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NIRESH BEHARI*, MARCIN NOGA**

VIBRATION TRANSMISSIBILITY BEHAVIOUR  
OF SIMPLE BIODYNAMIC MODELS USED  

IN VEHICLE SEAT DESIGN 

PRZENOSZENIE DRGAŃ W PROSTYCH MODELACH 
BIODYNAMICZNYCH UŻYWANYCH W PROJEKTOWANIU 

FOTELI DLA POJAZDÓW

A b s t r a c t 

Five biodynamic models are investigated to approximate vertical seat vibration transmissibility and 
mechanical impedance in an effort to reduce experimental time and data collection when designing 
vehicle seats. The research has found that these biodynamic models of two, three and four degrees of 
freedom are ideally suited for initial seat design, since whole body vibrations can be easily depicted at 
approximately 5Hz. Further research is necessary to investigate the resonant frequencies for defined 
anatomical structures, passenger variability and the use of a backrest support.

Keywords: biodynamic model, vehicle seat, vibration transmissibility, mechanical impedance

S t r e s z c z e n i e 

W artykule przedstawiono porównanie przenoszenia drgań oraz impedancji mechanicznej dla pięciu 
prostych modeli biodynamicznych używanych w procesie projektowania foteli dla pojazdów. Przedsta-
wione modele są używane w obliczeniach w celu ograniczenia czasu badań eksperymentalnych i zbie-
rania danych podczas procesu projektowania produktu. Badania wykazały, że porównywane modele 
o dwóch, trzech i czterech stopniach swobody dają bardzo dobre wyniki na wstępnym etapie projektowa-
nia siedzeń. Analiza wykazała, że dalsze prace są potrzebne do zbadania częstotliwości rezonansowych 
dla określonych cech budowy anatomicznej oraz różnych cech osobniczych dla populacji pasażerów.

Słowa kluczowe: modele biodynamiczne, siedzenia pojazdów, przenoszenie drgań, impedancja mechaniczna
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1. Introduction 

The human body is exposed to various whole body vibration inputs from vehicles on 
a daily basis. These vibrations cause: increased driver fatigue; poor concentration during 
driving, pain and discomfort experienced in the lower back and neck regions, depending 
upon the exposure duration and magnitude [6, 11, 2, 7]. It is therefore critical that whole 
body vibration are limited or eliminated on vehicle seats. 

The development of an idealized seat has prompted many researchers to measure vertical 
vibration transmissibility for the seated human; however, such measurements are inefficient 
and expensive, and do not adequately represent the physiological and psychological reactions 
of a person [7]. The utilization of biodynamic models to perform simulations during the seat 
design process is thus a useful and inexpensive tool that can be used in different vibration 
environments without the need of costly experiments or using commercially available 
software. 

2. Biodynamic Models and Vibration Transmissibility Behavior

Five biodynamic models with equations of motion given in equations (1) to (11) are 
proposed to simulate vibration seat transmissibility with mechanical impedance associated 
with major body resonances, and compared to experimental data and published standards. 
The aim of this paper is to compare different biodynamic models subjected to vertical seat 
vibration, which are confined between two to four degrees of freedom (DOF) in order to find 
a simple and reliable model that can adequately simulate the vertical vibration transmissibility 
and mechanical impedance properties of a human for the purpose of initial seat design.

2.1. 2-DOF Model by Griffin (1990)

Fig. 1 below consists of 3 masses where m1 lacks anatomical description and m2 
represents the feet, supported by a footrest. 

Fig. 1. Schematic of 2 DOF model by Griffin
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The thigh stiffness and damping kT and cT as well as mass m2 are neglected since the 
footrest moves in phase with the seat [4] whereas the legs and thighs are considered as one 
lumped mass mo, which does not move relative to the seat. Equations of motion for this model 
are shown below – (1) and (2).

	 m x k x x c x xs s1 1 1 1 1 1

¨
= −( ) + −( )   	 (1)

	 m m x k x x k x x c x x c xo s s s s input s s s input+( ) = −( ) + −( ) + −( ) + −
¨

1 1 1 1   xxs( ) 	 (2)

The 2 DOF model is designed to simulate the driving point mechanical impedance and 
behavior of vibration transmissibility response from the seat person interface to the rest of 
the human body.

2.2. 2-DOF Model by Rakheja, Afework, and Sankar (1994)

The model shown in Fig. 2 characterizes the dynamics of the upper torso, whereas 
the buttocks, legs and skeletal frame are treated as a lumped mass. The mass mo is the 
driver’s buttocks and legs supported by the seat, and the displacement (x1–xs) represents the 
displacement of the pelvis, abdomen, chest and head mass m1 with relation to the seat. 

Fig. 2. Schematic of 2 DOF model by Rakheja et al.

The parameters k1 and c1 are the stiffness and damping coefficients of the human body 
model from [10]. This model can be used to predict both driving point mechanical impedance 
and vertical vibration transmissibility. The equations of motion for this model are identical 
to (1) and (2).

2.3. 3-DOF Model by Cho and Yoon (2001)

Fig. 3 shows the mass mo, which represents the main body comprising the legs, lower 
torso, upper torso and arms. The mass m1 represents the head and is connected to the main 
body by a neck spring k1 and damper c1. The main body is then connected to the hip having 
stiffness and damping of k2 and c2 respectively. 
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Fig. 3. Schematic of 3 DOF Model by Cho et al.

The foot is assumed negligible mass and is excluded. This model is used for vertical 
seat transmissibility behavior for initial seat design and excludes a backrest from [3]. The 
equations of motion for this model are described as (3), (4) and (5).

	 m x k x x c x x1 1 1 2 1 1 2 1

¨
= −( ) + −( )   	 (3)

	 m x k x x c x x k x x c x xo s s

¨

2 1 1 2 1 1 2 2 2 2 2= −( ) + −( ) + −( ) + −( )     	 (4)

	
m x k x x c x x k x x c x xs s s s s input s s input s

¨
= −( ) + −( ) + −( ) + −( )2 2 2 2     	 (5)

2.4. 3-DOF Model by Patten and Pang (1998)

Fig. 4 shows the head and neck regions, represented by mass m1, whereas the lower torso 
is represented by mass m2. Both m1 and m2 are connected to the seat by a rigid skeletal frame 
with negligible mass.

This model assumes the human is a lumped mass dispersed over the entire area of the 
seat cushion [8] and used to predict vibration transmissibility arising from the seat-person 
interface since the skeletal frame is entirely supported by the seat. 

The seat-person contact area is also increased depending on the magnitude of masses 
m1 and m2. The model can be used for different types of vehicle seat suspensions and for 
the design of non-linear foam based seat cushions [8]. The sets of equations describing this 
model are presented below as (6), (7) and (8).

	
m x k x x c x xs s1 1 1 1 1 1

¨
= −( ) + −( )   	 (6)
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	 m x k x x c x xs s2 2 2 2 2 2

¨
= −( ) + −( )   	 (7)

	
m x k x x c x x k x x

c x x k x
s s s s s

s s in

¨
= −( ) + −( ) + −( ) +

…+ −( )+
2 2 2 2 1 1

1 1

� �

� �

…

pput s s input sx c x x−( ) + −( )� �
	 (8)

2.5. 3-DOF Model proposed by Rakheja et al. (1994) and Cho et al. (2001)

Fig. 5 comprises 2 masses suspended from a common skeletal frame, representing the 
rigid spinal column supported by a backrest. Mass m1 represents the pelvis and abdomen, 
while mass m2 are contributions of the head and chest. Mass mo includes the buttocks and 
legs, whereas the arms and feet are excluded from this model. Since mass mo is situated 
directly above the seat and thigh-seat contact surface area increases, the model can predict, 
on a linear basis, the seat transmissibility and mechanical impedance response behaviors. 
A non-linear modelling strategy is recommended for the response of the cushion, especially 
for old seats where the cushion has bottomed out.

The set of equations describing vertical motion in the 3-DOF models proposed by Rakheja 
et al. and Cho et al. is presented below as (9), (10) and (11).

	 m x k x x c x xs s2 1 2 1 2 1

¨
= −( ) + −( )   	 (9)

	 m x k x x c x xs s1 2 1 2 1 2

¨
= −( ) + −( ) 

	 (10)

	
m m x k x x c x x k x x c x x

k x
o s s s s s s

s

+( ) = −( ) + −( ) + −( ) + −( )
+

¨

1 2 1 2 2 1 2 1   

iinput s s input sx c x x−( ) + −( ) 

… 	 (11)

Fig. 4. Schematic of 3 DOF model by Patten et al.



8

3. Results and comparison of models

A Laplace Transform was applied to the governing equations to derive the seat to head 
transmissibility and mechanical impedance versus frequency. The parameters referenced in 
Table 1 were based on experiments related to stiffness, damping and masses of various body 
ligaments within the range of 44 to 76 kg. The seat stiffness, mass and damping values from [4] 
were made constant for all models in order to compare vertical transmissibility and mechanical 
impedance behavior for the various biodynamic models and experimental results.

T a b l e  1 

Biodynamic parameters for mass, stiffness and damping

Model Description Mass [kg] Stiffness [kN/m] Damping [kNs/m]

2 DOF by Griffin (1990) ms =1, mo = 8.7,  
m1 = 66.3 ks =120, k1 =39.7 cs = 3.23, c1 = 1.36

2 DOF by  
Rakheja et al. (1994) m1 = 52.9, mo = 22.1 k1 = 27.95 c1 = 0.5 

3 DOF by Cho et al. (2001) m1 = 7.3, mo = 67.7 k1 = 41, k2 = 74.3 c1 = 0.32, c2 = 2.81

3 DOF by Patten et al. (1998) m1 = 12.5, m2 = 62.5 k1 = 24, k2 = 68 c1 = 0.19, c2 = 1.54

3 DOF by Rakheja  
et al. (1994) and Cho  

et al. (2001)

mo = 22.06, m1 = 8.82,  
m2 = 44.1 k1 = 23.3, k2 = 14.73 c1 = 0.36, c2 = 0.15

Fig. 5. Schematic of 3 DOF Model by Rakheja et al. and Cho et al.
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The derived seat to head transmissibility versus frequency curves with three resonant 
frequencies occurring at 3.5 Hz, 5 Hz and approximately 6.3 Hz are shown in Fig. 6, and 
their mathematical relationship is described in [1].

Fig. 6. Seat to head transmissibility as a function of frequency for the analyzed models

The 2-DOF curves have a common resonant frequency occurring at about 3.5 Hz, 
although there is considerable difference between the two peak seat to head transmissibility 
magnitudes due to the stiffness parameters. The 3-DOF by Patten, 3-DOF by Rakheja and 
Cho curves have similar seat to head transmissibility at 6.8 Hz and 6.3 Hz respectively that 
depict whole body resonant frequency. The 3-DOF by Cho and experimental curves from 
ISO Standard [5] have similar seat to head transmissibility response and a common peak 
resonant frequency occurring between 4–5 Hz. Published experimental data from ISO and 
Rakheja et al. have been used to simulate the seat to head ratio and mechanical impedance 
responses without the use of a backrest support.

Similarity of the peak seat to head transmissibility magnitude and resonant frequency in 
the 3-DOF by Patten, 3-DOF by Rakheja and Cho, and 2-DOF curves are influenced by the 
seat configuration and backrest support described in [3]. The 3-DOF by Patten whole body 
vibration frequency of 6.8 Hz derived from the seat to head transmissibility is slightly higher 
than the experimental results since the biodynamic model described in Fig. 4 includes only 
the head and neck region as a lumped mass supported by the seat backrest. 

The 3-DOF by Rakheja and Cho curve is similar to the 3-DOF by Patten curve, 
although occurring at a lower peak magnitude, due to the mass of the head and chest 
regions approximated as a single lumped mass together with lower stiffness and damping 
parameters. The 3-DOF by Cho curve is able to approximate published experimental seat 
to head transmissibility data, since the model excludes the use of a backrest support. The 
inclusion of a backrest increases the natural frequency of the seated person when compared 
to a seat without a backrest from [3]. It can thus be seen that the 2-DOF and 3-DOF by Cho 
whole body frequencies are lower compared to the other models.
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Mechanical impedance described by [4] is the ratio of the driving force acting on a system 
to the resulting velocity of the system measured at the same point and in the same direction 
as the applied force with units of [Ns/m]. A similar definition by [9] suggests the mechanical 
impedance is the force per unit velocity directed towards the person, which originated from 
the seat-person interface. The impedance response behavior is a “to the body” type transfer 
function, whereas the vibration transmissibility is construed as vibration transmission 
“through the body”. The mechanical impedance curves expressed as a function of frequency 
are shown in Fig. 7.

Fig. 7. Mechanical impedance curves as a function of frequency for the analyzed models

All mechanical impedance curves approximate the whole body resonant frequency 
occurring within the region of 4.5–6.8 Hz. The 3-DOF by Rakheja and Cho, 2-DOF by 
Rakheja and 3-DOF by Cho curves show similar peak impedance magnitudes, whereas the 
3-DOF by Patten curve has a higher peak impedance magnitude. The 3-DOF by Rakheja 
and Cho curve highlights a second resonant frequency region, which are not replicated in 
other models, but supported with experimental data and associated with motion of the legs. 

The 2-DOF by Rakheja and 3-DOF by Rakheja and Cho curves have similar impedance 
responses, which have a lower resonant frequency value, compared to the other curves. The 
similarity in the impedance response is due to the approximately equal mass distribution of 
the lower skeletal frame occurring at the seat-person interface. The high peak impedance 
and transmissibility magnitudes observed in the 3-DOF by Patten model are caused by 
the high stiffness parameters with similar findings supported by Smith [12]. Experimental 
data shown in Fig. 7 is closely approximated using a 4-DOF model that was described in [5] 
together with the 2-DOF by Griffin curve. The results indicate that the used biodynamic 
stiffness and damping parameters represent a compromise in accuracy towards achieving 
both mechanical impedance and seat to head transmissibility responses. 
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4. Conclusion

The five biodynamic models provide an easy method to determine peak seat to head 
transmissibility and mechanical impedance behaviors when compared to experimental 
results. As an initial design approximation to the seat suspension system, the 2-DOF models 
could be utilized to predict the discomfort level or peak transmissibility and impedance 
magnitude arising from the seat cushion-person interface and lower torso. The 3-DOF 
models can be used to investigate the transmissibility effects relating to the skeletal frame, 
whole body vibration and to reconfirm the discomfort level relating to the lower torso in 
addition to investigating the use of a backrest. 

The reason why the 2-DOF models give results closest to the experimental data is due to 
the exclusion of the backrest support and absence of greater anatomical description related 
to the legs and feet. The 3-DOF model is sensitive to the backrest support and thus a higher 
resonant frequency is observed for whole body vibration. The effect of various backrest 
support positions and its influence on vibration transmissibility and whole body vibration is 
a subject of future research.
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ARTUR GAWLIK, ANDRZEJ SOBCZYK, PAWEŁ WALCZAK*

HYDRAULIC HYBRID VEHICLE  
WITH ENERGY RECUPERATION 

HYDRAULICZNY HYBRYDOWY POJAZD  
Z ODZYSKIEM ENERGII

A b s t r a c t 

Modern transport vehicles and mobile machines have a high advanced functionality and quality of work. However, it is often 
associated with high power consumption. That is why research focused on reducing vehicle operating costs is so important. The 
possibilities of reduction of fuel consumption in combustion engines, which are usually the primary source of energy in many 
vehicles, seem to be exhausted. It came from design constraints of the combustion engine and increasingly stricter emission’s 
standards. That is way very popular become energy recovery system. Usually, these systems are based on an electric storage 
battery. Energy is capturing during braking of the vehicle and transferred to the electric motor periodically connected with the 
drive system. While, in the vehicles driven by hydrostatic system hydraulic energy in a similar way can be captured and stored in 
the hydro-pneumatic accumulator. This paper presents such solution of energy saving system based on an additional pump and 
hydro-pneumatic accumulator build into vehicle hydrostatic drive system. Mechanical and hydraulic elements of vehicle drive 
system were modelled using SimulationX software. The standard drive system is comparing with the energy recuperation drive 
system. Tests have been conducted for assumed working cycle and several operating parameters by the use of SimulationX. 
Reached than 10% energy saving in one cycle, confirms the correctness of designed structure of the hydraulic energy recovery 
system.

Keywords: Energy Recuperation, Hydrostatic Drive, SimulationX 

S t r e s z c z e n i e 

Współczesne pojazdy transportowe i maszyny mobilne charakteryzują się wysoko zaawansowaną funkcjonalnością i jakością pra-
cy. Jest to jednak często związane z dużym zużyciem energii. Zrozumiałe jest zatem prowadzenie prac ukierunkowanych na ogra-
niczenie kosztów eksploatacyjnych. Możliwość znaczącego obniżenia zużycia paliwa przez silniki spalinowe, będące zazwyczaj 
źródłem pierwotnym energii w pojazdach użytkowych, wydaje się być wyczerpana. Wynika to zarówno z ograniczeń konstrukcyj-
nych silnika spalinowego, jak i zaostrzających się norm dotyczących czystości spalin. Stąd też zainteresowanie systemami odzy-
sku energii wspomagającej jednostkę napędową przy zwiększonym obciążeniu. Zwykle są to układy bazujące na akumulatorach 
elektrycznych, w których jest gromadzona energia przechwytywana w procesie hamowania pojazdu i przekazywana następnie 
do silnika elektrycznego łączonego okresowo z układem napędowym, nazywane popularnie hybrydowymi układami napędowy-
mi. W artykule opisano rozwiązanie i wyniki testów symulacyjnych systemu odzysku energii kinematycznej dla małego pojazdu 
transportowego z przekładnią hydrostatyczną. Układ napędowy pojazdu złożony z elementów mechanicznych i hydraulicznych 
zamodelowano z wykorzystaniem bibliotek programu SimulationX firmy ITI GmbH. W celu porównania energochłonności stan-
dardowego układu napędowego i układu wspomaganego przez system rekuperacji energii przeprowadzono testy symulacyjne dla 
przyjętego cyklu roboczego oraz dla kilku konfiguracji parametrów eksploatacyjnych. Osiągnięta ponad 10% oszczędność energii 
w cyklu testowym potwierdza słuszność założeń zaprojektowanej struktury proponowanego systemu odzysku energii.

Słowa kluczowe: odzysk energii, napęd hydrostatyczny, SimulationX

*	 Ph.D. Eng. Artur Gawlik, Prof. D.Sc. Ph.D. Eng. Andrzej Sobczyk, Ph.D. Eng. Paweł Walczak, Institute 
of Machine Design, Faculty of Machine Design, Cracow University of Technology.

TECHNICAL TRANSACTIONS
MECHANICS

5-M/2016

CZASOPISMO TECHNICZNE
MECHANIKA

DOI: 10.4467/2353737XCT.16.282.6114



14

1. Introduction 

We hope that this template will make it easier to write the article. In heavy-duty machines 
characterizing by a quasi-repeatable working cycle is the possibility to recover the kinetic and 
potential energy [2, 3, 7, 9, 10]. In mobile machines and vehicles are usually systems based on 
electric accumulators, which store energy captured during vehicle braking and next transmit 
energy to the electric motor that is periodically connecting with the drive system [4]. Such 
systems are commonly called hybrid powertrains. The problematic elements of this type of 
system are an electric accumulator. Due to the limited speed of chemical changes cannot 
accumulate large portions of energy in a short time and also have a limited number of charge 
cycles. Whereas, in vehicles with hydrostatic transmission can be used to capture and storage 
of energy hydro-pneumatic accumulator in a similar way as the electric accumulator [1].

2. The simulation model

The article describes the design and test results of simulation of kinetic energy recovery 
system for a small transport vehicle with hydrostatic transmission. Vehicle drive system 
composed of mechanical and hydraulic modelled using SimulationX ITI software. 

Tests were conducted for assumed duty cycle and for several configurations of operating 
parameters to compare the energy consumption of the standard powertrain with a hydrostatic 
transmission system and powertrain aided by energy recuperation system simulation. In the 
mathematical model were made following assumptions:
–– the wheeled vehicle is traveling on a flat, solid ground.
–– no slip between the wheels and the ground,
–– constant thermal conditions, the temperature of hydraulic oil changes much slower than 

changes in pressure,
–– dynamics valves are omitted; response time is significantly shorter than time reaction of 

traveling mechanism.
The proposed solution of the secondary energy source in the form of a hydro-pneumatic 

accumulator such as Permo Drive system [8] used in trucks. In this system, a reversible hydraulic 
unit is mounted on the drive shaft of the vehicle, and the energy of the braking phase is stored 
in the hydro – pneumatic accumulators. The stored energy is redistributed to the reversible unit 
supporting the drive system during the acceleration phase of the vehicle. This solution is used as 
a support system for the classic drive system of the heavy transport vehicle [5, 6].

In order to reduce the cost of the components of the proposed system and the possibility 
of applying different control strategies already at the design stage, the recovery system 
combined with a mechanism for driving through a belt drive with toothed belt (9), controlled 
coupling (8) and additional pump (5) (Fig. 1). Installation of elements of the presented 
energy recuperation system (rectangular block – dashed line) does not require significant 
modifications of the standard hydrostatic transmission and does not change its basic 
functionality. The weight of additional elements depending on the final configuration and 
will be oscillated near several dozen kilos so that it will be had not an affect significantly on 
the capacity of tested transport vehicle. Complete vehicle kerb weight is 1000 kg.
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The controller based on signals from velocity sensors of additional pump shaft (5) and 
the vehicle drive axle generates control signals for proportional directional control valve (3), 
2/2 valve on/off type (7) and switching actuator of disc clutch (8). The PI controller used in 
the controller provides repeatable vehicle traction parameters that are necessary for correct 
comparison the operating parameters of conventional and recuperation energy system. 
Working cycle selected for simulation tests consists of two vehicle speed test runs with 
a five – second acceleration phase, a thirty – five – second phase of constant travelling speed 
and the three – second deceleration phase. The simulation was carried out for three target 
speeds of the vehicle, i.e. 10, 15 and 25 km/h and in the consequence for three distances 
covered from 200 to 500 m. During testing of the system with energy recovery, the hydro – 
pneumatic accumulator was pre – charged to about 50% of the nominal volume and was not 
used in the first phase of acceleration of the vehicle. Next, in both periods of deceleration of 

Fig. 1. Schema of hybrid (mechanical – hydraulic) hydrostatic drive system with Energy recuperation 
where: 1 – main pump, 2 – relief valve, 3 – 4/3 proportional directional valve, 4 – hydrostatic motor, 

5 – additional pump, 6 – hydro – pneumatic accumulator, 7 – 2/2 directional valve, 8 – clutch,  
9 – teeth belt transmission, 10,11 – rpm transducers
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the vehicle, accumulator was charged. The additional pump was driven until the speed of 
the drive shaft in this unit does not decrease below 600 rpm (by reason of the low efficiency 
of the pump at a lower speed). Table 1 shows the data, taken for simulation and operating 
parameters shown at the graphs.

T a b l e  1

Summary of key physical quantities adopted for the simulation  
and determined system parameters

Quantity Symbol Value/Unit

Complete vehicle kerb weight
the vehicle set speed
belt transmission ratio
relief valve opening pressure
hydro-pneumatic accumulator nominal volume
hydro-pneumatic accumulator pre-fill pressure
main pump displacement volume
auxiliary pump displacement volume
the hydraulic motor displacement volume
combustion engine power at 2000 rpm
main pump outlet pressure 
auxiliary pump outlet pressure 
hydraulic motor inlet pressure
travelled distance
combustion engine power in classic system
combustion engine power in system with energy recover

m
v
i

po
Vacc
pacc
q1
q2
qs
Ns
pp1
pp2
ps
L
Ns

Nacc

1000÷2000 [kg]
10÷25 [km/h]

3
18 [MPa]

5÷40 [dm3]
3.5 [MPa]

18 [cm3/rev]
30÷40 [cm3/rev]

100 [cm3/rev]
24 [kW]
[MPa]
[MPa]
[MPa]

[m]
[kW]
[kW]

3. Simulation result

Fig. 2 shows selected working parameters of hydrostatic transmission with energy 
recuperation system.

In 50 and 120 seconds, the moment of the switching of the auxiliary pump during 
braking phase (pressure pp2 increased) is visible. The operation time of this unit is very 
short, so the hydro – pneumatic accumulator is loaded in 2 seconds cycles, which forced 
the pre – selection of the size of the additional pump. The pump displacement volume is 
40 m3/rev. 

Hydro-pneumatic accumulator model used in the simulation takes into consideration the 
thermodynamic losses. This effect is visible on the graph of hydro – pneumatic accumulator 
pressure pacc. This pressure gradually decreases when the accumulator is not using and in 
this way reducing the efficiency of the proposed system. During vehicle acceleration in 
the second cycle, the system using the power from the hydro-pneumatic accumulator and 
that’s way input pressure of the hydraulic motor is higher than it was in the first cycle. The 
possibility of usage of the secondary power source is controlled by on/off valve (7) (Fig. 1). 
The main directional control valve, controlled by the PI controller, reduces the volumetric 
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flow rate in the drain line of hydraulic motor to avoid exceeding acceleration limits of the 
vehicle.

Fig. 3 presents a comparison of the power of combustion engine in conventional drive 
system Ns and drive with energy recovery system Nacc. To estimate energy requirement in 
the compared systems always was chosen the same simulation time interval, i.e., the second 
cycle. The difference in areas under the graphs of power illustrates energy recovery in 
percentage.

Fig. 2. Exemplary of hydrostatic transmission working parameters with energy recuperation,  
for 1500 kg vehicle weight riding with velocity 20 km/h

In Fig. 4 the energy yield of the drive system, depending on the set speed of the vehicle for 
one exemplary configuration of components that store the kinetic energy during the braking 
phase. The efficiency of the proposed system is decreasing with increasing of vehicle speed. 
It is the result of increasing the input pressure of the hydraulic motor in the acceleration 
phase, which significantly limits the possibility of using the stored energy at a lower pressure 
in the hydro-pneumatic accumulator. Assumptions of the operating cycle are unchangeable, 
so the vehicle accelerates to the set speed at the same time i.e. 5 s. 

Vehicle drive system with a total weight 1000 kg, speed 15 km/h, has a distinctly low 
value of energy recuperation. It comes from the relatively low inertia of the vehicle and the 
need to supplement the flow rate by the main pump to keep the required delay resulting from 
the assumed cycle with simultaneous loading hydro-pneumatic accumulator.

The selection of elements of energy recovery system has a significant impact on the value 
of the expected energy savings. Required parameters of these components depend strongly 
on the assumed cycle of load and traction settings. Fig. 5 is a 3D graph, which shows that 
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Fig. 5. Energy recuperation as a function of hydro-pneumatic accumulator size and pump 
displacement for vehicle total mass 1500 kg driving with velocity 25 km/h

Fig. 4. Values of energy recovery as a function of vehicle speed for different masses of the total for 
the nominal volume of the hydro-pneumatic accumulator equal 20 dm3 and displacement of auxiliary 

pump equal 40 cm3/rev

Fig. 3. Comparisons of the power of combustion engine in classic system and in system with energy 
recover for a vehicle with a total weight 1500 kg and a speed 20 km/h
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for the vehicle with total weight 1500 kg and phase of constant travelling speed of 25 km/h, 
the most beneficial system of energy recovery from the point of view of efficiency requires 
pump of displacement volume 40 cm3/rev and hydro-pneumatic accumulator with a nominal 
volume of 20 dm3. Presentation in a similar way other parameters of the proposed system 
allows to select the best possible configuration.

4. Summary

During simulation was reached more than 10% energy saving in the test cycle. It confirms 
the validity of the assumptions of designed structure of the proposed energy recovery system. 
The percentage energy saving is strongly dependent on the working cycle of the vehicle. 
Long periods of standing and running with constant speed reduce the efficiency of the energy 
recovery system with hydro-pneumatic accumulator. The energy losses are result of thermal 
transmittance of accumulator shell. In vehicles with combustion engines these losses can be 
reduced by directing hot gases from the exhaust system on the accumulator shell.

Another way to use the proposed energy recuperation system is to work the system in the 
strategy of temporary increase the power of hydrostatic transmission. The oil pressure in the 
hydro-pneumatic accumulator can be set above the opening pressure of the relief valve in the 
main hydraulic system. It allows for a temporary increase of acceleration of the vehicle in the 
initial phase or helps during star motion of overloaded vehicle. 

Weight of additional elements depending on the configuration and will not significantly 
influenced on complete vehicle kerb weight (max. to 5%). The cost of energy recovery system 
should be about 1 000 Euro. It represents about 10% of price increase of a new vehicle.

Analysis of simulation results indicate that one of the ways to maximize energy savings 
in the drive system of the vehicle is the selection of components of subsystem energy 
recuperation to the most common working cycle. Further work will give attention to 
improving control strategy, so that system could be more universal. Also road tests will be 
carried out on the modified transport vehicle, where the electric drive system was replaced 
by a hydrostatic transmission.
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A b s t r a c t

The aim of the studies was to examine the applicability of volcanic tuff as a corrosion inhibitor 
in aqueous systems and to identify the mechanisms owing to which the tuff is acting as an 
inhibitor of corrosion. The scope of research includes: examinations of the structure and 
selected properties of the tuff from Filipowice, including fractographic examination of the 
Filipowice tuff rocks, X-ray diffraction analysis, and thermal analysis; study of the corrosion 
resistance of DC01A low-carbon steel in aqueous systems without and with inhibitor, which is 
volcanic tuff.
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Celem badań było określenie możliwości zastosowania wulkanicznego tufu jako inhibitora 
korozji w środowiskach wodnych oraz określenie mechanizmów, które powodują, że tuf wul-
kaniczny działa jako inhibitor korozji. Zakres badań obejmuje: badania struktury i wybranych 
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1. Introduction

Inhibitors are commonly used in the anticorrosion technology as agents reducing 
the rate of corrosion in metals and their alloys. Corrosion inhibitors can be divided into 
different groups, depending on the type of environment, the mechanism of action, the type 
of film (protective barrier) formed on the metal surface, and the type of material used in the 
inhibitor (organic, inorganic).

In terms of the type of environment in which they operate, the inhibitors can be divided 
into inhibitors active in aqueous solutions, in the air, and in organic liquids. The first and the 
largest group of inhibitors includes the inhibitors active in natural and industrial waters, and 
in solutions of salts, acids and bases [1].

In terms of the mechanism of the electrochemical action of inhibitors forming protective 
barriers on the metal surface, the inhibitors can be divided into the following types [2]:
–– cathodic inhibitors – inhibit the cathodic process of depolarization,
–– anodic inhibitors – inhibit the anodic process of metal dissolution,
–– mixed inhibitors – affect both electrode processes, and are mainly adsorption inhibitors.

In terms of the nature of the protective barrier formed on the metal surface, adsorption 
inhibitors can be subdivided into inhibitors entering into reaction with metals by forces: 
chemical (chemisorption) or physical (physical adsorption) – due to the weak interaction, the 
latter type is not used in practice.

Corrosion inhibitors mainly operate through a mechanism called the anode passivation, 
although in their operation there are also other elements involved. As a result of an 
electrochemical process, inhibitors in the water with protecting liquid are guided to the 
anode and cathode, and are chemically absorbed on the surface. The resulting layer forms 
a barrier that effectively isolates the anode from the water in circulation and from contact 
with the cathode. This slows down the corrosion rate to a low level, usually about 100 or 
1000 times lower than the corrosion rate in water without protecting liquid [3].

The passive layer undergoes continuous breaking and reconstruction and its presence 
depends on the continuous presence of the inhibitor in water, as its task is that of constant 
repair of the passive layer. With the lack of inhibitor, the protection against corrosion 
becomes immediately ineffective.

The value of pH – acidic or basic reaction of installation water – also plays a significant 
role in the corrosion of metals. For example, iron and steel corrode rapidly in an acidic 
environment, but not under alkaline conditions. The corrosion rate is affected by the type 
of corrosion product formed under various pH conditions. In an alkaline environment, iron 
and steel corrode to form Fe3O4 magnetite, which acts as a semi-protective layer on the metal 
surface reducing the rate of corrosion.

1.	 Silicates – inhibitors of cathodic-anodic type
Silicates have the general formula Me2OxSiO2, where x is the molar silica-to-alkaline 

oxygen ratio. Sodium silicate solutions with a high modulus (high ratio of SiO2 to Na2O) 
contain the following particles [1]:

1)	 ions of Na+, OH–, SiO3
2–, n(Si2O5

2–), HSiO3
–

2)	 particles of Na2SiO3, Na2Si2O5, H2SiO3, SiO2nNaOH
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3)	 complex compounds of (SiO3)x, (H2SiO3)x(SiO2)x, (SiO2)x, [(mSiO3nSiO2xH2O)m]2– 
(SiO2xnH2OySiO3) and other compounds.

Silicates are cheap and popular inhibitors used primarily for the protection of water 
systems. The corrosion rate in the presence of silicate inhibitors is, however, higher than in 
the case of chromates [4]. On the other hand, silicates are not toxic in the concentrations 
normally used, do not confer to water taste, color or odor, eliminate the formation of “red 
water” and can be applied to systems already partially corroded. Like polyphosphates, 
silicates reduce the rate of corrosion not only in iron and its alloys, but also in other metals 
such as Al, Cu, Pb and Zn, in their respective alloys and bimetallic systems [5–7]. Silica 
concentration required to inhibit corrosion varies within wide limits depending on the type 
of metal and the composition of water, e.g.:
–– crystalline silica – inhibits soft steel corrosion in a variety of cooling water types,
–– sodium silicate – reduces the rate of corrosion in tap water by 82% [4],
–– the ability of sodium silicate to move the corrosion potential in the negative 

and positive side, depending on the concentration, indicates that this inhibitor affects 
both the cathodic and anodic process; silicates added to the solution at higher concentra-
tions result in inhibition of the anodic process, which means that the inhibitor may redu-
ce the rate of the cathodic reaction of oxygen reduction and the anodic reaction of iron 
dissolution. So it is an inhibitor acting on both the anodic and cathodic process,

–– due to their alkaline reaction in aqueous solutions, the effect of silicates does not main-
ly consist in the neutralization of CO2 dissolved in water, but in spite of this, the adjust-
ment of the solution pH using silicates provides a much better protection against corro-
sion than when the same pH value is obtained with the addition of a base alone, such as 
NaOH.
There is a general belief that silicates inhibit metal corrosion due to the formation of 

a protective layer on the surface of metals. There are two hypotheses regarding the formation 
of this layer in the presence of silicate:
–– First – assumes a chemical reaction taking place between the metal ions or metal cor-

rosion products and negatively charged ions of the silicate or colloidal silica particles, as 
a result of which iron silicates are formed [8, 9]. The role of silicates would thus consist 
in creating a protective layer on partially corroded iron, and so on iron on the surface of 
which there are iron oxides and hydroxides. The most widely accepted is the opinion that 
positively charged iron hydroxide removes water from negatively charged colloidal silica 
to deposit a protective film composed of both these substances.

–– Second – assumes a neutralization of the oppositely charged particles of corrosion pro-
ducts and negatively charged silicate hydrolysis products. These particles undergo co-
agulation and a protective gel-like layer form on the metal surface [10] – according to 
this hypothesis, the mechanism of the protective film formation is not associated with the 
formation of iron silicates.
On a clean surface of iron or steel, silica in water is not deposited [11]. A necessary 

condition for the formation of a protective film is the presence of iron oxides and hydroxides 
on the surface, and therefore to make it possible for the silica to act as an inhibitor, the metal 
must first undergo corrosion. Therefore, the inhibitory effect of silica is often observed after 
the lapse of several days from the time of the first contact between the steel and the solution 
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[12, 19]. The mechanism of the action of silicate inhibitors in water is a very complex one and 
has not yet been clearly explained. It is generally believed that this mechanism is associated 
with the formation of thin film on the surface of metal. The protective properties of the film 
depend on the nature of corrosion products present on the surface of metal. The products 
of corrosion, which are hydrated oxides, capture from the solution the negatively charged 
particles of hydrated silica sol. As a result of this process, the initial film of a gelatinous 
structure is formed, and on its surface, a portion of the mechanical suspension present in 
water may be adsorbed. In this case, since both water and the film have an alkaline pH, 
iron and components responsible for the water hardness are deposited on the film. The 
composition of the protective layer can change, but nevertheless, it will always contain 
variable amounts of silica. Its structure is close to a silica gel, which means that in a wet state 
it is semi-permeable, while in dry state it forms a thin film, usually of a brownish color or 
resembling graphite in appearance. The formation of protective film inhibits corrosion and 
at the same time reduces further growth of the film. In this way, the thickness of the film is 
self-regulated and is typically about 0.002 mm. The film is regenerated automatically in the 
event of a partial removal or damage. Metal undergoes corrosion, and in this place, a fresh 
film is formed, provided silicates in an appropriate concentration are present in the water. In 
terms of the physico-chemical phenomena, the mechanism of the film formation is complex 
– besides the effect of absorption, other mechanisms are operating like chemisorption, ion 
exchange and coagulation of the sol [13].

The time of formation of the protective film is relatively long, and depending on 
the concentration of silicate in water, it ranges from several days to several weeks. The 
protective effect is achieved only after some time.

2. Purpose and scope of research 

The aim of the studies was to examine the applicability of volcanic tuff as a corrosion 
inhibitor in aqueous systems and to identify the mechanisms owing to which the tuff is 
acting as an inhibitor of corrosion.

The scope of research includes:
•	 examinations of the structure and selected properties of the tuff from Filipowice, 

including fractographic examination of the Filipowice tuff rocks, X-ray diffraction 
analysis, and thermal analysis,

•	 study of the corrosion resistance of DC01A low-carbon steel in aqueous systems without 
and with inhibitor, which is volcanic tuff.

3. Volcanic tuff – composition and properties

Volcanic tuff is porous rock belonging to the family of clastic rocks, which consist of 
pyroclastic material, often with admixture of other clastic materials, cemented with e.g. 
silica or clay binder. The characteristic feature of tuff is high porosity and the associated low 
specific gravity.
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Tuff may be of crystaloclastic, lithoclastic or vitroclastic character. Crystaloclastic tuff 
is mainly composed of single pyrogenic minerals, like quartz, sanidine, biotite. Lithoclastic 
tuff is composed of effusive rock fragments of different sizes. Vitroclastic tuff consists 
entirely of glass. The most common is mixed crystalo – litho – vitroclastic tuff [14].

The Permian tuff from Filipowice characterized by a crystalo – litho – vitroclastic properties 
also contains impurities, i.e. fragments of sedimentary rocks mainly limestone. It occurs 
in the vicinity of Krzeszowice, among others, in Filipowice wherefrom its name derives. It is 
a pink-colored rock with bright spots, highly porous, with characteristic randomly arranged 
automorphic crystals of biotite. The fresh tuff is soft, when dry, it becomes hard and very brittle. 
It is easy to process and highly valued as a building material resistant to atmospheric conditions. 

The tuff in the Sudeten Mountains has a composition similar to the tuff from Filipowice 
(it occurs frequently in the Rotliegend formations). Dark-colored basalt tuff occurs near 
Wałbrzych, Nowa Ruda and in Lower Silesia.

The tuff from Filipowice includes the following components: sanidine (the predominant 
component– Fig. 1, 2), kaolinite, biotite, illite, quartz, heavily modified feldspar, crushed 
alien rocks, opaque minerals, microcrystalline binder and carbonate binder.

T a b l e  1 

Composition of oxides in a sample of tuff from Filipowice used in the present studies

SiO2 Fe2O3 Al2O3 CaO MgO TiO2 K2O Na2O Other

56.04% 5.38% 16.73% 5.39% 0.60% 0.85% 9.16% 0.39% 5.46%

Fractography and EDS analysis of the Filipowice tuff rock
Structural and fractographic studies of the Filipowice tuff rock fragments were 

performed on a JSM-5510LV scanning electron microscope (made by Jeol Company) with 
(EDS) X-ray microanalyser. Quantitative analysis of the elemental composition was also 
conducted.

Fig. 1. Porous structure of Filipowice tuff – rhombohedral crystals of potassium feldspar:  
a) – 500 x, b) – 2 000 x, c) – 4 000 x, d) –10 000 x

a) b)

c) d)
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Analysis Report: Image 2–1                    Analysis Report: Image 2–4

Fig. 2. Crystals of potassium feldspar embedded in a microcrystalline binder – EDS analysis

Studies by SEM and (EDS) X-ray microanalysis have shown that, besides sanidine, the 
tuff from Filipowice also contains quartz, kaolinite, illite, biotite and possibly allophane.

X-ray diffraction analysis
Phases present in the tuff were examined with X-PERT Philips PW 1830 X-ray 

diffractometer using tube with the following operating parameters: voltage = 40 kV,  
current = 30 mA.

The test product was pulverized natural tuff. 
The X-ray diffraction analysis of tuff from Filipowice in natural condition revealed the 

occurrence of two main phases (Fig. 3):
•	 potassium aluminosilicate K(AlSi3O8),
•	 silica SiO2.

Fig. 3. The diffraction pattern of natural tuff powder 
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Thermal analysis
Thermal activation of aluminosilicates, conducted at low and high temperatures, leads to 

significant changes in both structure and texture. The increased temperature leads to dehydration, 
dehydroxylation and crystallization of new phases. For example, minerals from the kaolinite 
group, depending on their mineralogical nature and heating time, undergo dehydroxylation in 
the temperature range of 500–900oC. Consequently, kaolinite is formed, the structure of which is 
composed of disturbed tetrahedral layer and deformed aluminum octahedra [15].

The differential thermal analysis (DTA) and thermogravimetric studies (TG) were 
performed. The analysis was carried out using a NETZSCH STA 409 CD QMS 403/5 
Skimmer mass spectrometer (Fig. 4–6).

Fig. 4. The results of thermogravimetric studies 

Fig. 5. The rate of water precipitation as a function of temperature

Fig. 6. Thermal effects accompanying transformations taking place in tuff under  
the effect of temperature 
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As shown by the thermographic analysis, biggest changes in the weight of natural tuff 
(powder) occur at a temperature of 702°C, and the weight loss is 2.3%. Water precipitates from 
the sample at temperatures ranging from 100 to about 820°C and the maximum precipitation rate 
occurs at about 550°C. It is a well-known fact [16–18] that in the process of thermal treatment, 
water is gradually removed from the aluminosilicate. In the temperature range from 105°C to 
130°C, hydroscopic water is removed, at temperatures ranging from 180°C to about 500°C – 
water of crystallization, and at a temperature higher than 350°C – zeolitic water. In the case of 
tuff from Filipowice, the zeolitic water was removed in a temperature range of up to 820°C.

The differential thermal analysis has shown that phase transformations occur in the 
sample during heating at 468°C, 594°C and 818.7°C (exothermic transformations) and at 
702°C and 949.3°C (endothermic transformations). 

4. Testing the steel corrosion resistance in an environment of water and  
in 3% NaCl solution

The aim of the studies was to observe the behavior of DC01 low-carbon structural steel in 
accordance with PN-EN ISO 1514:2005 in aqueous systems with and without the addition of 
thermally activated volcanic tuff. The tuff was crushed and milled to an average particle size 
of 40. Thermal activation of Filipowice tuff was conducted at 850°C for 4h. Laboratory tests 
in liquids and solutions were carried out by the gravimetric method at ambient temperature. 
Tests were performed in the following media:
•	 water,
•	 3% NaCl solution,
•	 water with 7 g of tuff per 1 dm3 of solution at 20°C,
•	 3% NaCl solution with 7 g of tuff per 1 dm3 of solution at 20°C.

Studies were carried out on standard samples with dimensions of 50 × 40 × 0.8 mm, 
which, before the tests, were degreased with carbon tetrachloride, and then were placed in 
a measuring vessel with respective solution. Samples were placed in the vessels with solution 
in a hanging position. Measurements were going on for 60 days.

The samples, after removal from the solution and the subsequent washing and drying, 
were weighed and their surface was examined by SEM and EDS X-ray analysis. For 
comparison, the same examinations were also carried out on samples prior to immersing 
them in the solution.

Fig. 7. Steel sheet surface before immersing in the solution
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Fig. 8. EDS analysis conducted on sample before immersing in the solution 

The EDS analysis (Fig. 8) has shown that the sample, which was not immersed in the 
solution, contained only iron, manganese and oxygen. The oxygen content ranged from 1.1 
to 2.2%.

The results of corrosion tests in an aqueous environment 

Fig. 9. The weight loss of samples in water – series 1 and in water with the addition of tuff – series 2

Fig. 10. Steel sheet surface after 60 days of exposure to water environment (40x and 200x)
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Fig. 11. Steel sheet surface after 60 days of exposure to water environment – sample taken out from 
water and washed

Fig. 12. Steel sheet surface after 60 days of exposure to water + tuff environment – sample taken out 
from water (40x and 200x)

Fig. 13. Steel sheet surface after 60 days of exposure to water + tuff environment 

The results of corrosion tests in a seawater environment 

Fig. 14. The weight loss of samples in seawater – series 1 and in seawater with the addition  
of tuff – series 2
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Fig. 15. Steel sheet surface after 60 days of exposure to the effect of 3% NaCl solution – sample taken 
out from the solution and washed 

Fig. 16. Steel sheet surface after 60 days of exposure to the effect of 3% NaCl solution+ tuff – sample 
taken out from the solution

Fig. 17. Steel sheet immersed in 3% NaCl solution with the addition of tuff, the exposure period  
– 60 days; transverse metallographic section, 100x, specimens etched with 4%HNO3

In water with the addition of tuff (Fig. 9–13), samples of low-carbon steel showed an 
average weight loss six times lower than the samples placed in water without tuff. In 3% 
NaCl solution with the addition of tuff (Fig. 14–17), samples showed an average weight loss 
four times lower than the samples placed in seawater without tuff. 

As a result of tuff addition to water and 3% NaCl solution where samples of the low-
carbon structural steel were placed, the appearance of the samples changed as well as the 
depth of corrosion layer from the developed with deep pitting to a flat silver-colored surface 
with visible coating of protective layer. Examinations made on transverse metallographic 
sections of these samples revealed the presence of a protective layer. On the metal surface 
exposed to the effect of water with the addition of tuff and to the 3% NaCl solution, minor 
signs of corrosion were observed. Examinations carried out under a stereoscopic microscope 
showed that this was due to microcracks formed in the protective layer.
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Surface examinations by SEM and EDS X-ray microanalysis

Fig. 18. A layer of film deposited on the steel sheet surface after 60 days of exposure  
to water environment

             Analysis Report: Image 19–1                           Analysis Report: Image 19–2

Fig. 19. A layer of film deposited on the steel sheet surface after 60 days of exposure to water 
environment – EDS analysis

Figures 18 and 19 show a layer of film deposited on the steel sheet surface after 60 days 
of exposure to water environment. 
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Analysis Report: Image 20–1                                 Analysis Report: Image 20–2

Analysis Report: Image 20–6                                 Analysis Report: Image 20–8

Fig. 20. Steel sheet immersed in water with the addition of tuff, the exposure period in water –  
14 days; transverse metallographic section. Visible is the layer of thickness from 2 to 4 µm. EDS analysis
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Analysis Report: Image 21–1                                  Analysis Report: Image 21–2

Analysis Report: Image 21–3                           Analysis Report: Image 21–4

Fig. 21. The cross section of water + tuff sample (after 60 days). EDS analysis
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Fig. 22. The cross section of water + tuff sample (after 60 days) – the distribution of elements:  
O, Al., Si, Ca, Fe

SEM

Al Si

Ca Fe

O



36

Analysis Report: Image 23–1                          Analysis Report: Image 23–2

Analysis Report: Image 23–3                              Analysis Report: Image 23–4

Fig. 23. Steel sheet – 3% solution of NaCl + tuff (after 14 days), the transverse metallographic 
section. EDS analysis
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Fig. 24. Steel sheet –3% solution of NaCl + tuff (after 14 days), the transverse metallographic section

Fig. 25. The cross section of sample immersed in 3% solution of NaCl + tuff (after 14 days)  
– the distribution of elements: Fe, Na, O, Ca, Al, Si

Fe Na

O Ca

Al Si
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Analysis Report: Image 26–1           Analysis Report: Image 26–2

Fig. 26. Steel sheet surface – 3% solution of NaCl + tuff (after 60 days). EDS analysis

Analysis Report: Image 27–1      Analysis Report: Image 27–2
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Analysis Report: Image 27–3                      Analysis Report: Image 27–4

Analysis Report: Image 27–5                      Analysis Report: Image 27–6

Analysis Report: Image 27–7

Fig. 27. Steel sheet –3% solution of NaCl + tuff (after 60 days), the transverse metallographic section. 
EDS analysis
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Fig. 28. The cross section of sample – 3% solution of NaCl + tuff (after 60 days) – the distribution of 
elements: O, Na, Al, Si, Ca, Fe

SEM O

Al Si
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Studies carried out by SEM and EDS showed that in the case of steel samples immersed 
in water with the addition of tuff, after 14 days of exposure in the solution (Fig. 20), the 
protective coating 2 to 5 µm thick was formed. The protective coating had a laminated 
structure. In the coating area directly contacting the steel surface, the presence of a layer 
comprising Fe, Al, Si and O was observed. The upper part of this layer contained Al, Ca, Fe, 
Si and O.

In the case of samples immersed for 60 days in water with the addition of tuff (Fig. 21, 
22), the thickness of protective coating was approximately 6 to 7 µm. The coating had an 
obviously layered structure. Near the steel surface, there was a layer containing Fe, Al and 
O, the next layer contained Fe, and again there was a layer containing Fe, Al and O. The 
concentration of Ca and Si was uniform across the entire thickness of the coating. The results 
of EDS test have indicated that oxygen concentration in individual layers of the film was 
correlated with the concentration of Al. Elemental distribution analysis has confirmed that 
high oxygen concentrations were present in areas with the high concentration of aluminum, 
while in areas with the high concentration of Fe, virtually no oxygen was present.

In samples immersed for 14 days in 3% NaCl solution with the addition of tuff (Fig. 23–
25), the thickness of protective coating amounted to about 55 µm. Also in these coatings, 
similar as in coatings exposed to water, a layered structure was observed. The coatings 
contained Fe, O, Na, Ca, Al and Si. In areas with the high concentration of Fe, a marked 
reduction in the oxygen concentration was noticed. In areas with the low concentration of 
Fe, high concentrations of Ca, Si and O, and increased concentrations of Al and Na occurred.

In samples immersed for 60 days in 3% NaCl solution with the addition of tuff (Fig. 
26–28), the thickness of protective coating was 7 to 8 µm. The structure of these coatings 
was observed to differ from the structure of coatings exposed to the effect of water with the 
addition of tuff. It consisted of two types of complexes (areas) – the first type of complex 
with high concentration of Fe and very low concentration of oxygen, and the second type of 
complex with high concentration of Si, high concentration of Al and very low concentration 
of oxygen. The complexes were embedded in the matrix composed mainly of Si, Fe and O, 
with low concentration of Al and Ca.

5. Conclusions

1.	 Tuff in aqueous solutions inhibits steel corrosion by forming a protective film (coating) 
composed of the steel corrosion products and products of the volcanic tuff hydrolysis.

2.	 The formation of protective layer on the steel surface is a multi-step process and consists 
of the process of tuff hydrolysis (preparation of the sol solution), the deposition of coating 
in the form of sol on the steel, the formation of cross-linked gel by polymerization of the 
sol particles, the formation of amorphous or crystalline coating during drying.

3.	 Tuff particles introduced to an aqueous environment are undergoing the processes of 
hydration and hydrolysis. As a result of these processes, the most easily soluble mineral 
components are dissolved and washed out. Ions of Si2+ and Al3+ Ca2+ are the most 
mobile cations, while in the grains of tuff remain the less mobile components. The 
decomposition products are transported as suspensions, colloidal solutions and real 
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solutions. The synthesis of sols of hydroxides of Al, Si, Ca, Fe and of other components to 
which the tuff is decomposed takes place. Under certain conditions, hydroxides mutually 
coagulate and precipitate in the form of gel. 

4.	 The transition between the state of sol and complete gel is running continuously as 
a result of advancing parallel processes of hydrolysis and condensation, which are highly 
beneficial for the coating adhesion.

5.	 Gel is formed when, in a colloidal system, the number of colloidal particles is so high 
that they contact or communicate with each other at many points, forming a space lattice 
system. During drying, the excess water is removed. The end result of this process is the 
amorphous or crystalline material.

6.	 The complex composition of the resulting layer formed on the steel surface is most likely 
due to the sorption by gels, from which it arises, of additional elements from the aqueous 
solution. As a result of this process, on the steel surface, a protective layer is formed, and 
it consists of the steel corrosion products and tuff hydrolysis products.

7.	 Introducing properly prepared tuff formulations to protective coatings (including 
protective paints) is expected to improve the corrosion resistance while maintaining the 
sufficiently high mechanical strength properties of the coating.
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1. Introduction 

In large urban agglomerations, due to limited areas of construction lots, developers are 
investing into the construction of very tall, multi-storey buildings intended as residential, 
office, or commercial buildings. Solutions of this type pose a very big engineering and 
logistical challenge. The materials and techniques of raising such buildings require the 
application of technologically advanced methods and construction techniques as well as 
modern, strong, and light materials from designing teams. Modern skyscraper designs 
account for factors, such as: increased action of atmospheric factors (e.g. wind, rain, snow, 
variable temperature dependent on height), disrupted equilibrium of the building due to 
tectonic movements, or even a potential terrorist attack, which is being taken very seriously 
after the events at the World Trade Center in 2001.

The only element of skyscraper design and construction that has remained practically 
unchanged since its inception is the elevator. Of course, modern elevators differ in terms of 
appearance, applied structural materials, drives, equipment, speed, and noise level during 
movement compared to the first designs invented and used in the 19th century. However, the 
principle of their operation remains essentially unchanged. This principle is the movement 
of cabins between storeys of buildings on the vertical plane (in a shaft) with the application 
of load-bearing tension members (lines, chains) [1, 2].

To increase transportation capabilities in high-rises, complexes of multiple shafts 
are usually built, in which even several cabins may move simultaneously in more recent 
solutions. In the case of very tall, multi-storey, large-area buildings, the systems available on 
the market may prove insufficient. In particular, this may pertain to the situation of elevator 
operation during hours of increased operation (morning or afternoon load arising from the 
beginning or end of the workday, holiday, etc.) or emergency situations (e.g. fire on a given 
storey of a building).

In relation to the above, it seems purposeful to develop modern elevator designs that 
simultaneously serve for vertical and horizontal transport, with cabins, and whose movement 
within the building is not limited by the design of individual shafts.

This article presents an innovative solution of an elevator for transportation of 
persons and objects in the vertical and horizontal direction as well as in both directions 
simultaneously, with the capability of moving cabins over a track of arbitrary shape. 
Depending on the actual needs, surface area, and number of storeys of the building, as well 
as the number of rooms to which cabins may travel, an elevator can have a single cabin or 
multiple cabins.

2. Selected modern elevator solution

The main engineering problem facing designers of modern tower blocks is the 
distribution and number of communication routes, transportation channels, and potential 
evacuation routes. Arrival at a given storey of a building must be as fast as possible. 
Currently applied elevator solutions with an engine room and traditional vertical shaft are 
becoming increasingly inefficient and insufficient, particularly with regard to high-rises.
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By analyzing selected works in the scope of de-signing new multi-cabin solutions for 
elevator systems [3–10], the primary sources of problems that may appear during elevator 
operation can be defined. Such problems include, among others: types and lengths of ropes 
used, vibrations during movement, the problem of cabin rocking during movement at high 
speeds, the types of drives used in the design, as well as very important issues related to 
safety of elevator use. These problems can be eliminated by applying rope-free elevator 
systems.

In most studies, the authors mainly focus on researching new algorithms for controlling 
elevator systems currently applied in multi-storey buildings. However, in the presented 
innovative solutions, direct drive linear motors are used as the drive source. Published 
results of studies confirm the hypothesis that drives of this type may contribute to solving 
problems arising from application of a rope as the tension member drawing the elevator 
cabin. However, cabin movement remains restricted by the shaft walls, and it can only be 
horizontal or vertical.

Information concerning an innovative elevator design by the ThyssenKrupp company 
from Germany appeared in the media at the end of 2014. Its trade name is MULTI [11, 12]. 
In the proposed solution, the cabin moves on both the horizontal and the vertical plane. The 
solution is based on linear motors and utilizes the phenomenon of magnetic levitation. Ac-
cording to reports, the proposed solution may revolutionize the elevator system used until 
now. The same company also developed an innovative solution based on placing two cabins 
in a single shaft [13], which is intended to increase transportation capabilities.

Neither of these solutions provides a single cabin with the capability of simultaneous 
movement in two directions. Moreover, it is not possible to arbitrarily shape the form of the 
shaft in which cabins travel. This may be of great importance when designing multi-storey 
buildings with imaginative shapes.

3. Design and principle of operation of the original rope-free elevator

Fig. 1 presents the general concept of the rope-free elevator with cabins moving 
vertically, horizontally and in two directions at once. The elevator consists of cabins (1) 
moving over the wall of a shaft (2) situated inside of a building (3). Cabins (1) may be: single-
door – with one entrance; double-door – with two opposite entrances; angular – with two 
entrances at an angle of 90° relative to one another; three-sided – with three entrances on 
neighboring walls; four-sided – with four entrances – one on each wall. Cabins may move in 
a closed or partially open shaft.

The elevator’s drive utilizes a planar positioning system with Hall sensors. A detailed 
description of the design and principle of operation of planar positioners can be found in 
works [14–22], among others.

Fig. 2 presents components of the rope-free elevator for transport in the vertical 
and horizontal direction as well as in both directions simultaneously in the example 
configuration with one cabin and two opposite entrances.

The main components of the cabin’s planar positioning system are immobile planar 
stators (4) installed on the shaft surface (2) and mobile planar forcers (6) installed on the 
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exterior side surfaces of the cabin (1). Electromagnetic drive modules installed on the 
bearing surfaces of planar forcers (6) are responsible for moving the cabin (1) over the track 
comprising planar stators (4) and for attraction of the cabin (1) to the stators (4). Planar 
stators (4) serving for movement of the cabin (1) can form a track of any shape or can be 
distributed over the entire surface of the shaft’s (2) walls. This solution allows for movement 
of the cabin (1) in the horizontal and vertical direction as well as in both directions at the 
same time, enabling travel to any door (7) of a room or door leading to a corridor.

Fig. 1. Rope-free multi-cabin elevator system for vertical and horizontal transport and simultaneous 
integration of movement in two directions [23]

Fig. 2. The main elements of rope-free elevator system [23]

The cabin (1) moves over the shaft (2) without coming into contact with it thanks to the 
application of aerostatic bearings. A layer of air with pressure greater than atmospheric 
pressure is generated between forcers (6) and stators (4), forming an air cushion that 
balances the forces of electromagnetic attraction of forcers (6) to stators (4), among others. 
The above necessitates equipping every cabin with its own source of compressed air, which 
is indispensable for generating the air cushion between the planar stators (4) and the planar 
forcers (6). A compressor with a pressure vessel or a pressure vessel by itself can be installed 
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on the elevator cabin. Another option is to install a station generating compressed air in the 
shaft, to which the cabin (1) would have to travel and connect to (dock) in order to replenish 
air in the pressure vessel.

In order to ensure a constant height of the air gap over the entire area of stator/forcer 
inter-operation, a system of supporting elements (12) made up of kinematic pairs with three 
degrees of freedom, all rotating.

Electrical supply to the cabin (1) is carried out by means of a contact system (Fig. 2). 
A contact system (8) for power supply is distributed on the wall (5). Electricity flows 
from power supply cables (8) through the current collector (9) to the cabin’s (1) electrical 
system powering individual forcers (6), the compressor, which is required for generating 
the air cushion, and the control system along with the operator’s panel and cabin lighting. 
From receivers in the cabin (1), electrical current flows through the return current collector 
(10), stators (4) and the cables connected to them (11). Electrical power supply to the cabin 
necessitates the distribution of individual power supply cables (8) at a distance b less than 
distance a of the current collector (9) placed on the cabin’s wall (1). This solution ensures 
uninterrupted contact of current collectors (9) with the network of power supply cables (8) 
during movement of the cabin (1) over a track of any shape made up of stators (4).

4. Advantages of application of the innovative solution

The rope-free elevator can be applied in multi-storey buildings in which the distribution 
and number of rooms to which the cabin is to travel necessitates the application of an 
arbitrary shape of transportation routes in the shaft. The proposed system has indisputable 
advantages that may bring new quality to intra-building transport of persons and objects. 
Among them, the following deserve special attention [23–25]:
•	 the elevator is rope-free – there is no need to install a machine room or lines on which 

cabins would be suspended in shafts,
•	 transport can take place vertically and horizontally as well as in two directions of 

movement simultaneously,
•	 a track of any shape can be formed over the entire surface of the shaft’s walls for 

movement of cabins in the vertical and horizontal directions as well as in both directions 
at once,

•	 the ability to arbitrarily shape the track on the surface of the shaft allows for the 
application of the proposed solution in buildings with imaginative shapes,

•	 the application of aerostatic bearings in the drive system eliminates wear between inter-
operating surfaces of stators and forcers; there is no need for periodical lubrication 
of guides, which translates to limitation of activities related to maintenance of the 
transportation system and reduction of operating costs,

•	 in the case of an emergency situation related to e.g. loss of electrical power or pneumatic 
supply required for generation of the air cushion, because electromagnetic drive 
modules contain strong rare earth magnets, the cabin will not fall, but rather be drawn 
to the shaft wall, where it will remain safely until the problem is solved by technical 
teams or the emergency power supply system is activated,
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•	 the multi-cabin system enables optimal configuration of the number of cabins moving 
in the shaft over a track of arbitrary shape, which allows for rapid and flexible reaction 
to actual transportation needs within a given large-area building,

•	 capability of achieving greater cabin movement speeds compared to typical solutions 
due to the lack of the air cushion effect, resulting in resistance during vertical movement 
of a cabin in a standard shaft.

5. Summary

The original solution of a rope-free elevator with cabins moving vertically, horizontally 
and in two directions at once was presented in this article. Single- or multi-cabin passenger, 
freight, passenger and freight, car, etc. elevators can be installed in newly built or existing 
buildings based on the proposed solution.

The drive of the rope-free elevator, made on the basis of planar positioner units with 
Hall sensors, allows for designing of an elevator with a shaft of any shape as well as a multi-
walled shaft enabling movement of cabins from one wall to a neighboring wall of the shaft. 
In the basic configuration, such a shaft can consist of two walls sharing an edge, positioned 
at a right angle relative to one another. Based on this solution, elevator shafts consisting of 
multiple walls over which cabins can travel can be built.

Within the framework of further work on the design of the rope-free elevator, expansion 
of the research laboratory station to an extent enabling testing of the programs responsible 
for collision-free control of the system, studying the behavior of cabins under varying loads 
in dynamic conditions, and assessment of vibration damping by the air cushion separating 
stators from inductors, is planned. The results will be used to elaborate the rope-free multi-
cabin elevator system and for quick and flexible reaction to actual transport needs within 
a given large-area building, as well as for fast and safe arrival of passengers to individual 
rooms of the building. The development algorithms will be implemented in the laboratory 
station and used in the mechatronic rope-free multi-car elevator system after being verified.

This research has been done as a part of a statutory research of Department of Automatic Control and 
Robotics, Faculty of Mechanical Engineering which is funded by Bialystok’s University of Technology, 
Poland.
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1. Introduction

In the fatigue analyses of engineering structures, it sometimes happens that vibrations 
of elements have the bi-modal type. Such types have been observed for one of the considered 
magnetic focusing machine for particles in CERN at the beginning of the 21st century or 
vibrations of vehicle suspension system analyzed by T.-T.Fu and D.Cebon [6]. Methods of fatigue 
analysis of the stress history of irregular (non-harmonic) type in time domain, which are known 
in literature, are in practice associated with one of the cycle counting methods (including the 
“rain-flow” attempt) [5, 10, 15, 16] or the spectral methods [23–25]. Due to the existence of the 
two harmonic components with different frequencies in the bi-modal type stress histories, there 
are limited numbers of articles in which the methods dedicated for this case are proposed [2, 3, 6]. 

Due to the geometry of the structure, during its vibrations, the generated deformations 
are reason of the case of multiaxial stress. Fatigue analysis of such cases have been 
considered for several years with the application of different theories. The authors present 
only the part of the important articles in this topic, not thinking about doing a review of 
the completely state-of the art. Reviews and comparisons of different multiaxial fatigue 
theories can be found e.g. in [7, 9, 26, 28, 32, 33]. The commonly used criterions are based 
on: empirical equivalent stress approach – Pollard [8], stress invariants – Sines [31], average 
stress approach – Papadopoulos et.al. [26], critical plane methods – Carpinteri and Spagnoli 
[4], Dang Van [1, 15], Matake [21], McDiarmid [22], Liu and Mahadevan [17], Papadopoulos 
[27], energy – Łagoda [18]. The simplest way for fatigue analysis of the multiaxial type 
stress history is the determination of the equivalent mean stress, equivalent stress amplitude 
and the equivalent completely reversed stress [1, 5]. In Polish literature, the fatigue analyses 
of the cases of stress multiaxial are discussed e.g. in [16, 18–20, 25, 28, 29, 30].

The authors proposed an original method of the fatigue analysis for the bi-modal stress 
history, based on the idea of reconstruction of the histories in the time domain, called the 
direct spectral method [13, 14]. The preliminary ideas of application of the method for 
multiaxial stress histories were presented in [11, 12]. 

The aim of the paper is to present the possibility of application of the direct spectral 
method for cycle counting of the bi-axial stress in-phase history (simulation) and the 
multiaxial stress history out-of phase associated with the realistic case of the rail wheel. 

2. Basis of the spectral direct method for multiaxial stress

The bi-modal stress history can be theoretically defined in the form:
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where:
Ax,1, Ax,2, Ay,1, Ay,2, Az,1, Az,2, Axy,1, Axy,2, Axz,1, Axz,2, Ayz,1, Ayz,2  – stress amplitudes of the 
harmonic components for the stress tensor components,
w1, w2  –  angular frequencies of the harmonic components, 
jx,1, jx,2, jy,1, jy,2, jz,1, jz,2, jxy,1, jxy,2, jxz,1, jxz,2, jyz,1, jyz,2 – phases of the harmonic 
components for the stress tensor components.

With such a formulation, the component frequencies f1 and f2 and corresponding periods 
T1 and T2 can be obtained using the equations (2) and (3). 
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The basic assumptions and form of the application of the direct spectral method for bi-
modal waveforms for multiaxial stress can be described as follows:
–– Based on the values of periods T1 and T2, the so-called block of stress is determined, of 

which length (time range) TB depends on the ratio T1/T2. It is the smallest integer number 
of period T1, for which the ratio TB/T2 is an integer. In practical applications, this condition 
is satisfied approximately, hence assuming the value of TB, is an arbitrary decision. It 
depends on the precision of determination of T1 and T2, usually by the identification of 
frequencies f1 and f2.

–– The primary stress cycle – only one present within the block – has the stress amplitude 
equal to Ak,1 + Ak,2 for each stress component (where k = x, y, z, xy, xz, yz), and if not stated 
otherwise (e.g. constant value present in FFT function of stress’ signals, static assembly 
stress or thermal stress), the average stress value is equal to zero. This assumption is the 
basis for calculating the equivalent stress amplitude e.g. by the application of the Huber-
Mises-Hencky (von Mises) formula (5) [3] and then the equivalent complety reversed 
stress, e.g. Morrow’s type (6) [5].

–– The amplitudes of secondary stress cycles vary depending on the value Ak,2 and the 
leading waveform of frequency f1 for each component of stress tensor. Some of the 
identified cycles are not taken into account, when they do not have the full stress-cycle 
form. For the slow-changing waveforms of frequency f1 when comparing to frequency 
f2, the amplitudes of the secondary cycles are approximately equal to Ak,2. The acquired 
values are the basis to obtain the equivalent amplitude, e.g. by the application of the 
Huber-Mises-Hencky (von Mises) formula (5) [3], equivalent mean stress value, e.g. in 
the form of Sines stress (4) [3] and then to obtain the equivalent a completely reversed 
stress e.g. of Morrow type (6) [3]. 

–– The obtained data, which describes the identified stress cycles for a given waveform, 
are the basis for fatigue analysis using the chosen stress cumulative hypothesis, 
e.g. Palmgreen-Miner’s (7) [5]. 
In the analysis, the following parameters are used: equivalent mean stress value (Sines 

stress) (4), equivalent stress amplitude (according to the von Mises equivalent stress) (5), 
equivalent completely reversed stress (Morrow stress) (6).
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where:

σm  	 – 	 equivalent mean stress,
σ σ σ1 2 3, , ,, ,m m m  	 – 	 main values of mean stress,
σa  	 – 	 equivalent stress amplitude,
σ σ σ τ τ τx a y a z a xy a xz a yz a, , , , , ,, , , , , – amplitude stress components,
σar	 – 	 equivalent completely reversed stress,
σu	 – 	 ultimate stress,
N 	 – 	 total number of cycles identified in a block,
Ni 	 – 	 number of cycles with amplitude σi identified in a block, 
(Nf)i 	 – 	 number of cycles to damage for stress with amplitude σi (S-N curve), 
B 	 – 	 number of blocks,
TB 	 – 	 time length of block,
T 	 – 	 estimated lifetime.

3. Examples of cycle identification by the direct spectral method

3.1. Simulation of the bi-axial in-phase stress history 

Let us consider the case when the bi-axial stress’ components sx(t) and txy(t) are of the 
bi-modal type (9). The time histories are shown in Fig. 1. There are two active frequencies f1 
= 10 Hz and f2 = 50 Hz. Hence the block length is equal to TB = T1 = 0.1 s. The amplitudes of 
normal stress are equal to Ax,1 = 310 MPa and Ax,2 = 155 MPa. The amplitudes of shear stress 
are 10% of the suitable normal ones, hence Axy,1 = 31 MPa and Axy,2 = 15.5 MPa. It is assumed 
that material has ultimate stress equal to su=625 MPa. The identified equivalent completely 
reversed stress cycles after application of the spectral direct method are given in Table 1. 
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Fig. 1. Time histories of normal stress sx(t) – left and shear stress txy(t) – right

T a b l e   1

Identified cycles for one block of the analyzed bi-axial and bi-modal stress histories

Number
of

cycles

Normal stress Shear stress
Equivalent

mean
stress

Equivalent
stress

amplitude

Equivalent
completely
reversed
uniaxial

stress
Mean Amplitude Mean Amplitude

1 0 465 0 46.5 0 471.9 471.9

1 176.5 85.3 17.7 8.5 176.5 86.6 120.7

1 278.1 186.9 27.8 18.7 278.1 189.7 341.7

1 –176.5 85.3 –17.7 8.5 –176.5 86.6 86.6

1 –278.1 186.9 –27.8 18.7 –278.1 189.7 189.7

3.2. Analysis of the multiaxial out-of-phase stress history 

After P. Romanowicz and B. Szybiński [30], let us consider the interesting case when 
stress existing in a crane wheel, which is in contact with a rail, is of the multiaxial type, and 
the stress components are shifted in phase during contact. The shear stress tyz(t) are shifted 
in phase in comparison with the normal stress components sx(t), sy(t) and sz(t) – see Fig. 2. 
The same effect can be observed for the ball bearings [29]. The direct spectral method can be 
applied for finding the equivalent completely reversed stress for the one stress block. By one 
stress block, the variation of stresses during one rotation of wheel is understood (Fig. 2). For 
one stress block, two cycles are identified:
–– for maximal values of normal stresses (x/a = 0) – zero-to-tension;
–– for maximal values of shear stresses (x/a = 1) – completely reversed.

The detailed values of stress components used for the identification of completely 
reversed stress by the direct spectral method are given in Table 2.
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Fig. 2. Subsurface stress distribution on radius of Palmgren-Lundberg points for crane wheel;  
a – semi-axis of contact ellipse [30]

T a b l e   2

Identified cycles for a crane wheel

Number
of

cycles

Normal stress [MPa] Shear stress [MPa]
Equivalent

mean
stress
[MPa]

Equivalent
stress

amplitude
[MPa]

Equivalent
completely
reversed

stress
[MPa]

Comp. Mean Ampl. Comp. Mean Ampl.

1
sx
sy
sz

–360

–133

–125

360

133

125

txy
tyz
txz

0

0
 0

0

0
 0

–618 231 231

1
sx
sy
sz

–579

–235

–344

0

0

0

txy
tyz
txz

0

0
 0

0

376
0

–1158 651 651

The application of the other theories for the determination of the equivalent completely 
reversed stress leads to the values of equivalent completely reversed shear stress given in 
Tab. 3. After application of the von Mises relationship, the equivalent completely reversed 
normal stress given in Tab.  3 is estimated. The values estimated by the proposed direct 
spectral method are not far from those obtained by Papadopoulos 2, Crossland and energy 
methods, assuming that the ultimate stress for the material is equal to su = 1250 MPa, and 
elasticity limit is equal to Re = 1050 MPa. 
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T a b l e   3

Comparison of equivalent completely reversed stress

Theory

Equivalent
completely reversed

shear stress
[MPa]

Equivalent
completely reversed

(normal) stress
[MPa]

Papadopoulos 1 [30] 471 816

Papadopoulos 2 [30] 373 646

Crossland [30] 386 669

energy [30] 376 651

direct spectral – 651/231

 4. Conclusions

Fatigue analysis of engineering problems, when stresses are of the multiaxial type, is not 
easy and there is no representative fatigue hypothesis to estimate it. Moreover, the results of 
analyses are different for the application some of theories. 

The cases that were analyzed in this article make it possible to formulate the following 
conclusions:
–– The direct spectral method seems to be an alternative approach for counting the stress 

cycles of the multiaxial type. 
–– The direct spectral method can be formulated for the cases when components of the 

stresses are in-phase or out-of phase. 
–– The natural applications of the direct spectral method in fatigue analysis are the cases of 

the single-modal (harmonic) and the bi-modal stress process in the frequency domain.
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1. Introduction

The design of many linkage mechanisms consist of two main steps. The first one is 
choosing a structure of the mechanism and the second one is calculating geometric parameters 
[3, 12–14]. These parameters are mainly linear or angular dimensions of mechanism, work 
ranges of movable parts, etc. The generation of geometric dimensions is implemented in order 
to obtain assumed motion parameters according to their functions and purposes, including 
kinematical and dynamical analysis. For kinematic analysis, there are graphical, analytical 
and numerical approaches used so far [15]. In fact, currently, these methods come down to 
numerical calculations of nonlinear equation systems. Numerical methods can be based on an 
iterative process of solving nonlinear equations, for example by Newton–Raphson algorithm 
[2]. This algorithm uses analytical or graphical dependences for position calculations of 
mechanism parts or their joints, and then uses the method of finite increments to generate their 
velocity and acceleration. The numerical approach may also include a method based on the use 
of an expansion of the function into the trigonometric Fourier series. Other approaches, quite 
often used for geometric synthesis, are optimization based methods. The problem of optimum 
design of different mechanisms has a quite long history. Most of these problems are modeled 
by means of nonlinear programming [1, 2, 5–7]. In many cases, calculation of these models 
by means of conventional optimization methods might give worse solutions or be difficult, or 
even impossible. Thus, in the last two decades, evolutionary algorithms (EAs) have become 
an effective tool to solve difficult optimization tasks, including continuous, discrete and 
mixed ones. Searching for optimal geometric parameters of gripper linkage mechanisms 
is an example of such a complicated task. Moreover, the optimization problem can have 
a multicriteria character in which several criteria are to be considered, so the EAs can also be 
used to obtain the full set of Pareto optimal solutions (non-dominated solutions) while single 
run of the EA. According to the advantages of EAs mentioned above, there is the possibility 
of using EAs firstly for parametrical optimization of different mechanism structures and then 
for finding the best structure of robot gripper mechanism. The problem of finding the best 
structure of mechanism is not considered in the paper. During the parametrical optimization, 
different traditional and heuristic algorithms are compared in order to find the best method 
for the described problem. In general, the optimization problem of robot gripper mechanism 
can be formulated as follows: 
find:
	 x* = [x1

*, x2
*, ..., xI

*] 	 (1)
which will satisfy the K inequality constraints and J equality constraints

	 gk(x*) ≥0, for k = 1, 2, …, K	 (2)

	 hj(x*) = 0, for j = 1, 2, …, J	 (3)
and optimize the vector function:
	 f(x*) = min [f1(x), f2(x), ..., fN(x)] 	 (4)

where: x = [x1, x2, ..., xI] is the vector of decision variables, f(x) = [ f1(x), f2(x), ..., fN(x)] is the 
vector of objective functions. Elements of vector x represent the dimensions of robot gripper 
elements, whereas the elements of vector f(x) represent the optimization criteria.
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2. Problem formulation

The optimization problem is formulated as searching geometrical dimensions of the 
mechanism for the single criteria minimization of pattern deviation for the given force and 
displacement functional characteristics. The linkage mechanism is considered as an ideal 
one, with stiff elements and without friction forces in the joints.

2.1. Force and displacement dependences

Let us consider a gripper mechanism with the given kinematical structure as in Fig. 1. 
Force dependences are worked out for a static equilibrium for the whole range of mechanism 
movement.

Fig. 1. Scheme of a robot gripper mechanism

The geometrical dependencies of the gripper mechanism are presented in Fig. 2 and 
evaluated as follows:

	 Fig. 2. Geometrical dependencies of the gripper mechanism
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π
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	 y z e f cx, sin( ) = ⋅ + + ⋅ ( )( )2 η 	 (12)
The gripping force is calculated as follows:

	 F P z
P b

ck , ,
sin( ) cos

cos( )
x( ) = ⋅ ⋅ + ⋅ ( )

⋅ ⋅
α β η

α2
	 (13)

2.2. Optimization model of the gripper mechanism 

For the given dependences the optimization model is presented below. The vector of 
decision variables is: x = [a, b, c, e, f, l, δ]T, where a, b, c, e, f, l, are dimensions of the gripper 
and δ is the angle between the elements b and c.

The objective functions can be evaluated in general form as follows:

	 f z y z y z dz
z

1

2
x x, ,( ) = ( ) − ( )  ⋅∫ assumed  

	 (14)

	 f P y F y F P y dyk k
y

2

2
, , , ,x x( ) = ( ) − ( )  ⋅∫ assumed  

	 (15)

where:
–– the functions y zassumed ( )  and F yk

assumed ( ) are respectively assumed displacement 
and force patterns of functional characteristics,

–– min max ,Z z Z   min maxY y Y   are respectively lower and upper bounds of 
displacements z and y.

All the objective functions are to be minimized. 
Note that objective functions depend on the vector of decision variables and on the 

displacement z. Thus, for the given vector x, the values of the functions have to be evaluated 
for different values of z, which makes the objective functions computationally expensive and 
the problem becomes more complicated than a general nonlinear programming problem. 
From the geometry of the gripper and based on the mechanism movement, the following 
constraints can be derived:

	 g y z1 0( ) ,x x= ( ) ≥  for each z, were min max ,Z z Z  	 (16)
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	 g2 2
0( )x = + ≥α

π
 for each z, were min max ,Z z Z  	 (17)

	 g3 2
0( )x = − ≥

π
α  for each z, were min max ,Z z Z  	 (18)

	 g4 2
0( )x = + ≥η

π
 for each z, were min max ,Z z Z  	 (19)

	 g5 2
0( )x = − ≥

π
η  for each z, were min max ,Z z Z  	 (20)

	 h z a b l1 0( ) cos sinx = + ⋅ ( ) − ⋅ ( ) − =α β  for each z, were min max ,Z z Z  	 (21)

	 h a b e2 0( ) sin cosx = ⋅ ( ) + ⋅ ( ) − =α β  for each z, were min max ,Z z Z  	 (22)

3. Applied Methods of Solution 

The problem was considered as continuous nonlinear programming problem. In order to 
generate optimal solutions, the following three different algorithms were applied: 
–– conjugate gradient algorithm (CGA) [6, 10],
–– random search method (RSM) [6],
–– evolutionary algorithm (EA) [7, 9].

The gradient based method is used with the very well known rules:

	 x x xt t t t+ = + ∇1 α φ( )  	 (23)

where: αt is the step length, ∇φ( )xt  is the gradient of φ( )xt  at the point xt and is given using 
the formula:

	 φ x x x x,r f r h r G gm
m

M

k k
k

K

( ) = ( ) + ( )  + ( ) 
= =
∑ ∑

1

2

1

2

	 (24)

where: Gk is the Heaviside operator such that Gk = 0 for gk x( )  ≥ 0 and Gk = 1 for gk x( )  < 0, 
r is a positive multiplier, which controls the magnitude of the penalty terms.

The calculations for each run were carried out using several different starting points x0, 
the step αt and number of iterations were assumed automatically in order to achieve assumed 
accuracy equal to 0.000001, multiplier r =10 000.

As the random search method, the most common exploratory algorithm called Monte 
Carlo is used. In the method, a certain number of points is picked at random over the 
estimated range of all variables. This may be done formally by obtaining the randomly 
selected value xi from the following formula:

	 x x x xi i
l

i i
u

i
l= + −( )ρ 	 (25)

where:	
xi
l  	 – 	the estimated lower bound of xi, 
xi
u  	– 	the estimated upper bound of xi, 

ρi 	 – 	a random number between zero and one.
For the above formula, there were 40 000 points generated and compared.
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As the evolutionary algorithm, the tournament selection based one is used [7, 9]. It 
does not require calculation of the criterion and constraints functions in any situation, so 
calculations can significantly speed up. The principle of operation is as follows:
–– If both solutions are outside of the feasible region, the one which is closer to this region 

is selected for the next generation. The values of the objective function are not calculated 
for either of the solutions.

–– If one of the solutions is in the feasible region and another one is out of this region, the 
one which is in the feasible region is selected for the next generation. The values of the 
objective function are not calculated for either of the solutions.

–– If both solutions are in the feasible region, the one with the better value of the fitness 
function is selected for the next generation.
Parameters for the evolutionary algorithm: crossover rate RC = 0.6, mutation rate RM = 0.01, 

population size J = 100, number of generations T = 400.

4. Results of optimization process 

The optimization process was run using the following data:
–– Side constraints:

0 ≤ a ≤ 100, 0 ≤ b ≤ 100, 10 ≤ c ≤ 100, 0 ≤ e ≤ 100, 0 ≤ f ≤ 100, 0 ≤ l ≤ 100, 0 ≤ δ ≤ 3.14.
–– Additional parameters:

actuator movement ranges Zmin = 0 mm, Zmax = 50 mm, actuator force P = 100 N.
The aim of the optimization was to find linear and angular dimensions of the linkage 

mechanism for the assumed force and displacement functional characteristics. The obtained 
results are presented in Table 1 to 4. The comparison between the assumed patterns of 
functional characteristics and charts given from generated optimal solutions are shown in 
Fig. 3 to 10. The comparison shows that there is a possibility to improve the parameters of the 
gripper mechanism using a suitable optimization procedure. Note that sequential methods 
failed during calculation, so they cannot be used for finding optimal gripper mechanisms. 
Random search method and evolutionary algorithm were used for the same number of 
function calls. For both methods, calculations took a few minutes.

T a b l e  1

Generated optimal solutions for the assumed linear pattern of the ends displacement

Method f1(x, z) a
[mm]

b 
[mm]

c
[mm]

e
[mm]

f
[mm]

l
[mm]

δ
[rad] Constraints

EA 53.68 36.49 46.82 65.01 65.16 0.02 51.91 0.80 satisfied

RSM 733.57 76.27 69.45 56.38 45.31 8.01 53.30 0.25 satisfied

CGA – – – – – – – – failed
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T a b l e  2

Generated optimal solutions for the assumed nonlinear pattern of the ends displacement

Method f1(x, z) a
[mm] b [mm] c

[mm]
e

[mm]
f

[mm]
l

[mm]
δ

[rad] Constraints

EA 1712.43 36.94 59.93 72.07 82.34 0.02 51.02 0.76 satisfied

RSM 4053.38 42.72 50.46 70.45 64.45 22.82 64.40 0.57 satisfied

CGA – – – – – – – – failed

Fig. 3. Comparison of the displacement characteristics for the assumed linear pattern of the ends 
displacement (generated by EA)

Fig. 4. Comparison of the displacement characteristics for the assumed linear pattern of the ends 
displacement (generated by RSM)

Fig. 5. Comparison of the displacement characteristics for the assumed nonlinear pattern of the ends 
displacement (generated by EA)
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Fig. 6. Comparison of the displacement characteristics for the assumed nonlinear pattern of the ends 
displacement (generated by RSM)

T a b l e  3

Generated optimal solutions for the assumed constant value of the gripping force

Method f2(x, z) a
[mm]

b 
[mm]

c
[mm]

e
[mm]

f
[mm]

l
[mm]

δ
[rad] Constraints

EA 711.61 89.00 45.00 29.20 100.00 62.90 50.00 1.30 satisfied

RSM 7092.21 84.40 67.60 34.10 82.4 25.40 50.60 1.10 satisfied

CGA – – – – – – – – failed

T a b l e  4

Generated optimal solutions for the assumed nonlinear pattern of the gripping force

Method f2(x, z) a
[mm] b [mm] c

[mm]
e

[mm]
f

[mm]
l

[mm]
δ

[rad] Constraints

EA 1928.61 89.60 100.00 10.00 65.80 57.10 50.70 0.50 satisfied

RSM 270690.01 53.90 52.70 10.60 74.50 48.50 50.50 0.80 satisfied

CGA – – – – – – – – failed

Fig. 7. Comparison of the force characteristics for the assumed constant value of the gripping force 
(generated by EA)
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Fig. 8. Comparison of the force characteristics for the assumed constant value of the gripping force 
(generated by RSM)

Fig. 9. Comparison of the force characteristics for the assumed nonlinear pattern of the gripping force 
(generated by EA)

Fig. 10. Comparison of the force characteristics for the assumed nonlinear pattern of the gripping 
force (generated by RSM)

5. Summary

The experiments presented above indicate that the proposed optimization procedure 
can significantly improve functional parameters during the synthesis of the griper 
mechanism, especially the force and displacement characteristics. This approach has 
a universal character and can be used for different mechanisms. The obtained results show 
that conventional methods fail or give worse solutions. The conjugate gradient algorithm 
(CGA) was not able to generate any solution during all runs of the optimization procedure 
for several different starting points. The reason was a discontinuous type of the optimization 
model for fairly wide ranges of geometrical parameters. So, it yields that for parametrical 
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optimization of linkage mechanisms, the use of gradient based methods is very riskful or 
impossible. The random search method gave feasible solutions, but they were far from the 
best. It seems the most suitable method to solve such problems is an evolutionary algorithm. 
In addition, evolutionary algorithms allow considering a multicriteria parametrical 
optimization. Note that, for the given kinematical structure of the linkage mechanism, the 
applied optimization algorithms were not able to find the solution, which has got the ideal 
mapped patterns of functional characteristics. It means that for generating solutions with 
the functional characteristics similar to the patterns, different kinematical structures of the 
mechanism have to be considered. 
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NUMERICAL ANALYSIS OF THE MANDIBULAR 
RECONSTRUCTION WITH THE USE OF AUTOGENOUS 

BONE GRAFT AND DENTAL IMPLANTS

ANALIZA NUMERYCZNA REKONSTRUKCJI ŻUCHWY 
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IMPLANTAMI STOMATOLOGICZNYMI
A b s t r a c t

The article refers to some issues of the mandible reconstruction in the region of chin with the method 
involving dental implants introduced for teeth restoration. 12 models are created, which take into 
account three different graft materials (iliac crest, fibula and rib) and two various implant lengths (13 and 
18 mm). The authors try to answer the question how the parameters of the introduced implants affect 
the distribution of the strain intensity in the mandible, both in the implantation area and at its border 
with autogenous graft. Also, the distribution of equivalent stress in the reconstruction plate and dental 
implants is analyzed.
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S t r e s z c z e n i e

Praca dotyczy problematyki rekonstrukcji żuchwy w rejonie bródki z wykorzystaniem metody polega-
jącej na wprowadzeniu implantów stomatologicznych pod odbudowę uzębienia. W artykule stworzono 
12 modeli uwzględniających zastosowanie trzech różnych materiałów na przeszczep (kości biodrowej, 
strzałkowej i żebra) oraz dwie różne długości umieszczonych implantów (13 i 18 mm). Autorzy podjęli 
próbę odpowiedzi na pytanie, w jaki sposób parametry wprowadzonych implantów wpływają na rozkład 
intensywności odkształcenia w kości żuchwy w obszarze implantacji oraz na granicy z przeszczepem 
autogennym. Analizie poddano również rozkład naprężenia zredukowanego w płycie rekonstrukcyjnej 
oraz implantach stomatologicznych.
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1. Introduction

Partial resection of the mandible becomes a necessary surgery in the case of extensive 
cancerous changes or severe traumatic lesions. The lack of bone continuity results in the 
move of mandibular parts upwards and paracentrically due to the action of stomatognathic 
system muscles. This causes significant defects, both functional (speaking and chewing 
problems) and aesthetic (face deformation). Therefore, reconstruction using bone graft must 
be performed [8].

The reconstruction of the mandible is an extremely difficult task, and despite the 
existence of many surgical techniques, none of them have been described as the perfect 
clinical method [11]. Slooffa’s studies on the graft healing process enabled the identification 
of factors affecting its quality and duration time. These are: stabilization of the recipient’s 
bone graft, a vast contact area between the graft and the bone tissue of the recipient, regular 
blood supply around the transplant and mechanical strength of the graft enabling load 
transmission [28].

One of the most important clinical problems is the size of the removed part of the mandible 
together with its location. The worst condition for the reconstruction of mandibular defects are 
caused by cavities in a part of the chin, because excision of a fragment with the mouth front 
part and muscles causes displacement of the other parts of the mandible [15]. Filling the cavity 
in this part involves the reconstruction of both the continuity and the curvature of a bone [20]. 
At the same time, reconstruction of the large fragments of mandible reduces the possibility 
for subsequent full rehabilitation of the stomatognathic system. Therefore, the aim of the 
restorative surgery should be rebuilding the prosthetic base and intraosseous dental implants 
introduced for subsequent full teeth restoration. Bone graft must ensure sufficient width and 
height for the introduced implants of length appropriate in order to maintain the designed 
prosthesis during functional loading for a long time [6, 21, 24].

In present-day maxillofacial surgery, as the treatment of choice, autogenous grafts from 
the iliac crest stabilized with titanium, reconstructive plates are predominantly used. In the 
case of reconstruction of the chin part, free tibia graft is mostly preferred due to the possible 
extensive osteotomies, which ensure accurate formation and curvature of the graft [20]. 
The most common types of implants for restoration are intraosseous, either rotationally-
symmetric or cylindrical, or various threads that are screw-shaped, directly connected with 
a bone subjected to functional load [13].

FEM analysis of stresses and strains distribution in the mandible and around implants 
placed in it is an important issue in dental engineering. In most published papers, only 
models of small bone sections with implants placed in it are analyzed [1, 14, 18, 22, 23, 29–
32, 34, 35]. It does not allow for the assessment of stresses and strains in the mandible after 
the surgical removal of the bone part. The authors of those papers tried to evaluate the stress 
in implants and compare the values of selected strength indicators in the mandible with teeth 
and introduced dental implants. There are also numerical simulations, in which the entire 
(not reconstructed) mandible with implants was analyzed [2, 3, 5, 7, 10, 19, 33] and also 
models, which analyzed only the reconstructed mandible with the bone graft [12, 26, 27]. 
The inspiration for the creation of this paper was the lack of simulations for simultaneous 
mandibular reconstruction and implant dentistry. 
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2. Aim of the work

The aim of this paper is to evaluate how the parameters of the embedded dental implants 
affect the distribution of the strain intensity in bone and graft. A model of the mandible 
with autogenous graft and dental implants introduced for teeth restoration is created. The 
authors try to evaluate the conditions for possible bone union on the mandible-graft border 
under physiological load in the area of front teeth based on selected strength parameters. 
FEM analysis is applied to determine the necessary conditions in order to begin the bone 
remodeling process. The aim is achieved based on analysis of strain intensity distribution in 
the bone and the von Mises stress distribution in the dental implants.

3. Material and method

The numerical model of the mandible with the graft is created using FEMAP software 
and based on the clinical case in which the osteotomy lines were carried out in the region of 
the mental foramen, between the canine and the first molar. The finite element model of the 
mandible is created based on a specimen obtained post mortem. The mandible geometry 
is modeled with points which coordinates are measured in a coordinate system. The 
asymmetry of the removed bone is taken into account. Four cases of the mandible continuity 
restoration with three various autogenous grafts, as a block of bone taken from fibula, iliac 
crest and rib, are considered. The following cases relate to various dimensions of the implant 
(Tab. 1). A 13-hole 2,4 Synthes reconstruction plate and 10 UniLock screws are modeled.

Callus, formed in the process of healing, is modeled as a body with a thickness of 0.1 mm. 
Four titanium implants are introduced into the graft. The created spatial configuration 
corresponds to the restored incisors – ones and twos (31, 32, 41, 421). The designed implant 
models are based on the shape and dimensions of a typical dental implant and simplified 
to truncated cones as shown in Fig. 1. Additionally, at the top of each implant, a ceramic 
element is created for a prosthetic superstructure. Fully bonded interfaces are assumed 
between the bone and implant, simulating complete osseointegration. The dimensions of the 
dental implant are given in Table 1.

Fig. 1. Shape and dimensions of the implant and its FE model

1	 Viohl’s dental notation.
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The model is meshed using 10-node solid tetrahedral elements in Ansys. The final model, 
depending on the case, comprises approximately 64 000 elements (DOF 120 000). 

T a b l e  1
Dimensions of the implants

Case
Dimensions [mm]

a b c g h

I
3.0 2.5

18

1 5
II 13

III
4.5 4.0

18

IV 13

The load scheme assuming the muscles action is adopted as the closest to the 
physiological conditions of stomatognathic system work. The load scheme is modeled on the 
following assumptions:
–– the actions of four muscles are considered, i.e., the temporal (T), masseter (M), medial 

(MP) and lateral pterygoid (LP) muscles (Fig. 2);
–– forces are applied at the site of muscle insertion, consistently with the size of the 

respective insertion area; directions of forces are based on literature data [27]; 
–– the load model includes typical, physiological bite forces; 
–– simplified temporomandibular joint, composed of the articular disc and temporal bone 

fragment, is modeled.
As a result of the adopted scheme load (biting on the front teeth), the applied constraints 

involve the blockage of translational movements in all directions. The constraints are applied 
on the upper surfaces of the modeled, simplified temporomandibular joints and titanium 
implants placed into the bone graft (Fig. 2).

Fig. 2. The model of the mandible with forces and constraints applied 
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The total value of force applied by the muscles is assumed as 100 N, which is in 
the range adopted by other authors: 50÷150 N [2, 3, 19, 27]. The use of different bone 
materials is modeled by changing the material constants as shown in Tab. 2. The 
mandible is assumed to be a homogenous, isotropic and linearly elastic material. Such an 
approximation is based on the fact that strain-stress analysis not only takes into account 
the bone structure, but also the mandible-plate reconstruction-dental implant scheme (the 
latter two ar isotropic materials). Also, in the case of the mandible, the orthotropy ratio 
is smaller than that for the long bones, which approaches mandible structure to isotropic 
material [25]. The trabecular structure of the bone is not included. This approach is 
motivated by the fact that the mandible is composed mostly of a cortical structure, which, 
according to literature [9], may account for up to 79–89% of the entire bone. It is assumed 
that the bone strength corresponds to the compact bone tissue (cortical bone). Hence, it 
is assumed that the model of the mandible is made entirely of isotropic material (cortical 
bone), and the resulting stress distribution depends on the geometry of the mandible. At 
the same time, used for further analysis, H-M-H hypothesis refers to isotropic materials. 
The simulations are performed for the Young modulus of the callus equal to 200 MPa, 
which corresponds to the final stage of the bone healing process (after approx. 6–8 weeks). 
Changes in the tissue of the mandible, graft, reconstructive plate and implants induced by 
physiological load are evaluated on the basis of selected strength parameters, i.e. strain 
intensity and equivalent stress. 

T a b l e  2
Material constants used in analyses 

Material Young modulus E 
[MPa] Poisson ratio ν References

mandible 18000 0.32 [17]

graft [16]

iliac crest 8000 0.35 [16]

rib 11500 0.30 [16]

fibula 21100 0.30 [16]

callus 200 0.40 [17]

articular disc 50 0.45 [5]

temporal bone 15000 0.32 [5]

reconstruction plate (Ti-6Al-7Nb) 108000 0.30 [25]

screws (Ti-6Al-7Nb) 108000 0.30 [25]

dental implants (Ti-6Al-4V) 110000 0.30 [25]

ceramic (ZrO2) 210000 0.19 [25]
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4. Results

The results of the analyses are presented in the form of a bar graph and stress/strain 
maps. The exertion of the reconstruction plate is described by the values of reduced 
stress calculated according to the Huber-Mises-Hencky hypothesis σHMH MPa. Stress 
analysis enables the assessment of the relationship between the occlusal load and stress 
distribution in the implants. The exertion of mandibular hard tissues and autogenous grafts 
is determined based on the values of the strain intensity εint. Changes in strain values are the 
most important factors, which stimulate adaptive responses of the bone tissue, associated 
with mechanical deformation field [25]. The interaction between the implant and the graft 
is evaluated. The implant thread is not modelled because of the lack of the trabecular 
structure. Also, the analysis is carried out for complete osseointegration when the movement 
between the bone and the implant can be neglected. The authors try to determine the extent 
to which physiological load affects the response of bone tissue at various geometrical 
parameters of implants. The more detailed model of the thread would be significant if the 
process of the osseointegration was the main aim of the analysis. Here, it is assumed that the 
osseointegration is completed.

The analyses are carried out for left (LOL) and right (ROL) osteotomy lines between 
the mandible and graft and in the region of titanium implants’ contact with the transplant 
because these are the areas where processes of failure or overloading of bone tissue are 
observed.

Fig. 3. The maximum value of the strain intensity in the mandible, graft and around implants 
depending on the type of autogenous graft in the case I

In all four cases, both for the entire mandible and on the border with the graft (left and 
right osteotomy line), the maximum strain intensity values in the mandible are observed 
in the range of physiological equilibrium (2÷20 × 10–4). Depending on the particular case 
(Table 1) and the material used for reconstruction, the εint differences are approx. 8%. For case 
I, the region of highest exertion of the mandible is located in the left osteotomy line (Fig. 3), 
while in other cases, it is met in the area of the right line osteotomy. However, the values of 
the strain intensity remain on a similar level in all regions. The strain intensity values are 
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within the range of physiological equilibrium only in the case of using transplant material 
obtained from the fibula. For the other bone materials, εint reaches the values corresponding 
to the mineralization increase (20÷40 × 10–4). The region of the greatest exertion in the graft 
is located in the area near the right osteotomy line in case I, independently of the bone graft 
material, and in cases II, III and IV in which the material obtained from the fibula is used for 
reconstruction. In contrary, in other cases, the maximum value of εint is located in the region 
of the hole closer to the LOL, where the fixing screw is placed (Fig. 4).

The region of the greatest exertion in the graft-implant area is located near tooth 31 or 41, 
regardless of the geometry of the used implant and graft material. Thus, these parameters 
have no effect on the εint maximum values and the exertion region in the bone.

Fig. 4. εint distribution in graft tissue and at the bone-implant border for the case II with a bone 
material obtained from the rib

The stress concentration in the reconstruction plate is located near the border between the 
mandible and graft (LLO) at the point of contact with the screw. In the cases when implants 
with top diameter of 3.0 mm are used, the region of greatest exertion in the reconstruction 
plate is located on the side of the mandible (Fig. 5), whereas for implants with top diameter 
of 4.5 mm – on the side of the graft. The maximum values of the equivalent stress are in the 
range of 138–175.8 MPa. Such values remain below the yield strength for the titanium alloy 
and do not cause destruction of the plate.

Fig. 5. Equivalent stress distribution in the reconstruction plate and dental implants in case I with iliac 
crest graft used for transplantation (front view)
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The maximum stress value in implants occurs in the same place (area of the tooth 42 
in the lower part of the tongue side) for all cases, regardless of the geometry of the implant 
and the type of bone material used for transplantation. Introduction of implants with top 
diameter of 4.5 mm (case III and IV) results in an almost double increase of the maximum 
stress value in the implant in relation to case I and II (Tab. 3). Although, it does not affect the 
qualitative distribution of the equivalent stress.

T a b l e  3 

The maximum equivalent stress σHMH in reconstruction plates and implants depending  
on the autogenous graft type

Case I Case II Case III Case IV

Reconstruction plate – maximum equivalent stress σHMH [MPa]

iliac crest 138.2 138.8 148.8 153.7

fibula 142.1 138.0 170.0 175.8

rib 141.2 138.7 144.3 138.1

Dental implants – maximum equivalent stress σHMH [MPa]

iliac crest 49.3 40.2 81.2 104.4

fibula 48.3 38.2 72.1 92.3

rib 45.5 33.9 74.7 83.6

5. Conclusions

Biomechanical analysis of the mandible-graft-reconstructive plate allows for the 
assessment of the treatment in terms of the proper work of the reconstructed stomatognathic 
system. Based on numerical simulations, it is possible to determine the necessary conditions 
for the initiation of the healing process and to analyze the mandible remodeling during 
healing. The usage of free bone grafts allows dental implants’ introduction for the purpose 
of prosthetic rehabilitation. It enables early dental implants’ partial loading, which can cause 
perigraft bone structures targeted layering.

The analysis showed that the type of bone material used for the reconstruction has an 
impact on the strain observed at the border of the mandible-graft and in the area between 
dental implants and the graft. The highest values of the strain intensity (εint) are observed for 
material taken from the iliac crest.

The geometrical dimensions of the implants have no significant impact on the value of εint 
in the mandible – with a load of 100 N, it remains in the range of physiological equilibrium. 
According to the hypothesis of a mechanical stimulator of bone tissue remodeling process, 
the range of values for a physiological equilibrium is 2÷20 [× 10–4] [25].
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Increasing the implants’ diameter does not significantly affect the equivalent stress 
distribution in the implant, although it causes almost double increase of its maximum 
value, but does not exceed the yield strength value for titanium alloy. The differences in the 
materials used as graft and implant dimensions have no significant impact on the value of the 
maximum stress in the reconstruction plate in cases I and II (the difference does not exceed 
2%). In cases III and IV, where fibula graft is used for reconstruction, the obtained equivalent 
stress σHMH values are higher by approx. 12% for longer dental implants (18 mm) and 21% for 
the shorter (13 mm), compared to other graft materials. However, according to other authors, 
fibula graft creates favorable conditions for the maintenance of intraosseous dental implants 
and subsequent prosthetic rehabilitation based on implants’ introduction [24].
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DURABILITY OF HYDRAULIC CLUTCHES FILLED  
WITH ELECTRORHEOLOGICAL FLUIDS
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Z CIECZAMI ELEKTROREOLOGICZNYMI

A b s t r a c t

The paper presents the results of experimental tests  concerning the durability of two devices, using three 
different electrorheological fluids as working fluids. They were: a cylinder viscous brake and a dual clutch, 
consisting of a cylinder viscous clutch and a hydrokinetic clutch. The concept of the control of devices filled with 
electrorheological working fluids involves the impact of the electric field of variable intensity on the working 
fluid and thus causes changes of sheer stress in it. It also changes the transmitted torque. The studies show 
that the most important factors affecting the durability of a viscous brake and a dual clutch are: sealing of the 
workspace, including the electrorheological fluid, electrorheological fluid type, electrodes and electrical wire 
insulation, supplying high voltage from the power supply. Another essential factor is that the durability of the 
electrorheological fluid, defined by the rate of wear, is found within the ranges reported in the literature and does 
not differ significantly from the magnetorheological fluid durability.

Keywords: Durability, viscous clutches and brakes, hydrokinetic clutches,  adaptive fluids 

S t r e s z c z e n i e

W artykule przedstawiono wyniki badań eksperymentalnych trwałości dwóch urządzeń, w których zastosowa-
no trzy różne ciecze elektroreologiczne jako ciecze robocze. Były to: wiskotyczny hamulec cylindryczny oraz 
sprzęgło zespolone, składające się z wiskotycznego sprzęgła cylindrycznego i sprzęgła hydrokinetycznego. 
Koncepcja sterowania urządzeń z elektroreologicznymi cieczami roboczymi polega na oddziaływaniu polem 
elektrycznym o zmiennym natężeniu na ciecz roboczą i wywoływaniu w ten sposób zmian naprężeń stycznych 
w cieczy roboczej, a tym samym zmian przenoszonego momentu obrotowego.Z przeprowadzonych badań wy-
nika, że najistotniejszymi czynnikami wpływającymi na trwałość hamulca wiskotycznego i sprzęgła zespolo-
nego są: uszczelnienie przestrzeni roboczej, w której znajduje się ciecz elektroreologiczna, rodzaj cieczy elek-
troreologicznej, izolacja elektrod i przewodów elektrycznych, doprowadzających wysokie napięcie z zasilacza 
oraz że trwałość cieczy elektroreologicznych, zdefiniowana za pomocą stopnia zużycia, mieści się w zakresach 
podawanych w literaturze. Ponadto nie odbiega znacznie od trwałości cieczy magnetoreologicznych.
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1. Introduction

Currently, the main direction of research and development concerning machine drive 
systems is to improve the design of their components, such as clutches, brakes or gears. The 
application of new hydraulic fluids causes the progress of clutches and brakes. Due to the 
issue of increasing demands concerning drive units, which is connected with the increase 
of machine efficiency, new components must be very durable. The durability is defined as 
the machine’s ability to preserve the functionality in the required conditions of its use. The 
device durability has an essential impact on its reliability.

Hydraulic clutches consist of a driving part, combined with an input shaft, a driven 
part, connected to the output shaft, and a working fluid. There are two basic types of 
clutches: viscous and hydrodynamic ones. In viscous clutches, driving and driven parts are 
connected together due to the friction caused by shear stresses τ in the working fluid, while 
in the hydrokinetic clutches, the torque is transmitted from the pump impeller to the turbine 
impeller, using the kinetic energy of the working fluid. 

Due to the workspace shape, the following can be distinguished: viscous couplings – 
cylindrical and disc clutches and hydrodynamic ones, including or not including the inner 
ring. By immobilizing the driven part of the hydraulic clutch, it can be converted into  
a hydraulic brake. 

Working fluids called adaptive fluids or smart fluids, in which the shear stress can 
be changed by means of an electric current [1, 2], are used in hydraulic clutches and 
brakes. They are: electrorheological fluids that are activated with the electric field and 
magnetorheological fluids activated with the magnetic field. The concept of hydraulic clutch 
control filled with these fluids is based on the interaction of the electric or magnetic field of 
variable intensity on the working fluid and thus inducing shear stress changes in the working 
fluid and consequently changes of the transmitted torque [3, 4].

Considering the composition, both electrorheological and magnetorheological fluids 
are divided into heterogeneous fluids, consisting of a solid phase and a liquid phase and  
a homogeneous fluids. Heterogeneous fluids are mostly used in hydraulic clutches. The solid 
phase in this type of fluid is present from 20% to 80%, and from 5% to 50% as far as volume 
is concerned. The increase in shear stress in heterogeneous fluids, when being influenced by 
electric or magnetic fields, is caused by the creation of spatial structures hindering the flow 
of the mixture.

Solid particles of heterogeneous adaptive fluids are about a few micrometers in diameter 
and are made (in case of electrorheological fluids) of materials that are polarized when 
influenced by an electric field. They can also be made of inorganic materials (metal oxides, 
zeolites, glass) or organic ones (starch, resins, rubber, polyaniline, polyphenylene). In the 
case of magnetorheological fluids, they are made of materials with ferromagnetic properties 
[5–8]. A non-conductive liquid, typically oil or silicone oil, is used as a liquid phase. These 
fluids also contain various types of additives modifying their properties (water, inorganic 
salts, acids, alcohols, esters). These additives prevent particle sedimentation and combination 
so that they can be used in a wide range of temperatures and with considerable accelerations.

In viscous clutches and brakes including electrorheological fluids, in order to generate 
an electric field, electrodes, which are also elements of driving and driven parts of the 
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clutch, are used. On the contrary, to induce a magnetic field in the clutches and brakes of 
magnetorheological fluids, it is necessary to use additional electromagnets. For these reasons, 
clutches and brakes including electrorheological fluids have a much simpler construction. 
The disadvantage of these clutches and brakes are their bigger dimensions in comparison 
with clutches and brakes including magnetorheological fluids, resulting from the fact that 
the maximum shear stress, possible to obtain during the activation, is several times greater in 
magnetorheological fluids than in electrorheological fluids. It is possible to obtain the range 
of shear stress changes, which can be influenced by means of an electric current through the 
formation of one of the physical fields. It allows for over one hundred times more precise and 
continuous variation of the torque transmitted by viscous clutches or brakes.

Up till now, a number of clutches and brakes using electrorheological or magnetorheological 
fluids as working fluids [9–13] have been developed and tested. However, in mass-produced 
machines, these clutches are rarely used [14]. For this reason, there are no experiments 
connected with the durability of such clutches and brakes.

2. Review of literature concerning the durability of equipment  
including adaptive fluids 

Previous studies concerning the durability of devices filled with adaptive fluids have 
concentrated mainly on studying clutches and dampers, referring to the fluid durability, 
whole devices or their components.

The authors of the publication [15] suggest two reasons for the electrorheological fluid 
degradation: high operating temperature and the phenomenon of electrolysis, caused by the 
flow of the electric current through the liquid. During the process of electrolysis, chemical 
reactions may occur, resulting in the decomposition of water, and oxidation or reduction 
of the material, of which adaptive fluid particles are made. The corrosion of the electrode 
material might also occur. As it is seen from the example given in the publication, the water 
content of the electrorheological fluid sample may be reduced up to 1% when the current 
flow is 10 mA for 600 hours. The change of the electrorheological fluid property can also 
be caused by the degradation of inorganic salt particles added to electrorheological fluids 
in order to improve their electrical conductivity. In this case, a decrease of shear stress τ in 
the electrorheological fluid can be noticed. For the fluid consisting of polymer particles and 
silicone oil, the shear stress decrease may be τ approx. 40% when the current flow is 50 mA 
for 3 hours.

In the paper [16], the impact of the temperature on the shear stress τ in the newly 
developed electrorheological fluid, consisting of polyurethane particles and silicone oil, has 
been studied by means of reometer, which has a special construction. It was found that the 
detention of the liquid for 1000 hours at a temperature below 60°C does not change the shear 
stress value, but instead raises the temperature to:
–– 100°C decreased the value of shear stress by 50% after 100 hours,
–– 120°C decreased the value of shear stress by 40% after 4 hours.

On the basis of the durability of the linear damper including the magnetorheological 
fluid, it has been found that the first sign of the magnetorheological fluid wear is the value 
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increase of the coefficient of dynamic viscosity in time, due to the particle disintegration 
[17]. Moreover, it has been established that the destruction of even a small number of solid 
particles causes a significant increase in the coefficient of dynamic viscosity. The problem of 
the low durability of particles has been solved by changing the way they are received.

In the paper [18], a pin-on-disc wear apparatus has been used to carry out the tribological 
experiment for the magnetorheological liquid. It has been found that the sample wear rate 
with the magnetic field is higher than without it. The wear rate is in proportion to the rotating 
speed and rotating load.

In a similar manner, the magnetorheological fluid, intended for the use in a damper, has been 
tested [19]. Experimental studies consisted of the oscillating motion of the piston rod in a groove 
cut in a cube made of sealing material filled with magnetorheological fluid or  a typical hydraulic 
oil. The load was 80 N, the amplitude was 7 mm, and the oscillation frequency was equal to 10 
Hz. The test duration varied and ranged up to 48 hours. The piston rod wear was evaluated on the 
basis of measuring its surface roughness. After conducting the experiments, it was found that the 
measured wear of the piston rod is much greater when the magnetic fluid is used.

In [17, 20] papers, a method has been suggested for determining the durability of the 
magnetic fluid by means of S wear degree on the basis of the energy (converted into heat 
during the device operation) ratio, to the fluid volume, defined as:

	 S
V

Pdt
t

= ∫
1

0

 	 (1)
where:

P 	 – 	 the power converted to heat, 
V 	 – 	 liquid volume, 
t 	 –	  time. 

It has been assumed that the device works properly when the condition is fulfilled: 

	 S >  	 (2)

where:
Sb 	– 	 limit value of the wear degree for the magnetic liquid from 105 J/cm3 to 107 J/m3.

A new electrorheological fluid studied in the paper [16] has been investigated in  
a damper. During the tests, the damper piston travelled 40 km, and the damper filled with 
200 ml of liquid 1.7 × 107 J scattered the energy, which means that the wear degree S defined 
in the papers [17, 20] was equal 0.85 × 105 J/cm3. After the tests have been completed, no 
degradation of the electrorheological fluid, seal damage, or other elements of the damper 
have been found.

The publication [14] presents the results concerning the research on the durability of the 
clutch filled with magnetorheological fluid, destined for the drive of the cooling system fan 
used in a vehicle. The durability test has been based on the clutch work, operating on the 
test rig for 500 hours at various speeds of the input shaft (600, 1600, 2000, 2700 rev/min). 
The torque transmitted by the clutch is proportional to the square of the angular velocity of 
its input shaft. After the completion of the test, no changes in the clutch performance were 
noticed. The degree of the adaptive liquid S wear, defined in papers [17, 20], was equal to  
7.3 × 107 J/cm3.
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According to the results of the studies, the most important factors affecting the durability 
devices filled with adaptive fluids are: 
•	 electrorheological fluid (quantity, composition, particle construction),
•	 fluid working conditions (temperature, the amount of dissipated energy, ambient humidity),
•	 construction of the device (sealing, materials).

It should also be pointed that, currently, there is no uniform method for testing the 
durability of devices filled with adaptive fluids. The values of wear degree S calculated 
for the tested clutches and dampers exceed the value range of values from 105 J/cm3 to cm3 
to 107 J/cm3 suggested in the publication [17, 20]. It indicates the need for further research 
concerning ways of evaluation of durability of devices filled with adaptive fluids. Therefore, 
when implementing devices filled with new adaptive fluids, it is necessary to develop tailor-
made durability tests.

3. Mathematical relationships used to assess the durability of clutches and brakes 
filled with adaptive fluids

In hydraulic clutches and brakes, both cylindrical and disc, the value of the transmitted 
torque M is proportional to the shear stress τ in the liquid and the value of angular velocity to 
sheer rate γ.  The following dependencies are practically used for clutches and cylindrical 
brakes [21]:

	 τ
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ω
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−

r
r r
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2 1
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2 1
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where:
r1 	– 	the radius of the inner cylinder,
r2 	– 	the radius of the outer cylinder, 
b 	 – 	width of the cylinders,
ω 	– 	relative velocity of cylinders, Fig. 1.

Fig. 1. Scheme diagram of the viscous clutch or brake: 1 – stationary cylinder, 2 – driven cylinder,  
3 – gape filled with electrorheological fluid
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Rheological properties of adaptive fluids are usually presented by means of dependencies 
of shear stress τ, occurring in the fluid, to shear rate γ.  The product of these two quantities 
determines the power P of the clutch or brake assuming constant working conditions, related 
to the volume V of the used fluid:

 	 τ γ =
P
V

	 (5)

During design calculations of hydraulic clutches and brakes filled with adaptive fluids, 
Bingham model is often used. There, the shear stress τ in the fluid, for the constant value of 
the electric or magnetic field strength, is defined as:

	 τ µ γ τ= +p  0 	 (6)

where:
μp 	 –	 plastic viscosity,
γ 	 – 	shear rate τ0 – limit strength dependent respectively on electric E or magnetic B 

field strength, Fig. 2. 

Fig. 2. Fluid rheological characteristics described by means of Bingham model: a) electrorheological 
fluid [22], b) magnetorheological fluid [23]

a)

b)
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The formula (1), defining the wear degree S, in the case of hydraulic clutches and 
brakes filled with adaptive fluids and described with Bingham model, can be written in the 
following way:

	 S P
V
t t tp= = = +τ γ µ γ τ γ  ( )0 	 (7)

As it is seen from Fig. 1, parameter value: μp and τ0 in Bingham model, as well as the 
wear degree S, are significantly changed due to the electric field value. This change refers 
particularly to electrorheological fluids. The impact of the shear rate on the fuel wear degree 
is parabolic, and the impact of a device working time – linear. It should be noted that the 
plastic viscosity μp which is equal to the arc tangent of the angle of the straight varies due 
to the increase of the electric E and magnetic B field strength. Values differ from positive to 
negative ones. On the contrary, yield strength τ0, determined for γ. = 0 always increases due 
to electric or magnetic field strength. Thus, it is possible that, depending on the parameter 
values μp and τ0, the degree of the device wear will diminish together with the increase of 
angular velocity, which is not possible for typical hydraulic clutches.

For hydraulic clutches and brakes filled with adaptive fluids, in constant conditions, the 
wear degree S can be calculated on the basis of the formula (1) converted as follows:

	 S P
V
t t
V

M= = ω  	 (8)

where:
P 	 – 	 power delivered to the clutch, 
V 	 – 	 working fluid volume, 
t 	 – 	 time job working fluid in the clutch, 
ω	  – 	 the relative angular velocity, 
M 	– 	 torque transmitted by the clutch.

The minimum volume V of the fluid ensuring the proper operation of viscous brake can 
be calculated from the dependence [24]:

	 V
M
M
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where:
Mμ 	– 	 torque in case of adaptive fluid activation absence, 
Mτ 	– 	 torque in case of adaptive fuel activation, 
ω 	 – 	 relative angular velocity.

In practice, the liquid volume used in prototype valves, linear dampers as well as clutches 
filled with the magnetorheological fluid, is much greater than the one calculated according 
to formula (9) and takes values from 25 V to 50 V [20].
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4. Hydraulic clutches and brakes filled with adaptive fuels durability tests

The durability test was performed for a cylindrical viscous brake and a dual clutch, 
which consisted of a cylinder viscous clutch and a hydrodynamic clutch, filled with various 
electrorheological fluids. A cylindrical viscous brake was mounted directly on the axis of the 
electric motor engine. The bearings of the driving brake part were inside the brake, whereas 
driving and driven parts of the dual clutch were mounted outside the clutch.

A.	 Cylindrical viscous brake durability testing
A cylindrical viscous brake, as shown in Fig. 3, consists of two cylindrical parts with 

different diameters, forming electrodes, electrically isolated from each other, which are 
connected to the high voltage power supply through the commutator and electric wires [25, 
26]. The cylinders are made of aluminum. The external diameter of the brake is 160 mm and 
its width 90 mm. The size of all construction joints, filled with the working fluid, is 1 mm. 

Fig. 3. Scheme of the cylinder viscous brake design; a) cross-section: 1 – driven element of the brake, 
2 – a stationary brake part 3 – sealing ring 4 – ball bearing 5 – commutator rings; b) general view

a)

b)

The driven part of the brake is located on ball bearings installed on a sleeve connected to 
an external part of the brake, sealed with a typical sealing ring.

The brake was filled with two different electrorheological fluids. The data is presented in 
Table 1.

T a b l e  1

The basic data of the tested ER [4]

Fluid symbol Manufacturer Density
[kg/m3]

Fluid volumetric 
composition

Volume
[cm3]

LID 3354S Smart Technology Ltd, 
UK [ 22] 1460 37% polymer, silicone 

oil 140

CES35 Technical University in 
Radom, PL 95 35% soluble starch, 

transformer oil 140
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A dual clutch mounted on the test rig, as shown in Fig. 4, enables the measurement of 
the angular velocity ω and the transmitted torque M. During the test, the voltage 1 kV was 
adjusted to the brake cylinders.

Fig. 4. Scheme of the test rig for testing the durability of cylindrical viscous brake; a) construction 
scheme: 1 – controlled electric motor, 2 – tested brake, 3 – torque meter, 4 – test rig frame;  

b) general view

a) b)

After the test rig was started, for both liquid at time t, given in Table 2, a significant 
increase in the value of the transmitted torque showing the brake damage was noticed.

T a b l e  2

Test conditions and results of cylinder viscous brake

Fluid 
symbol

w
[rad/s]

M
[N×m]

T
[°C]

t
[hour]

S
[J/cm3]

LID 
3354S 50 1.9 40–50 70 1.7×105

CES35 50 0.9 40–50 55 0.6×105

After the brake has been disassembled, in both cases, the presence of solid particles in 
the electrorheological fluid, in the bearings and on the sealing ring inner surfaces has been 
noticed, Fig. 5.

Fig. 5. View of solid particles in the electrorheological fluid in bearings and on the sealing  
ring inner surfaces
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The reason of a significant increase of the brake torque values was rolling of solid 
particles included in the electrorheological fluid through ball bearings on bearing ring tracks 
and the formation of a layer, which obviates the clearance between bearing elements. It 
caused an increase of the resistance movement.

No adverse chemical impact of the fluid on the material of the sealing ring was observed. 
The cylinder surface became dull and there were no pits or scratches. Under the microscope, 
no significant changes in the size and shape of solid particles were noticed in the fluid taken 
from the brake. During the studies with rheometer, there were no significant changes noticed 
in the coefficient of dynamic viscosity of the two fluids.

B. 	Dual clutch durability test 
A dual clutch consists of a hydrokinetic clutch and a viscous clutch cylinder located in  

a common housing [27]. The torque M transmitted by the dual clutch is the sum of moments 
carried by the hydrokinetic and viscous clutches. Rotors of the hydrokinetic clutch have 
flat radial blades. A viscous clutch is made of co-axial cylinders, isolated from each other. 
The driving and driven parts of the clutch as well as the housing are made from standard 
steel. The electric field acting on the electrorheological working fluid is produced in the gap 
between the cylinders with a width of 1 mm. The brake external diameter is 250 mm and its 
width is 110 mm. Fig. 6 shows a sectional view of the dual clutch.

Fig. 6. Dual clutch: a) construction scheme, b) general view

a) b)

The input and output shafts of the dual clutch are located outside the housing. The 
housing is sealed with the sealing ring mounted on the clutch output shaft. The voltage 
necessary to generate an electric field is applied to the cylinders through a copper-carbon 
brushes cooperating with the copper rings arranged on the output shaft of the clutch. 
Coupling complex was filled with the electrorheological fluid, whose data are shown in 
Table 3. The dual clutch was installed on the testy rig that enables the measurement of the 
angular velocity ω and the transmitted torque M, Fig. 7. During the research, the driving part 
of the clutch rotated with a speed of 100 rad/s, and the voltage of 1 kV was adjusted to the 
dual clutch cylinders.
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T a b l e  3

Basic data of the liquid used in the dual clutch [28]

Fluid symbol
LID

3354S

Smart Technology Ltd, 
UK [ 22]

Density
[kg/m3]

Fluid volumetric 
composition

Volume
[cm3]

ERF
#6

KCNiTCS Faculty 
of Chemistry, 

Warsaw University of 
Technology, PL 

1074 
35% sulfonated resin 

styrene – divinylbenzene 
resin, silicone oil

880

Fig. 7. View of the test bench with the installed dual clutch: 1 – electric motor, 2 – dual clutch,  
3 – torque meter, 4 – electric brake, 5 – high voltage power supply

The electrorheological fluid ERF # 6 was working in the hydraulic dual clutch for 
645  hours until the liquid leakage through the sealing ring was observed. After 600 
hours, high voltage fluctuations were noticed. The fluctuations were caused by avalanche 
breakdowns. After the clutch was dismantled, the presence of solid particles of the 
electrorheological fluid on the inner surfaces of the sealing ring were observed as well as 
mechanical damage of the sealing surface, Fig. 8.

Fig. 8. The effects of the sealing ring wear

No adverse effects of the fluid chemical impact on the sealing ring material were 
observed. The cylinder surface was smooth, without pits or scratches; however, on the 
internal surfaces of the housing, corrosion was observed, Fig. 9. 

As a result of observation under a scanning electron microscope, it was found 
consumption of solid spherical particles electrorheological fluid, such as flattening, damage 
the surface, adhesion of contaminants to the solid particles, Fig. 10.
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Fig. 9. Corrosion spots inside the dual clutch housing

Fig. 10. Damage of the fluid solid particles ERF# 6 seen under UV light (365 nm), 400 times 
magnified: a) flattening of spherical solid particles, b) damage of the spherical particle surface 

damage, c) pollutants stuck to particles

a) b) c)

However, the number of damaged particulates did not exceed a few percent, which 
indicates the beginning of the electrorheological fluid wear. Under the microscope, there 
was no evidence of silicone oil degradation, which is the electrorheological fluid liquid 
phase. During tests carried out on the rheometer, no significant changes in the coefficient of 
dynamic fluid viscosity ERF#6 were observed.

The value of the wear degree S of the electrorheological fluid working in the dual clutch, 
calculated on the basis of the formula (8) was 2.6 × 105 J/cm3. 

5. Evaluation of test results

As is clear from the research, the most important factor affecting the durability of 
viscous brake and dual clutch is the method of sealing the bearings and space with the 
electrorheological fluid. Also, the material of the electrorheological fluid particles is 
important. Particles made of a soft material are more easily deformed while rubbing against 
each other or against the cylinder walls, which is the reason of their easier passage through 
the seals. For this reason, the viscous brake filled with the fluid CES35, which consists of soft 
starch particles, crashed very quickly.

In order to increase the durability of devices filled with adaptive fuels, it is useful to put 
bearings outside of the housing. Although this design solution means the increase of the 
device size, it enables, according to the studies, the increase of the seal ring durability by 
nearly 10 times.
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The observed degradation of solid particles of the fluid ERF# 6 are mainly associated 
with their movement inside the dual clutch housing. Particles moving between the viscous 
clutch cylinders and into the channel formed by the blades of the hydrodynamic clutch 
rub against the walls and against each other, and hit the blades during the flow of the 
electrorheological fluid from one hydrodynamic clutch rotor to another. The movement of 
solid particles is intensive, as it is apparent from the calculations for the angular speed of the 
clutch driving part, which is 100 rad/s, the flow velocity of the electrorheological fluid flow 
speed reach 5.5 m/s, and the maximum angles of impingement of the liquid stream on the 
blades reach the value of 55° [29]. The flatness of particles indicates the plastic properties 
of the material that they are made of. The reasons of pollution that has been observed in 
electrorheological fluids can be: corrosion and seal ring mechanical wear.

The type of used materials also influences the brake durability. As it is clear from the 
tests described in the paper, as well as the author’s experience concerning devices filled with 
electrorheological fluid, aluminum is a better material for housing including adaptive fluids, 
because it does not corrode like a typical steel. The use of appropriate insulation materials 
ensures long and proper brake operation.

In order to achieve high durability of clutches and brakes filled with adaptive fluids, it 
is also necessary to provide adequate working conditions of devices. The most important 
factors are temperature and humidity. The device operating temperature results from the 
balance of heat supply and discharge. The amount of discharged heat into the environment 
is related to the brake size and the materials it was made of. The larger the brake and higher 
the thermal material conductivity, the lower is its working temperature. The temperature has 
a direct impact on electrorheological fluid properties and its destruction. In the case where 
the temperature increase causes shear stress τ increase, the power converted into heat in the 
device increases in the electrorheological fluid and consequently its durability decreases.

Ambient humidity has a significant impact on the durability because water percolating 
into the electrorheological fluid can cause degradation of fluid due to the electrolysis, as 
well as it can cause an increase in shear stress τ, and also be the reason of corrosion of  
clutch or brake parts.

6. Conclusions

So far, the studies concerning the durability of devices filled with adaptive fluids have 
been performed for a small number of selected devices in specific working conditions, so 
the results do not provide a complete answer to questions on wear mechanisms of both their 
parts and adaptive fluids. Therefore, further experimental studies related to the durability of 
devices filled with adaptive fluids are necessary.

The experimental studies of the dual clutch and viscous brake, including three 
electrorheological fluids, show that the most important factors affecting the durability are: 
sealing of rolling bearings as well as working space filled with adaptive fluid, the type of 
adaptive fluid as well as the isolation of electrodes and electrical wires, supplying high 
voltage from the power supply. Electrorheological fluid durability, defined by means of the 
wear degree S, is within the ranges reported in the literature and does not differ significantly 
from the magnetorheological fluid durability.



100

Due to the presence of solid particles in adaptive fluids, it is necessary to use sealing 
rings adapted to work with mixtures containing particles. While selecting sealing rings, the 
impact of chemical ingredients of the electrorheological fluid on the material the ring has 
been made of should also be taken into account.

The durability of the electrorheological fluid solid particles is less than the silicone oil 
durability. The basic forms of particle mechanical wear include both surface flattening 
and damage. However, crushing of solid particles included in the electrorheological fluid, 
characteristic for linear dampers, which causes the large increase of dynamic viscous 
coefficient for the inactive electrorheological fluid, has not been observed.
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The paper presents the wear process of a carbide insert in Inconel 625 longitudinal turning 
as well as examples of chip forms. Inconel 625 alloy belongs to the difficult-to-cut material 
group and causes many problems in machining operations in industry. A major one concerns 
chip forms produced in turning operations and quick wear of the cutting edge. The conveyed 
research also revealed the Build Up Edge (BUE) phenomenon, which took place in conveyed 
tests. A few examples have been presented and analyzed.
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1. Introduction 

When observing contemporary trends in machining, it can be noticed that the important 
thing is to pay attention to research concerning the variety of factors influencing the quality 
of processes. Such factors like the influence of cutting data on the surface roughness and 
cutting forces in machining extremely difficult-to-cut materials (e.g. sintered carbide) are 
the examples of such research activity [10, 11]. Additionally, cost effectiveness combined 
with cutting data selection process is a very important factor in any kind of machining [12].

One of the factors, which should be investigated, is chip form achieved in turning 
operations. The rake face of a carbide insert has a significant impact on this phenomenon. 

The rake face of a modern insert is usually shaped in a chip breaker or chip former 
according to the terminology used by various manufacturers. Its task is to direct a chip 
towards the flank face of an insert or a raw surface of a workpiece. When a chip hits 
an obstacle, it breaks. The field of the chip breaker application is crucial for the final 
process of cutting data selection. This is particularly important when difficult-to-cut 
materials like HRSA (Heat Resistant Super Alloys) are machined. Chips are a waste 
product in every kind of machining and their unacceptable form (long and curly) can have 
a destructive impact on the quality of the machined surface. In the worst case, especially 
in automated manufacturing systems, they can cause catastrophic tool wear and even stop 
the production. 

HRSA are generally resistant to temperature and corrosion. They can be divided into alloys 
based on nickel, cobalt and iron. In machining operation, these alloy components can cause 
quick wear of a tool, mainly due to chipping, deformation and work surface hardening [3]. 
The last one mentioned is the reason of depth-of-cut-line notching and can also compromise 
the fatigue strength and geometric accuracy of the part. Chips are usually difficult to control. 
High temperature in cutting zone and high cutting forces are also standard in machining 
operations. Low thermal conductivity of Inconel 625, (a  representative of HRSA alloys),  
9.8 W/(m ∙ K), in contrary to steel C45 thermal conductivity, which is 50 W/(m ∙ K), is the cause 
of very high temperature on the cutting edge, the main reason for fast tool wear process. These 
are important factors concerning tool life and chip forms. 

Tool life depends on tool wear. The most popular are rake face tool wear (crater) and 
flank face tool wear. The latter is described by VB indicator in various form, the most 
popular and easy to measure is the average value of VB marked VBB [5]. The interesting 
form of a tool wear is BUE (Build UP Edge). Theoretical background of BUE in turning is 
described in [4]. Generally, BUE consists of free particles of machined metal, which are not 
a part of a chip, but they are glued by the adhesion phenomenon to the cutting edge of a tool. 
BUE changes the geometry of a tool, especially a rage angle, leading to the changes of chip 
breaker geometry and deterioration of surface roughness. 

Many problems concerning HRSA machining are described in details in application 
guides recommended by tool manufacturers, SANDVIK-Coromant, for example [1, 9]. It 
must be remembered that local operating features (machining system consisting of tool-
machine tool-workpiece material) have significant influence on these recommendations 
[8]. For all the reasons described above, high temperature alloys deserve special machining 
techniques. 
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2. Research object

Inconel 625 was used as a work material [9]. It is a nickel-chromium-molybdenum based 
alloy widely used in aircraft engine constructions, chemical and shipbuilding industries.

As it was mentioned above, Inconel 625 belongs to super alloys (HRSA) so all problems 
concerning the machining of this group of alloys concern Inconel 625 machining.

In tests, ISCAR produced and recommended for HRSA turning, VCMT 160404 insert 
(Fig. 1) with SM type chip breaker geometry was used, grade IC 907 coated with TiAlN layer 
[2]. The insert was mounted to a tool holder SVJCR 2020K. Chip breaker recommended 
application area was ap = 0.5–2.5 mm, f = 0.05–0.25 mm/rev. Fig. 2 shows a cutting edge of 
a new insert.

The cutting data used in tests are presented in Table 1. The value of feeds were 
determined by the feed system used in the lathe. Two values of feed were selected, the second 
approximately three times greater than the first one. Preliminary tests have demonstrated 
correct chip forms for a brand-new insert for each set of data [6].

The work piece used in tests (diameter Dc = 35 mm) was divided into 5 mm sections, so 
15 tests took place. After turning each section, the insert wear was measured, the chip form 
was classified, the recordings of the turning process were analyzed and BUE removed.  

T a b l e  1

Cutting data used in tests

Chip breaker type SM

Cutting speed, vc [m/min] 65

Feed, f [mm/rev] 0.077, 0.211

Depth of cut, ap [mm] 1.0 

Fig. 1. Insert VCMT 160404-SM IC 90; a) general view, b) measured dimensions  
of chip breaker type SM [7]

a)

b)
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Fig. 2. The cutting edge of a new 
insert VCMT 160404-SM

Fig. 3. Research stand for recording phenomena 
in the cutting zone in turning

The main components of research stand (Fig. 3) consisted of:
–– Masterturn 400 lathe, 
–– high speed camera Phantom V5.2,
–– spot illumination systems, 
–– 3-D Digital Kayence microscope, 
–– tool room microscope with MicroCamLab computer program.

There was no coolant used in machining tests in order to enable good quality chip photo 
acquisition. Additionally, coolant could affect chip forms. Acquisition parameters used for 
high speed camera were as follow: recording rate 1000 fps, resolution 1152 × 896 pixels.

3. Chip forms

Chips formed in machining were described and classified. Examples are presented in 
Tab. 2 and 3. Table 2 presents examples of chips for two tested feeds when the flank wear 
VBB (e.g. average value of VB) was equal to 0.3 mm. All photos reveal correct chip forms. 
Chips were short and segmental. The second table (Tab. 3) exhibits chip photographs when 
unacceptable chips appeared.

T a b l e  2

Chip forms achieved in Inconel 625 turning for VBB = 0.3 mm [7]

f = 0.077 mm/rev
VBB = 0.3 mm

f = 0.211 mm/rev
VBB = 0.3 mm

Correct chips, segmental, 
short helical, loose arc



107

T a b l e  3

Unacceptable chip forms achieved in Inconel 625 turning [7]

f = 0.077 mm/rev
VBB > 0.45 mm

f = 0.211 mm/rev
VBB > 0.4 mm

Unacceptable long helical 
and tangled chips 

The flank wear indicator has different value for each feed. Chips were generally long, 
continuous and tangled. For the feed f = 0.077 mm/rev correct form of chips occurred up to 
VBB = 0.45 mm. Respectively, for the feed f = 0.211 mm/rev, correct chips were present up to 
VBB = 0.4 mm 

4. Tool wear and BUE phenomenon analysis

Research revealed typical forms of insert wear, but abrasive wear on a flank face was 
dominant. The change of VBB indicator value in consecutive tests, for two values of feed, is 
presented in Fig. 4.

Fig. 4. Change of VBB value in consecutive tests

The curve for f = 0.077 mm/rev shows almost a classic character of tool wear. If the 
value of feed increases, a tool wear curve is close to linear. When the time of cutting reached 
approximately t ≈ 100 s, VBB indicator exceeded 0.45 mm and then unacceptable form of 
chip was registered (Fig. 5).
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Fig. 5. Example of final stage insert wear: a) flank face wear photo, b) long tangled chips; 
f = 0.077 mm/rev, vc = 65 m/min, ap = 1.0 mm, t ≈ 100 s [7]

a)

b)

Visual observation of the cutting edge of the wear insert showed many deformations, 
small grooves and crates caused mainly by abrasive wear. Since BUE (Build Up Edge) 
phenomenon was observed a few times during machining, adhesive wear must also have 
taken place.

Fig. 6. 3-D view of a new insert rake face and after time of cutting t ≈ 100 s, f = 0.077 mm/rev,  
vc = 65 m/min, ap = 1.0 mm

Fig. 6 presents views of the rake face of the worn insert. An extensive wear of a backwall 
of a chip – groove is noticeable. This is probably the cause of unacceptable chip forms in this 
stage of machining. A chip was not directed towards an obstacle (a flank face of an insert or 
raw surface of a workpiece) to be broken. 

As it was mentioned above, in a few tests for cutting data f = 0.077 mm/rev, vc = 65 m/
min, ap = 1.0 mm BUE phenomenon took place. This caused temporary direct change of chip 
form from correct to unacceptable. 

Table 4 presents the test number (out of 15) in which this phenomenon was observed, 
along with the appearance of the cutting edge, the chip form achieved in particular test 
as well as VBB value. Characteristic grooves are visible on the flank face. It is caused by 
abrasive interaction between cutting edge and the workpiece machined surface. Fig. 7 shows 
the basic dimensions of BUE which allow to define changes in cutting wedge geometry, 
while Table 5 presents dimensions of BUE in particular tests. 
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Fig. 7. Basic dimensions of BUE

T a b l e  4

BUE phenomenon and chip form in selected tests

Test
number Flank face and cutting edge Corresponding chip form VBB

3

V
B

B
 =

 0
.1

6 
m

m

4

V
B

B
 =

 0
.2

 m
m

5

V
B

B
 =

 0
.2

1 
m

m
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7

V
B

B
 =

 0
.2

4 
m

m

13

V
B

B
 =

 0
.3

5 
m

m

T a b l e  5

BUE dimensions in selected tests

Test 
number Photographs of BUE phenomenon BUE dimentions 

(Hmax, L)

3 Hmax = 0.3 mm
L = 1.15 mm

4 Hmax = 0.23 mm
L = 1.52 mm
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5 Hmax = 0.31 mm
L = 0.97 mm

7 Hmax = 0.22 mm
L = 0.81 mm

13 Hmax = 0.53 mm
L = 0.79 mm

5. Conclusions

The investigation of the tests led to the conclusion that the BUE phenomenon occurred 
more often than not in the first stages of tool wear. Especially up to VBB = 0.26 mm. It 
created unacceptable chip form. After removing BUE, a return to the beneficial chip form 
took place. So it is obvious that the tested set of cutting data was disadvantageous; the 
technologist could be misled assigning the disadvantageous form of chips to excessive tool 
wear. The remedy would probably concern the increase of cutting speed, but that could have 
disadvantageous influence on tool life. Another way would be to use a different grade of 
carbide insert recommended by a tool manufacturer (verifying tests would be necessary in 
this case) or feed change (for the feed f = 0.211 mm/rev this phenomenon did not appeared). 
The change of feed leads to a different roughness of the machined surface – in this case – 
deteriorates it.
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Generally, flank wear of VCMT 160404 – SM insert had no significant influence on 
chip forms for stable, correctly selected cutting data. For the majority of tool wear time, 
chip forms were correct or acceptable. Loose arc or bounded arc chips were dominant up to 
significant tool wear when long, continuous chips of various kinds appeared. The primary 
cause of unacceptable chip creation was the wear of the chip groove backwall (Fig. 6). 

Short tool life in the tests was caused by the fact that machining was performed without 
coolant. Industrial practice shows that coolant with almost 17% of oil is convenient in the 
case of Inconel alloys machining.
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A b s t r a c t 

The main purpose of this paper is to show major increases in the temperatures of the lower extremity limb 
in comparison to the latter. During the course of the study, it was found that a significant difference in the 
temperatures arises between the healthy left limb (subject to the conducted tests) and the sick right (‘control’) 
one, before and after performing an attempt to cool down. The examination consisted of a series of credible 
medical measurements with the application of professional thermal imagining equipment. The above-
mentioned study acknowledged the potential of thermal imagining diagnostics in terms of assessing the state 
of health of the examined subject. In terms of thermal imagining methods usage, it is possible not only to locate 
the inflamed spots effectively, but also to monitor the course of the treatment of the inflammatory conditions.          

Keywords: diagnostics, thermal imagining, thrombosis 

S t r e s z c z e n i e 

W artykule przedstawiono wykorzystanie termowizji do wykrywania zmian w naczyniach obwodowych, w koń-
czynach dolnych. Jest to możliwe, gdyż na obrazach termowizyjnych zaobserwować można różnice w rozkła-
dzie temperatury, co jest związane z zaburzeniami przepływu krwi. W trakcie badań stwierdzono istotną różnicę 
w temperaturach między zdrową lewą kończyną (w zależności od przeprowadzonych badań) i chorą prawą („kon-
trolną”), przed rozpoczęciem i po wykonaniu próby na oziębienie. Badanie składało się z szeregu wiarygodnych 
pomiarów medycznych z zastosowaniem profesjonalnego sprzętu do diagnostycznego obrazowania zmian tempe-
ratury. Wyżej wymienione badania potwierdziły potencjał diagnostyki obrazowania termicznego w zakresie oce-
ny stanu zdrowia badanego pacjenta. Wykorzystanie metody obrazowania termicznego umożliwia, nie tylko sku-
teczne zlokalizowanie stanu zapalnego, ale również monitoring przebiegu leczenia stanów zapalnych.
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1. Introduction 

Thermography, also called the thermal imagining method, includes testing that relies 
on contactless and remote evaluation of the temperature distribution on the surface of the 
inspected body. This method is based on observing and recording the distribution of the 
radiation emitted by an infrared body temperature (higher than absolute zero) that is being 
converted into visible light [1].

Thermographic study enables visualization of the physiological changes in the human 
body. Through this visualization, it informs directly about the existence of irregularities 
in the body at an early stage of their occurrence, preventing permanent and irreversible 
changes from taking place.     

Thermographic survey poses no threats to life and health of the test subject. It does not 
use a radius of X-rays (as in the case of a traditional X-ray imaging) and is to be considered 
as non-invasive and human-friendly method during the whole course of the examination [2]. 
The basis of the functioning of the infrared camera is the matrix that bears the possibility 
of detection (receiving) radiation in the infrared band. The received radiation signal is 
electronically processed and presented in the form of a graph of the temperature distribution. 
Temperature charts – being the result of the examination – of the specific areas of the 
entire body are presented as color images. Color spots displayed with intense shades of red 
determine the emission of higher temperatures and likewise – the greater the intensity of the 
blue tones, the more reduced the emission of the infrared radiation [3].

The application of thermography in medicine / medical sciences is based on the search 
mechanism and monitoring of the possible temperature changes caused by an inflammation of 
the tissues. The physiological basis for such exploitation is based on the fact that inflammation 
results in an increased blood supply in a part of the body. The above-mentioned inflammation 
also causes a localized increase in metabolism at the cellular level, connected to the activity in 
the body and regeneration process in the area of inflammation. [4, 5].

The more increased the cellular metabolism and the more blood that flows through the 
data spot, the more heat is produced (referred to as a ‘radiation infrared’). This allows to 
conclude that such a place – clearly distinguished with the infrared image – can be a viable 
subject to the observations conducted with the infrared camera (rather than parts of the body 
not affected by an inflammation).          

Nowadays, the research thermal imagining is applied while diagnosing Reynaud’s 
phenomenon (accompanying disease for SLE – lupus erythematosus), monitoring and detecting 
inflammatory spots in the body (i.e. rheumatoid arthritis), detecting breast cancer, other breast 
diseases and venous circulation in the lower limbs or monitoring specific parts of the body [3, 6].

It should be clearly stated that thermography cannot be used as an independent diagnostic 
method, monitoring or treatment of any disease. It should rather be used as an optional one, 
back-up for traditional methods, until the quantitative and qualitative data to support the full 
value and the reliability of its results is obtained [7, 8].

Depending on the type of the thermal imaging camera, the measurement may be:– exact 
to indicate the temperature of a particular place – through the use of sensors measuring – or 
the measurement can rely on observation of changes in the distribution of infrared radiation 
on the whole surface – detector of observation.
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2. Conducted research

The person tested/test subject (treated as a patient):
•	 Female; aged 26,
•	 Diagnosed with deep vein thrombosis in the distal-proximal section of the right lower 

limb. Hormonal drugs used in the treatment of other diseases were determined as 
a trigger factor for the deep vein thrombosis.

•	 Confirmation of the disease on the basis of:
–– A preliminary study conducted with the usage of Scale Wells clinical probability of 

deep vein thrombosis – ‘The Scale of Wells’ clinical probability of deep vein throm-
bosis – is used to qualify the patient to a group of small, medium or high probabili-
ty of the presence of deep vein thrombosis. This scale is extremely useful in clinical 
practice. The probability of deep vein thrombosis: 0 points – small; 1–2 points – mo-
derate; ≥ 3 – big. Here: 5 points,

–– Determination of D – Dimer – a score of 5 722.8–3958.8 ng/mL,
–– Research – capillaroscopy,
–– Ultrasound examination of venous leg (Doppler). Ultrasound of the right lower  limb 

veins extremity visible: thrombus in the field of extended bays of the soleus muscle, 
veins posterior tibial and peroneal, heterogeneous thrombus completely fill the exten-
ded light popliteal veins, femoral veins, popliteal, femoral vein common initial sec-
tion of the external iliac vein.

Radiation is divided into 3 ranges: near infrared (0.7–5 microns), medium infrared 
(5–30 microns), far infrared (30–1000 microns). 

Keep in mind that the higher the temperature of a body, the greater the radiation 
emitted by it. For each body, temperature is a characteristic wavelength at which the 
radiated power is at its maximum. As temperature increases, the maximum radiation shifts 
towards shorter wavelengths. For example, for the Sun (reaches a surface temperature 
equal to 6,000 K), the maximum radiated power is in the wavelength range of 0.5 μm. For 
the human body (temperature 300 K), the maximum radiated power is in the wavelength 
range of 10 μm.

The infrared radiation can be presented as a blackbody absorbing all radiation that shines 
on it, regardless of the angle of incidence, wavelength or power radiation source. We can 
assume that emittance (the energy flux density emitted by a surface area of the body) of 
the source of emission is proportional to its temperature. This means that radiation from 
the infrared range emitted by a body with a temperature is greater than absolute zero. It is 
proportional to its temperature. From the point of view of the infrared mapping, emissivity of 
the measured object is really important. The emissivity value is introduced to the reference 
of blackbody radiation as an effective pattern [2].

Preparation of a subject and the test room
The patient must be present in the testing room for 30 minutes to stabilize the skin 

surface, as the condition for a stable measurement is to obtain a skin surface temperature – 
so that the test results could be considered reliable.

There are special requirements for the room where the test is to be carried out.
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The guidelines [6, 9]
I. 	 The room in which they are held, infrared measurements should:

•	 allow convenient placement of measuring devices,
•	 allow visualization of the entire study area,
•	 provide comfort for both the researcher and patient,
•	 the size of the room cannot be less than 6 m2 (2 × 3 m) – as optimal 12 m3 (3 × 4 m) or 

greater, to be considered,
•	 In practice, it happens that the minimum dimension of the test facility depends on the 

parameters of optical cameras, such as:
–– The minimum focal length, FOV (Field of View),
–– Spatial resolution IMFOV (Instantaneous Measurement Field of View),
–– Dimensions of the examined object.

The key element of the thermographic measurements is to maintain a constant 
temperature in the testing room – preferably in the range of 20–24°C. Studies show that the 
human body cools very quickly, and the next two to three quarters of an hour correspond 
to the temperature stabilization [1]. It is important that the ambient temperature should be 
comprised within the optimum range of 18–25°C (below 18°C too rapid cooling occurs, and 
above 25°C the patient begins to sweat). Proper temperature is extremely important, due to 
the fact that the measurement of active temperature fluctuations makes it difficult for the 
later analysis of the results and may contribute to the loss of important data.

Another important measurement parameter is the relative humidity of the air – it 
determines the heat exchange process. For studies of thermal imagining, it is recommended 
to maintain a humidity level of 45–55%. In addition, it is recommended to limit the flow 
of air, because air circulation can cause non-uniform temperature distribution. In the 
research room, no central heating devices should be placed – such as stoves or radiators. An 
extremely important issue is also to limit the amount and intensity of the light sources – the 
most reliable measurement results are those obtained in rooms that are poorly lit. 

Before the thermal imaging test, each patient must be acclimatized to the ambient 
conditions. Acclimatization should take approx. 15–20 minutes.
II. 	During the acclimatization, the tested area (which will be recorded):

•	 must be bare – for the process of heat exchange with the environment to stabilize,
•	 tested area must not be touched, rubbed or leaned on.

III. Preparation of a patient:
•	 physical activity should be reduced to a minimum,
•	 it is recommended not to drink hot fluids or eat hot meals a few hours before taking 

measurements,
•	 vigorous exercises, drinking alcohol and smoking cigarettes are prohibited,
•	 usage of any drugs that could cause a change in body temperature,
•	 application of any cosmetics on the test surface,
•	 contraindications to the research are also to be indicated on the same day of the 

physiotherapy treatment, except when we want to assess their impact on changes in 
temperature.

Compliance with the rules for dealing with the test surface and the preparation of the 
subject is particularly important in medical research. It has been proven that all factors 
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mentioned above have an effect on the cardiovascular system, and hence, also the surface 
temperature distribution. Their effects can be seen on the thermal image, but can also persist 
on the screen for a period from a few dozen to a several minutes [6, 10, 11].
IV. Preparation of the test

During registration of the thermal images:
•	 patient should be in a fixed position and in the right distance from the camera,
•	 distance between the camera and the patient must not be less than 1–1.2 m,
•	 recorded area of the body must be in the perpendicular position to the lens of the 

infrared camera,
•	 during the registration sequence, the researcher should pay attention to the correct 

focus of the camera.

Fig. 1. Diagram of the research position

Fig. 2. Research position

After setting the position, the next stage is the calibration of measuring and control 
instruments.

The parameters of the thermal imaging camera: [12]
I. 	 Emissivity = 0.98

The most important parameter of the thermal images (which must be correctly entered) 
is the emissivity. Object materials and their surfaces are characterized in terms of emissivity 
from 0.1 to 0.95. A highly polished (mirror) surfaces have an emissivity of less than 0.1, oil 
paint (whatever its color in visible light is) has an emissivity in the infrared region of more 
than 0.9, human skin exhibits an emissivity close to 1.
II. 	Ambient temperature

Temperature is a parameter that is used to compensate for the radiation reflected from 
the object and the radiation emitted by the atmosphere located between the camera and the 
subject. If the emissivity is low, the distance is large and the temperature of the object is 
nearly ambient, it is important to adequately compensate for this temperature.
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In order to make an accurate temperature measurement, it is necessary to compensate for 
the effect of other sources of radiation. This is done automatically by the camera, after the 
introduction of the object parameters:

•	 emissivity of the object,
•	 ambient temperature,
•	 distance between the object and the camera,
•	 relative humidity.
•	 Measurements were performed in a separate room:
– constant temperature of 24°C.

III. Humidity 37%
Measuring position (Fig. 2)
•	 FLIR SC620 thermal imaging camera,
•	 PC with installed software – ThermaCAM Researcher Pro 2.9,
•	 thermometer for measuring the temperature in the room,
•	 hygrometer to measure the humidity in the room,
•	 camera to capture digital images [additional element].
Due to the need of ensuring proper working conditions for the infrared camera, it is vital 

for its first launch to take place about 30 minutes before the beginning of the study. During 
testing, the camera is faced at a fixed distance of 150 cm from the tested patient.

Research
Enter all values: temperature, humidity, distance. There are also other variables 

necessary to take into account during the research – set the focus of the lens, the position 
of the LCD display and an overview of the subject. All the factors indicated above allow an 
assessment of whether: the points of elevated temperature are visible, the measurement is 
conducted with a suitable distance, the image is proper and the object is in the camera view, 
whether the elementary angle of view (spatial resolution) is ensured.

By registering thermograms, it is important to make sure that the maximum 
temperatures do not exceed the upper limit of the measuring range, this would result in a loss 
of information of the actual value of the maximum temperature of the object. Depending on 
needs, the appropriate range should be chosen (in this case it is 30–38°C) [3, 7].

Registering a static image of the lower limbs
Thermal image of the temperature ranges from 25 to 40°C, which cannot directly 

determine the pathologically changed areas.

Fig. 3. Thermal image (temperature from 25 to 40°C)
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ThermaCAM Researcher allows you to apply one of a number of infrared pallets, which 
find their application depending on the recorded image type, or effect you want to achieve.

The use of pallets of medical imaging allows for the distinction of pathologically altered 
areas.

Fig. 4–9. Thermal images

For the temperature range from 25 to 40°C – 
clearly increased temperature for the right leg 

(diagnosed with deep vein thrombosis):

Temperature range from 30 to 36°C – allows better 
determination of the points (or area) for which the 
temperature is considerably higher (shown with 

red ellipses):

Iron pallet, including a scale in the range from 
30 to 36°C and the indication of the area with 

red ellipse disorder of disease:
Medical pallet, including a scale in the range of 

30 to 36°C:

Medical pallet, including a scale in the range  
of 30 to 36°C

Rain pallet 900, including a scale in the range of 
28 to 36°C – used in order to illustrate the lesions 

and the area rate of the disease more clearly.
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The cooling attempt – applied due to the downward trend in exploration and temperature 
rise comparing both legs.

Fig. 10–12 Thermal images – cooling attempt

I. Registered images of the lower 
limbs before cooling

II. Immersion of the legs at time  
t1 = 5 minutes in water at T = 20°C

III. Registered images of the 
lower limb immediately after 
withdrawing them from water

IV. Registered images of the 
lower limbs after the time t2 = 5 

minutes

Findings

Findings obtained during the testing series of thermal images allow to determine the 
minimum, maximum and average temperature in the analyzed areas of the limbs.
–– The maximum and minimum temperature for the sick limbs is 36.1°C and 31.6°C.
–– The maximum and minimum temperature for the healthy limb is 34.8°C and 31.1°C.

1.3 ° C is the difference between the maximum temperature values of both legs.
The measured points show abnormalities in blood flow in the vascular system, increased 

difficulties in the flow and pressure. Studies show that there are significant differences in the 
average temperature between the healthy and the sick limb. 

The differences were shown both before and after an attempt to cool down. Before 
attempting to cool down, the registered average temperature of the healthy limb was higher 
than the temperature of the “sick” one by 1.6°C. After cooling the limbs in water at 20°C, 
average temperature for the patient’s limb was higher by 1.2°C. This indicates a faster rise in 
temperature for the diseased limb, rather than the healthy one.
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During the study, significant differences in the occurrence of the higher temperature 
values were also observed. This is due to the degree of blood circulation in the assessed 
limbs, both before and after the load of the patient’s attempt to cool down (Fig. 10–12).

Infrared thermography as a non-invasive, painless and safe method that helps to 
specify the physiological state of the examined tissue due to the emission of thermal 
radiation can reflect the rate of occurrence for these metabolic changes associated with 
local blood supply. The difference in temperatures is associated with impaired blood 
supply in comparison to the observed areas of the body, indicating impaired blood flow in 
the studied area [1, 2].

The thermal images of the lower limbs received during the tests unequivocally illustrate 
the differences in the temperature distribution within the studied area. Comparing the 
average value of the temperature before and after cooling down, the sample in the area of 
the healthy limb and the limb with the deep venous thrombosis has been demonstrated with 
a higher temperature of the diseased limb [2, 13].

The effectiveness of the ongoing process of the deep vein thrombosis could assist with 
the thermal imaging diagnostics, directly visualizing the progress of the treatment and 
rehabilitation. The results of research obtained this way could therefore form the basis for 
determining the intensity and level of effectiveness of treatment and rehabilitation in the 
rehabilitation of the patients with a history of disease states of deep vein thrombosis. This 
is a prerequisite for any further research focused on the application of thermal imaging 
diagnostics imaging of cardiovascular diseases.

3. Conclusions

In the course of the study, significant increases in the temperature of the right lower limb 
(in comparison to the left) were found. The study showed the presence of the substantial 
temperature difference between the left and right lower limb, before and after the performance 
of the cooling test.   

Presumably, research done on a larger group of patients could increase the statistical 
possibility of testing thermal imaging as a credible medical research.  

The above-described thermal imaging studies point to the possibility of using thermal 
imaging diagnostics in assessing the state of health of the examined person. Finding and 
monitoring the treatment of the areas affected by the inflammation are possible thanks to 
the application of thermal imaging methods. Comparing thermal images of the same area, at 
certain intervals, could help to observe diversification of the production and heat loss to the 
environment.

The use of thermal imaging makes it possible to detect changes in peripheral vessels 
in the legs and arms. It is possible due to the fact that, in the images of thermal imaging, 
the differences in the temperature distribution can be observed, which is associated with 
impaired blood flow.

An additional benefit of using a thermography test as a method of diagnosis in medicine 
is the economic problem. Full-size studies can directly show anomalies in the human body 
due to the detection of inflammations, being indicative of poor health. This would not 
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save only time, both patient’s and physician’s, but it also can reduce the cost of medical 
diagnostics, the whole or a specific area of the body.

Based on the writer’s own research, the convergence of methods of thermal imaging by 
Doppler ultrasound, and others described in the theoretical part of the MSc work [14], was 
demonstrated. Results of the Doppler ultrasound examination indicate the existence in the 
right limb of a disease state – deep vein thrombosis. Registration of temperature with the 
application of infrared camera confirms the presence of areas of elevated temperature – 
which is indicated by the blood flow disturbances. Thermal imaging method could thus be 
complementary to conventional methods of diagnosing cardiovascular diseases.

Infrared thermography as a diagnostic method has a high potential in research or 
diagnostics. It already has a considerable interest in both the scientific and medical 
communities. Its development potential also provides the ability to determine – at the first 
contact with the patient – the existence of irregularities in the body, which are visible in the 
paintings of thermal inflammations characterized by increased temperature values. 

Thermal imaging is not yet considered a fully reliable method. While using thermal imaging 
on humans or animals in particular, only reliable and accurate results must be presented. Please 
be sure to remember that incorrect measurements lead to erroneous conclusions.

But certainly, summing up the above conclusions, it should be clearly stated that the 
establishment of a uniform methodology for research thermal imaging as a method of 
diagnosis has a development potential and needs further study.
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INFLUENCE OF A SKIN TISSUE ANISOTROPY 
ON MECHANICAL HYSTERESIS 

WPŁYW ANIZOTROPII TKANKI SKÓRNEJ  
NA HISTEREZĘ MECHANICZNĄ

A b s t r a c t 

The mechanical properties of a pig’s skin as a human skin substitute in the studies carried out 
in vitro are used in surgery and engineering design. The investigation included the uniaxial 
tensile test and cyclic loading-unloading tests of a swine skin. The values of dissipated energy 
and energy dissipation ratio for first, fifth and tenth hysteresis loop of every examined sample 
were obtained. In the investigation, the skin anisotropy was taken into consideration. The 
estimation of the influence of various levels of load on the values of the measured parameters 
was also made.

Keywords: mechanical properties, energy dissipation, skin, animal samples, hysteresis 

S t r e s z c z e n i e 
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1. Introduction

The skin is a non-homogeneous material, which has a complicated multilayered anatomy 
structure. It displays viscoelastic mechanical properties and in vivo it is subjected to a pre-
stress, which is unequal distributed on its surface. The areas of reduced tension are mapped 
by Langer̀ s lines [1–4]. Their direction is perpendicular to the long axis of muscles lying 
under the skin [1].

From a mechanical point of view, skin can be treated as a composite material with 
a highly-hierarchical structure. Due to the complex anatomy structure, skin tissue is 
a strongly anisotropic material. Basic mechanical properties of the skin are largely influenced 
by the structural arrangement and orientation of the collagen fibers [5, 6]. The viscoelastic 
behavior of skin tissue is shown in the hysteresis in the stress-strain relationship. Hysteresis 
is defined as the energy lost within the tissue between loading and unloading. Hysteresis is 
caused by internal friction of a material. This internal friction is responsible for dissipating 
mechanical strain energy to heat. When the skin is stimulated repetitively with constant 
load peak, the load-deformation curves shift to the right in a load-elongation diagram and 
the hysteretic effects diminish. By repeated cyclic, eventually a steady state is reached at 
which no further change will occur (the tissue is preconditioned) unless the cyclic routine is 
changed [7].

The description of mechanical properties of the skin is still an open question, not only 
from the theoretical point of view, but also from an experimental aspect. There is no one 
definite standard that has been established in testing skin tissue. The knowledge obtained 
in mechanical tests is used in dermatology as well as in traumatology and plastic surgery, 
especially in view of the aging and fatigue features. It is also used in the engineering design 
of medical robots and surgical instruments [8].

In the case of the investigation of living tissue, the availability of research material is 
limited, especially if the study would concern human tissues. An important limit of such tests 
consists of ethical considerations. Much greater freedom is characterized by investigation of 
animal tissues. Therefore, in many studies, substitutes are used [9, 10]. These materials have 
a structure and properties as similar as possible to the original. In the case of the investigation 
of human skin tissue, a good substitute is swine skin. It has an anatomical structure very 
similar to that of human skin. Pig̀ s skin contains dermal collagen and elastic content that 
is more similar to humans than other laboratory animals [11, 5]. In the literature, the most 
commonly used tests to characterize pig’s skin are uniaxial and biaxial tensile tests and 
relaxation tests [12, 13]. However, the data obtained in tensile tests are often very different. 
This difference results from the biological variety among animals, the sensitivity of biological 
tissues to test and storage conditions of samples, problems with obtaining samples of identical 
dimensions (e.g. various thickness), as well as from the anisotropic character of the skin [14]. 
The Young’s modulus of the pig’s skin varies between 7.6 MPa and 62.6 MPa, the tensile 
strength varies between 2,5 MPa and 15.7 MPa [12, 15–17].

The aim of the study was an estimation of the influence of skin anisotropy and various 
levels of load on mechanical hysteresis under cyclic loading-unloading of swine skin.
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2. Material and methods

2.1. Samples preparation

In the study, the skin from a domestic pig, which weighed ca. 110 kilograms and was 6 
months old, was used. Firstly, patches of skin from the back were extracted. The skin and 
adipose tissues were separated. Rectangular samples, in the same geometric dimensions: 
100 mm in length and 10 mm in width, were made. There is no standard for testing skin 
tissue and literature review showed that e.g. the width of sample can be in the range between 
5 and 12,7 mm [12, 18]. Therefore, the geometry size of skin samples was selected according 
to PN-EN ISO 527-2. Specimens were taken in three directions: parallel, perpendicular 
and at an angle 45 degrees (oblique) to the backbone (Fig. 1). The average thickness of the 
samples was 2,27±0,19 mm.

Fig. 1. Direction of samples taken from swine`s back (1 – oblique, 2 – parallel, 3– perpendicular) 
in relation to the backbone line

In order to better store the biological material, the specimens were frozen at the 
temperature of –18°C and defrosted in the period of 1 hour at room temperature before the 
test.

2.2. Research methods

The mechanical properties under static tension were determined with the use of the 
MTS Insight 50 testing machine. The samples were mounted using flat clamps and they 
were extended at the speed of 5 mm/min. The measurement base of the sample was 50 mm. 
Each set of samples for tension testing (the samples divided according to the direction of 
their taking) contained a minimum of 5 samples. The determined values of mechanical 
parameters: Young’s modulus (E1 in the first phase of elongation, E2 in the second phase of 
elongation), the tensile strength (UTS) and the strain at break were shown as the average 
values with a standard deviation (X ± SD).

Repeated loading cycles were made for three levels of load: 30 N, 65 N and 100 N and for 
three directions of the taken samples. The applied tensile load was within the elastic limit of 
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the skin. The test was made with the use of MTS Insight 50 testing machine. The loading as 
well as the unloading was conducted at a constant rate of 5 mm/min. Initial sample length 
was l0 = 50 mm.

The cyclic loading-unloading tests consisted of 10 loading-unloading cycles. Three hysteresis 
loops for each level of load were registered (first, fifth and tenth). On the basis of the received 
data, the force-elongation characteristics were obtained. These curves were used to calculate 
dissipated energy (the area of loop) and energy dissipation ratio (dissipated energy/energy during 
loading) in each loading cycle. Also, examples of strain versus time curves were shown, and on 
their basis values of residual strain were calculated. Eighteen samples were taken, two samples 
for each set of research direction and load level. The calculated values of energy of dissipation, 
energy dissipation ratio and residual strain were shown with a standard deviation. 

3. Results

The anisotropy of the skin tissue had a considerable impact on its mechanical parameters. 
The research shows that the best mechanical parameters characterized samples taken 
parallel to the spine. The lowest values were obtained for the perpendicular samples (Tab. 1).

T a b l e  1

The average values of obtained mechanical properties

Research direction 
(to the backbone)

Maximum 
force [N] UTS [MPa] Strain [%]

Young`s 
modulus E1 

[MPa]

Young`s 
modulus E2 

[MPa]

perpendicular 242.42±81.93 10.61±3.18 43.39±8.60 2.35±0.28 35.53±3.97

parallel 522.70±95.91 22.06±3.31 45.16±3.68 2.46±0.35 72.28±6.56

oblique (45°) 484.26±55.66 21.18±2.32 44.32±5.91 2.39±0.27 63.89±8.75

As a result of the cyclic loading-unloading tests of the swine skin tissue, stress-strain 
characteristics for the three various load levels (30 N, 65 N, 100 N) and with respect to skin’s 
anisotropy were obtained (Fig. 1 to 3).

Fig. 2. Comparison of hysteresis loops (1st, 5th and 10th) obtained under load of 30 N  
for three directions of samples taken
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Fig. 3. Comparison of hysteresis loops (1st, 5th and 10th) obtained under load of 65 N  
for three directions of samples taken
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Fig. 4. Comparison of hysteresis loops (1st, 5th and 10th) obtained under load of 100 N  
for three directions of samples taken
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The maximum value of the stress reached at the load of 30 N was 1.42 MPa (peaks of 
each hysteresis loops). For the last, tenth loop, the value of the maximum strain was 18.4–
18.6% for perpendicular samples, 12.1–13.8% for parallel samples and 4.8–5.8% for oblique 
samples (Fig. 2). When the load of 65 N was used, the maximum value of the stress was 
3.08 MPa. Instead, the value of the maximum strain for the last loop was in the range of 
18.1–18.7% (perpendicular samples), 24.6–25.2% (parallel samples), 9.5–10.7% (oblique 
samples). The application of load of 100 N resulted in obtaining maximum stress with 
a value of 4.73 MPa. The values of the maximum strain for the tenth loop were 24.8–25.5% 
for the perpendicular samples, 25.4–28.4% for the parallel samples and 14.3–21.5% for the 
oblique samples.

In Figs. 2 to 4, difference between the area of the first hysteresis loop and the following 
loops have been seen. At every examined load level and research direction, the first hysteresis 
loop had a definitely higher value of the surface area than other loops. The values of the 
surface area of each registered loop were calculated and shown as energy of dissipation in 
Figs. 5 to 7. The highest value of the energy dissipated was observed in the first cycle of 
loading-unloading test (in the first hysteresis loop) for all directions of the taken samples. 
An increase of the number of loading cycles caused a decrease of the value of dissipated 
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energy. The percentage reduction of these values was presented in Tab. 2. For perpendicular 
samples under the load of 30 N, the average value of energy dissipation for the first loop 
was 56.79±0.81 mJ. The average value of the energy dissipation for the first loop for parallel 
samples under the load of 30 N was 31.72±3.94 mJ. The smallest differences between each 
loop were shown for oblique samples. The average value of energy dissipation for the first 
loop (under the load of 30 N) was 8.7±0.91 mJ.

Fig. 5. Values of dissipated energy under the load of 30 N
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Under the load of 30 N, for the perpendicular samples the value of dissipated energy 
was the highest (Fig. 5). At this load level, parallel samples exhibited less ability to energy 
dissipation. Oblique samples obtained the worst result. The level of applied load (30  N) 
corresponded to the first phase of elongation test, in which elastin fibres are mainly 
responsible for the stretching mechanism. At this stage, collagen fibers remain folded, so 
their contribution in energy absorption is negligible [19, 20]. Therefore, in the case of low 
value of load, participation of more oriented collagen fibers in parallel samples had no 
effect on energy dissipation. At larger loads, parallel samples absorbed more energy than 
perpendicular and oblique samples (Fig. 3 and 4). This may results from the fact that most 
of the collagen fibers are arranged longitudinally to the line of the spine of animals and 
energy supplied to the skin is partly dissipated by collagen fibers during their ordering in the 
direction of the applied force [18].

The highest value of the energy has been dissipated during investigation of parallel 
samples. For the first loop, the average value of energy dissipation for parallel samples was 
124.95±9.89 mJ. For perpendicular samples, the average value of dissipated energy in the 
first loop (under the load of 65 N) was 92.72±1.44 mJ. The smallest differences between each 
loop for oblique samples can be seen. The average value of energy dissipation for the first 
loop was 35.38±2.60 mJ.

For perpendicular samples, in the first loop, the average value of energy dissipation 
was 189.98±14.13 mJ. The greatest values of dissipated energy for parallel samples can be 
seen. The average value of this parameter, at this load level (100 N), for the first loop, was 
198.29±72.53 mJ. The smallest values of energy dissipation were for oblique samples. In the 
first loop the average value of this energy was 125.48±45.02 mJ. In the case of the highest 
value of applied load as well as parallel and oblique samples, the large spread of the average 
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value of energy dissipation can be seen. These results may be caused by differences in the 
specimens’ thickness or the area of the taken specimen, and requires testing with the use of 
a larger number of samples.

T a b l e  2

Differences of values of energy dissipation between loops under the load of 30 N

Research direction Loop 
no.

Percentage reduction of values of energy dissipation (relative to 
the first loop)%

30 [N] 65 [N] 100 [N]
perpendicular 5 83.39 75.75 76.81
perpendicular 10 87.92 77.79 79.93

parallel 5 77.55 76.33 75.70
parallel 10 80.88 80.64 79.61
oblique 5 66.95 61.45 70.53
oblique 10 70.46 65.72 73.67

Fig. 6. Values of dissipated energy under the load of 65 N
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Fig. 7. Values of dissipated energy under the load of 100 N
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Analyzing data from the above graphs (Fig. 5–7) relatively slight differences between 
values of energy dissipation for fifth and tenth loop in the margin of error can be noticed. This 
results from a certain stabilization of this parameter after few loading-unloading cycles.

By analyzing the obtained values of the energy dissipation ratio (Fig. 8–10), the fact that, 
at each load level, an increase of the number of loading cycles caused a decrease of the values 
of this ratio, may be seen. Differences between values of the energy dissipation ratio for fifth 
and tenth loop were inconsiderable. This is the result of stabilization of this parameter after 
few load-unload cycles.

Fig. 8. Values of energy dissipation ratio under three load levels for perpendicular samples

Fig. 9. Values of energy dissipation ratio under three load levels for parallel samples

In Fig. 11, examples of strain versus time curves under the load of 30 N were shown. The 
stages of cyclic loading-unloading can be recognized for these curves. In the loading phase, 
the value of strain increased and in the unloading phase, it decreased to the value of residual 
strain which occurred immediately after the first loading-unloading cycle. This behavior 
resulted from the viscoelastic nature of skin tissue. In Tab. 3, the values of residual strain for 
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the tested samples were shown. The values of residual strain increased with the number of 
loading cycles (number of hysteresis loops). The highest values of residual strain under the 
load of 30 N were obtained for perpendicular samples and under higher loads for parallel 
samples. This trend was similar to that observed in the case of energy of dissipation.

Fig. 10. Values of energy dissipation ratio under three load levels for oblique samples
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Fig. 11. Examples of strain versus time curves under the load of 30 N

T a b l e  3

Comparison of values of residual strain for tested samples

Load [N] Loop no.
Residual strain [%]

Perpendicular Parallel oblique

30
1 10.59±0.79 6.09±1.97 1.45±0.47
5 12.50±0.78 7.43±1.95 1.90±0.60
10 13.32±0.48 8.41±1.95 2.01±0.53

65
1 7.44±0.29 11.76±0.82 2.91±0.41
5 9.50±0.41 14.59±0.27 3.60±0.39
10 10.41±0.12 16.19±0.21 3.91±0.54

100
1 11.61±1.04 12.36±0.08 6.25±3.49
5 14.06±0.66 15.05±0.39 7.95±4.39
10 15.02±0.54 16.57±1.14 8.89±4.58
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4. Conclusion

The results confirm that like human skin, pig skin is a highly dissipative material exhibiting 
non-linear mechanical behavior. Based on the research of the mechanical properties obtained 
in the uniaxial tensile test and cyclic loading-unloading tests of the skin tissue samples taken in 
three directions in relation to the swinè s backbone, the huge influence of anisotropy of the skin 
on its properties can be confirmed. The conducted uniaxial tensile test showed that the best 
mechanical parameters were obtained for the parallel samples. The lowest values were revealed 
by the perpendicular samples. Instead, oblique samples medium values of every obtained 
parameter were achieved. The mechanical parameters of the swine skin are comparable with 
values describing the human skin [19, 21]. This confirmed that swine skin is a good material for 
the substitution of human skin in vitro researches.

The test under loading and unloading showed that the skin anisotropy influenced 
on mechanical hysteresis. At a low load level (30 N) the perpendicular samples obtained 
the highest value of dissipated energy. But at a higher load level (65 N, 100 N), the highest 
value of dissipated energy was achieved by parallel samples. At every examined load level 
for oblique direction of samples taken, the smallest surface area of hysteresis loops was 
observed. The increase of load values resulted in a higher value of the dissipated energy for 
all directions of samples taken. The stabilization of the value of energy dissipation between 
fifth and tenth loop was shown. Similar results were obtained for dog skin by Bismuth et al. 
[21]. At every examined load level, the first hysteresis loop had a higher surface area than 
other loops. This tendency was in reasonable agreement with the results obtained by Ehret 
et al. [22].

Characterization of the mechanical properties of pig skin is important and allows for it 
to be used as an animal model for human skin disease. Skin hysteresis is especially useful to 
absorb the energy from high forces that may be experienced during accidental impacts.
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