. This inconvenience can calculate er-
ror between desired and actual end-effector posi-
tion (11) and velocity (12): 

 xxe dpos −=  (11) 

 
••

−= xxe dvel  (12) 

4. SIMULINK MODEL AND SIMULATION 
RESULTS 

 
Fig. 2. Graphic User Interface (GUI) 
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Fig. 3. Simulink model 
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Fig. 5. Position error results 
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Fig. 6. Velocity error results 

 

 

Fig. 7. VR animation 

5. CONCLUSION 

In this paper we developed original MAT-
LAB/Simulink program that calculates end-
effector position and velocity error. Increasing 
pressure and forces into kinematics pairs result 
such end-effector errors. Visualization of results is 
shown in this paper. Performing optimization rou-
tines and calculation of optimal structure can cause 
increasing of production. Theoretical results were 
confirmed by practical results, regarding difference 
of approximately up to 10%.  
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Glavna cel na ovoj trud e definirawe na suges-
tii za modernizacija na modularni manipulatori. Za 
teoretskite istra`uvawa i presmetki e koristen 
inverzniot kinemati~ki algoritam, implementiran 
vo programskiot paket MATLAB/Simulink. Poseben ak-

cent e daden na optimizacionata procedura kako ma-
temati~ka interpretacija na produktivnosta. Opti-
mirana e traektorijata koja ja realizira fa}a~ot. 
Vrz baza na teoretskite i prakti~nite rezultati e 
doka`ano zgolemuvawe na produktivnosta nad 20 pati

 


