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1 Introduction 

Design, realisation and evaluation of mechanical tests have a significant influence on 

quality of the measured and modelled stress-strain data. Reliable and accurate description of 

mechanical behaviour of the tested material is fundamental for further calculations of any 

structure (e.g. carrying capacity of a bridge, economic design of a bicycle, or rupture risk of 

an aortic aneurysm). 

For classical structural materials (crystalline) just uniaxial tests are sufficient. 

Standardisation of the experimental setup ensures high accuracy of their results. Materials 

showing large strains (e.g. rubber or soft tissues) need biaxial tests which are not standardized 

and are influenced by load transmission to the specimen due to St. Venant’s principle. Their 

accuracy is therefore lower.  

In order to find the optimal experimental setup we can use computational modelling to 

virtually simulate the mechanical testing with the aim to evaluate the influence of various 

experimental setups on the resulting stress-strain data. Also operator’s influence causing 

inaccuracies in the setup is significant and should be examined.  

Especially finite element (FE) models can help us to simulate mechanical behaviour of 

soft tissues and other materials showing large strains [1-5] which are the object of interest in 

this thesis. FE models enable us to simulate real tests of soft tissues. The main advantage of 

virtual testing is the inherent knowledge of the mechanical properties (characteristics) and 

behaviour of the virtually tested material specimen. Thus you can compare the virtually 

measured data with the input material model to evaluate the inaccuracy of the results obtained 

using the chosen testing setup which is, to the author’s best knowledge, a novel approach. 

This principle is almost impossible in real testing due to the mostly unknown exact material 

properties of the measured material. Another positive of computational modelling is the 

absence of measurement noise and unwanted operator’s influence on the testing and also the 

possibility of large amount of simulations with different experimental setups. 

The measured stress-strain data are implemented into the following FE analyses via 

material models. The predictive capabilities of material models, which are based on measured 

data, are capable to influence the results of FE analyses significantly. Thus the predictive 

capability and its dependencies should be also examined. 
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1.1 Motivation 

Our research group at the Brno University of Technology, Institute of Solid 

Mechanics, Mechatronics and Biomechanics, was focusing on calculation of the rupture risk 

of abdominal aortic aneurysm. Uniaxial and biaxial tension tests of healthy porcine aorta, of 

the human aortic aneurysm wall and of intraluminal thrombus were performed here in order to 

obtain stress-strain data describing mechanical behaviour of these soft tissues. These data 

create a basis for material model identification. 

Our experimental setup differs from those commonly used elsewhere in the way how 

the load is transferred onto the specimen. Instead of many hooks or one wide clamp we use 

two slim clamps per edge. This approach was repeatedly dissented in the process of reviewing 

our articles by some researchers from other research groups as they were of the opinion that 

this approach cannot give reliable results. Therefore in this thesis I investigated the influence 

of different gripping methods on the measured biaxial stress-strain data using computational 

modelling, together with other possible influencing factors of experiment realisation. 

To my best knowledge, such extensive analysis has not been performed till now. 

I investigated hooks used commonly to grip the specimen [1][6-16] as well as clamps which 

so far have been used by our group only [17-18]. 

Furthermore, different material models are commonly used which exhibit different 

predictive capabilities. Thus the predictive capability and its dependencies are also examined 

in this thesis. 

 

1.2 Goals of the thesis 

a) To perform a literature review about mechanical testing of soft biological tissues and 

about the influence of experiment realisation on the mechanical characteristics of soft 

biological tissues. 

b) To investigate the influence of experiment realisation on mechanical characteristics of 

soft biological tissues using computational modelling of selected types of tests. 

c) To investigate the predictive capability of material models and its dependencies. 

This goal emerged from further scientific work under solved projects. 
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2 Soft biological materials – description and testing 

An extensive description of the issue can be found in [19-25]. The most common tested 

soft tissues are the blood vessel wall (see references in the bibliography), skin [26], the 

bladder wall [27], small intestine [9] or tendon [28]. The aortic wall as a whole exhibits an 

approximately equal strain range under physiological load up to about 25÷30 % [18] and the 

strength of about 1 MPa [24]. 

The knowledge of the basic properties of the measured tissue is a needed prerequisite for 

proper setup of the experiment, e.g. the choice of type of gripping the specimen or of a correct 

keeping of nonstandard boundary conditions, such as specimen immersion in physiological 

solution or maintaining a constant temperature corresponding to body temperature. 

Furthermore the knowledge of mechanical and structural properties of the tissue creates a 

solid basis for advanced structural material models such as Holzapfel 2000 [29] or Holzapfel 

2005 [30] models, Gasser model [31], Martufi-Gasser model [32].  

Finite element models represent a relevant approach in biomechanics of soft tissues 

nowadays and help us to simulate mechanical behaviour of soft tissues. Quality of the model 

depends primarily on the quality of input data which are obtained from experiments. 

Credibility of the experiment thus defines the quality and plausibility of the computational 

model. 

Specimen is gripped with clamps or other gripping elements into the testing device. 

Contrast points (markers) in the middle of the specimen serve as tracking points for off-line 

evaluation of the deformation of the specimen. 

 

   

Figure 1 Example of gripped specimen using hooks [9] and clamps. 
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We cannot evaluate the accuracy of experimental data from the experiment itself 

because we are neither able to measure stresses nor evaluate (non)uniformity of their 

distribution. However, they can be easily evaluated in FEM simulations where also 

dimensions, including the deformed ones, can be assessed with higher accuracy, and, 

moreover, we know the ideal (input) material properties for comparison. The goal of the FEM 

simulations is therefore to assess the inaccuracy of the measured data, to determine main 

influences on the measured data and to design the best setting of the testing device. 

In contrast to uniaxial tension tests there are no generally agreed standards for the 

execution of biaxial tensile tests; their arrangement, specimen shape and size, as well as the 

way of load transmission on the specimen (gripping elements used), are chosen solely by the 

staff or the designer of the respective testing machine. It has been shown that the chosen 

features can be decisive for accuracy of the results and may cause significant errors in some 

cases [7][33-35]. In all these papers the effect of specimen gripping was investigated using 2D 

simulations.  

 

3 Sensitivity analysis of gripping method 

I have stated above that experiments cannot be used to evaluate the influence of different 

clamping methods on the resulting measured mechanical behaviour of soft tissues. The main 

reasons are as follows: 

1. In reality we do not know the true mechanical properties of the measured tissue. 

So I cannot compare measured results with the ground-truth (ideal) data.  

2. Experiments suffer from different numerous errors caused by the operator, 

mechanism, material non-homogeneity, etc. These errors cannot be separated to 

evaluate only those of them we are interested in, e.g. the influence of different 

clamping method. 

Preliminary simulations have shown that assessment of strain non-homogeneity 

throughout the specimen (which is the only feasible way how to evaluate accuracy of 

experiments) may be misleading. Because of that I have chosen the approach based on 

computational modelling of the tests; in this work I simulate different mechanical tests using 

FE method where the input material properties are known at the beginning, so comparison of 

the (virtually) measured and true (input) data is feasible. This comparison enables me to 

assess the accuracy of the chosen experimental setup. 
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3.1 FE parametric study 

FEM simulations of biaxial tension tests were realized and the resulting stress-strain 

curves compared with the input ones by means of coefficient of determination R2. The 

investigated parameters were type of gripping elements, their number and size, specimen size, 

testing protocol, and specimen material. The main goal of the study was to compare the most 

common gripping method (hooks) with the method applied by our research group (clamps). 

A geometrical model of the tested specimen was created; in fact, only its 1/8 was 

modelled due to its assumed symmetries. The dimensions were chosen according to a typical 

specimen size of the tested arterial tissues [11][18][36]. Numbers and sizes of gripping 

elements were chosen on the basis of literature search. 

Our machine employs balance levers so I mimicked them also in our computational 

model. The levers ensure a uniform force distribution into the individual gripping elements.  

Different types of displacement-controlled biaxial tests were simulated, with 

displacement ratios ux/uy of 1 (equibiaxial), 2 (½) and 4 (¼); due to local deformation similar 

to a real experiment, strain components cannot keep a fixed ratio. I have considered several 

different material models with substantially different stress-strain curves. 

(i) 3rd order Yeoh model (n=3) with the resulting values of c1 = 17,4 kPa, c2 = 0,0 kPa, 

c3 = 13,8 kPa, related to healthy young porcine aortas (denoted as material 1 below).  

(ii) two-layered anisotropic Holzapfel model [29] for arterial wall (material 2) with 

parameters µ = 10,0 kPa, k1A = 9,68 kPa; k2A = 1,32; φA = 0,97 rad; k1B = 14,68 kPa; 

k2B = 0,813; φB = 0,18 rad.  

(iii) 2nd order Yeoh model related to Abdominal aortic aneurysms with constants 

c1 = 174 kPa, c2 = 1881 kPa (see [37], material 3).  

(iv) Neo-Hookean model of Arterial elastin with c1 = 163 kPa (material 4).  

(v) Ogden-like SEDF of Intraluminal thrombus where parameter μ = 3,5 kPa [38] 

(material 5). 

 

3.2 Evaluation of accuracy of biaxial tension tests 

Typical strain distributions under load of 0,1 N in the equibiaxial test (with two 

materials) for setups with 2 clamps, 2 hooks and 4 hooks are shown in Figure 2 and reveal 

interesting differences in strain distribution across the specimen.  

Use of 4 hooks gives a rather homogeneous strain (and consequently stress) distribution 

in a large part of the specimen (including the ROI), while both 2 hooks and 2 clamps result in 
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much more non-homogeneous strain patterns showing a strip of higher strain values between 

the opposite gripping elements (outside of the ROI), in accordance with the expectation of 

major stress flow lines between them. In spite of these differences, however, the R2 values 

representing the accordance between the resulting and theoretical responses are comparable in 

all of these cases (Figure 3) and surprisingly the lowest R2 value corresponds to the most 

uniform strain distribution (4 hooks).  

 

 

Figure 2 Distribution of natural strain εx for various gripping setups and two materials 

(isotropic and anisotropic) at the same load of 0,1 N during equibiaxial tensile test. 

Two hooks and two clamps provide similar strain distributions for each material while four 

hooks provide more uniformly distributed strains in most of the specimen. 

 

Instead of assessing the non-uniformity of stresses or their maximum values 

throughout the specimen or the non-uniformity of strains in the ROI, as done in the previous 

studies [6-8][12][33] or the comparison of averaged stress value in ROI with the loading 

stress as done in [34], I evaluated the results of simulations by a novel approach based on 
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comparison of the resulting stress-strain curves obtained from the simulations with the 

corresponding theoretical responses of the original material models by means of coefficient of 

determination R2 (R2 = 1 for identity). 

 

Evaluation using non-uniformity of stresses throughout the specimen 

The reason why the previous way of evaluation using the non-uniformity of stresses 

throughout the specimen was refused in this study is analysed below. According to the 

geometry of the specimen, the load of 1 N results in 123 kPa of (average engineering) stress 

independently of the experiment setup and material. For this analysis an isotropic model was 

used. The corresponding strain distributions along the specimen axis (from the centre to the 

edge) for different setups are presented in Figure 3 where the theoretical strain value (i.e. the 

natural strain calculated from the input equibiaxial stress-strain curve, using thus intrinsically 

the assumption of their uniform distribution throughout the whole specimen) corresponding to 

the stress of 123 kPa is depicted. While the curves represent distributions of strains along the 

symmetry plane, the straight lines (denoted as “eval.” in the legend) show the average strains 

evaluated throughout the ROI. Evidently the more homogeneous distribution of strains for 4 

hooks induces overestimation of the strain evaluated in the ROI, while for 2 hooks or 2 

clamps the strain in the ROI corresponds better to the theoretical value as documented also by 

R2 values. It is evident, that the evaluated strain value (and thus the R2 value) depends on the 

position of the marker and in the presented case the less uniform distributions of strains (and 

consequently stresses) give better accordance with the theoretical value than the more uniform 

distribution which overestimates the strain value in the ROI due to its steep decrease towards 

the edge. 

 

Figure 3 Distribution of strains across the half of the specimen for 2 clamps (2CL), 

2 hooks (2H) and 4 hooks (4H) for material (iv). 
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Evaluation using comparison of resulting and input stress-strain curves  

In my work I used comparison of resulting stress-strain curves obtained from the 

simulations with the corresponding theoretical responses of the original material models. The 

input (original, theoretical) stress-strain curve for each of the simulated tests was calculated 

analytically from the applied constitutive model. 

The R2 value was calculated for each of the simulated tests separately by comparing 

the resulting stress-strain curve with the input (theoretical) one for the same loading protocol, 

and then the resulting R2 for each specific setup of the test was calculated as average of all the 

applied loading protocols. 

 

3.3 Evaluation of the parametric study 

The quantitative evaluation of the individual cases was done as follows:  

1) FE computational models (2-dimensional and 3-dimensional) were created for each of 

the evaluated assemblies in ANSYS software. 

2) Resulting stresses and strains during the loading process were calculated in the same 

manner as in the experimental approach. 

 Engineering stresses (1st Piola-Kirchhoff) were calculated as total force in the 

given direction divided by the undeformed cross section area. 

 Stretches (principal components of deformation gradient tensor) or engineering 

strains were calculated from the positions of markers in the central region of the 

specimen in their undeformed and deformed configurations. 

3) The corresponding theoretical curve was calculated for the set of chosen strain values. 

4) The resulting stress-strain curve was compared with the theoretical one by means of 

coefficient of determination R2 (R2 =1 for identity). 

 

3.4 Limitations of the computational model 

Simplifications 

First, we simplified the process of penetration of the hook into the tissue by assuming 

the hole of the same diameter as the hook; so no stress is induced in the tissue before loading 

while in reality the penetration of the hook induces some stresses in the tissue which compress 

the hook. The effect of this simplification was not explored, it is assumed to be local only 

without any significant impact on the evaluated stress-strain curves. The straight shape of the 

hooks is not realistic either but they are placed in straight holes so that a full length contact 
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(and better convergence) is ensured from the onset of loading; the differences against a curved 

hook in a curved hole are expected to be local only without any impact on the results.  

 

Presumptions 

Also all the numerical analyses assumed homogeneous materials while soft tissues are 

more or less heterogeneous which may affect primarily the results for large specimens which 

are naturally more heterogeneous. Next, perfectly symmetric and accurate positions of clamps 

and hooks were assumed in all the presented analyses. Naturally, the accuracy of the 

positioning of clamps or hooks represents another important operator-dependent factor 

influencing the accuracy of the experiment. 

 

3.5 Summary of results 

A novel method of evaluation of the accuracy of biaxial tension tests was used which 

compares not the stress and strain distribution throughout the specimen but directly the 

simulated response with the theoretical material response based on input material models of 

the specimen by means of coefficient of determination R2. It was shown that this approach is 

superior to mere comparison of uniformity of strain (stress) distribution. 

The results are valid for a wide range of material stiffness occurring at soft tissues, from 

the very compliant ILT up to the stiffest wall of abdominal aortic aneurysm, and for a wide 

range of strains exceeding their physiological values. The analysis of influence of dimensions 

and numbers of grips shows that 2 or 3 hooks and 2 narrow clamps per edge give the best 

accuracy for small specimens. Larger hook diameter increases the accuracy for two hooks and 

decreases for a high number of hooks (4 - 5). Two clamps can be applied in a broad range of 

width independently of the analysed material. 

Specimen size influences the accuracy of results significantly. If a relatively uniform 

load distribution is kept, the value of R2 tends to the ideal value of 1 with increasing specimen 

size within the investigated range. In the case of a quite non-uniform load distribution using 

two clamps or hooks the R2 value does not tend to 1, but to a slightly lower value (0,98), for 

the material 3 it even decreases with larger specimen size, but still with acceptable value of  

R2 = 0,95 for 35 mm specimen edge. For large specimens the use of more (typically 4 or 5) 

hooks is recommended. 4 clamps may give similar results for large specimens but this case 

was not analysed. 
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All previous conclusions are relevant for different loading protocols. Non-equibiaxial 

protocols show worse accuracy than equibiaxial ones and are more dependent on the 

experimental setup as well as material properties. 

The realized analyses are much more comprehensive than those presented in previous 

studies [7][33-34] and the results do not contradict any of them for comparable cases.  

 

4 Predictive capabilities of different material models 

A good computational model requires not only credible stress-strain experimental data 

but also their sufficiently accurate approximation by a mathematical function representing the 

chosen constitutive model. The ideal case is a material model accurately predicting a variety 

of stress-strain states on the basis of only minimum of needed experimental data. Uniaxial 

testing is less demanding in material preparation and size, measuring device and data post 

processing than biaxial testing. Thus many material models are fitted using uniaxial data only, 

predicting thus biaxial stress-strain states. Some of the used material models have better 

predictive capabilities than other models. Therefore validation of some constitutive models by 

assessing their capabilities in describing and predicting uniaxial and biaxial behaviour of 

porcine aortic tissue is the aim of another study done by the research group of my supervisor.  

The results were published in [39], the full text of which is attached as Appendix of the thesis. 

Here I present its basic concept and specify my individual contribution. 

In short, specimens of porcine aorta were prepared and measured under uniaxial and 

biaxial testing protocols. Four constitutive models were chosen for comparison of their 

predictive capabilities: Holzapfel 2000 ([29], denoted as HGO model below), Gasser 2006 

([31], denoted as GST model below), Four fiber family [40-41] and Microfiber [32] were 

fitted using uniaxial data and then used to predict the biaxial measured data and vice versa. 

Accuracy of the prediction was statistically evaluated and the models were ranked according 

to their predictive capability. The conclusion was that HGO and GST models were not 

capable to predict biaxial arterial behaviour while FFF model was the best of the investigated 

constitutive models. Knowledge of transversal strains in uniaxial tests improves predictive 

capability of the constitutive models. 

The author’s part in this study (see Figure 4) was the fitting of the measured data using 

different constitutive models followed by evaluating the accuracy of predictive capabilities.  
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Figure 4 Schematic description of the process of evaluating the predictive capabilities 

of different material models [39]. The area of author’s work is marked red. 

 

4.1 Process of fitting the measured data using the program Hyperfit 

Hyperfit, in contrast to ANSYS or other fitting programs, is capable to fit multiple data 

sets of the same type of test using a single constitutive model. This enables us to calculate 

response based on any number of measured specimens, e.g. a mean population response. 

Firstly one specific feature of the analysis needs to be mentioned. The tested specimen 

was square shaped also when uniaxial tension test was applied instead of the usually used dog 

bone shape. The reason for this is explained in the journal article [39]: 

 

“The uniaxial tests were performed by unclamping one of the axes. 

It is also underlined that engineering strains in both principal directions εc and εa were 

recorded in all tests including the uniaxial ones. This was motivated by our effort to 

identify the effect of transversal strain on the predictive capability of the analyzed 

constitutive models since some of the analyzed constitutive models were shown 

previously not to estimate the transversal strain correctly (Skacel and Bursa, 2015). A 

secondary reason is in the use of square shape specimens which do not guarantee 

uniaxial state of stress during uniaxial testing. In this way we have obtained 7 data sets 

from 5 biaxial and 2 uniaxial tensile tests for each specimen.” 
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In short, the use of the square shaped specimen enables us to change the biaxial test 

into uniaxial one by simple unclamping one of the axes and, moreover, we can measure the 

transversal strain in the same manner as in biaxial tests. This enables us to evaluate the effect 

of transversal strain on the predictive capability of the analysed constitutive models. 

The specimen is clamped into the testing device using multiple narrow clamps or 

hooks. These gripping elements cause a non-uniform deformation distribution along the edge 

of the specimen which may influence also the central part of the specimen where strains are 

measured. Moreover, large deformations during the test cause rotation of the gripping 

elements inducing thus non-zero forces in the direction perpendicular to the direction of load. 

These transversal forces influence the transversal strains and disturb the uniaxial state 

of stress. Therefore it is not an ideal uniaxial test but a test under biaxial stress state in which 

we are not able to measure the transversal stress. If the transversal strain derives from biaxial 

stress state, we prefer to fit the data using biaxial test mode and thus involve both strains of 

the specimen. Due to this additional information the predictive capability of the model may 

increase as a result.  

 

4.2 Dependence of R2 on starting and constrained parameters 

The quality of the fit, quantified by the resulting coefficient of determination R2, 

depends on the starting point, which is defined as a set of starting parameters. 

To examine the problem closely multiple data sets were fitted using multiple starting 

points. Different starting points resulted in different coefficients of determination R2. The 

difference (distance) between the maximal and minimal R2 can be explained as an uncertainty 

of the fitting process or the influence of different starting points on R2. The phenomenon has 

been observed with all material models. The analysis is using the parallel Microfiber material 

model which is the best structural material model in regard of the prediction capabilities. 

The constraints are given by physical conditions only. The parameters are “free” to 

achieve any value, therefore it is called “All protocols, free”. 

Some material models are structure based thus the parameters of the model should 

vary in a specific range of values. The value of R2 will be influenced by restraining the 

possible values of parameters. The question remains, what criterion should be maximized – 

the R2 which stands for the best fit of the measured data or that the parameters vary in a 

natural range of values? In [39] the authors have chosen to let the boundaries of the 

parameters free in order to obtain the best fit of the measured data. The constraints of the 
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more constrained material model were chosen on the basis of the structural data measured in 

[18]. 

 

 

Figure 5 Coefficient of determination in dependence on different starting points 

for constrained and unconstrained parameters and for different datasets. 

 

The greatest difference in the resulting R2 was observed when using the most “soft” 

stress strain response, (starting point Nr.1) where most of the parameters were near the zero 

value. The R2 values of the same starting points applied with different datasets differ not 

negligibly, therefore we can assume that there are no “ideal” starting points to be used when 

fitting experimental data. 

The influence of starting points is unexpected because in most cases there exists only 

one residual maximum (or minimum) of the maximized (or minimalised) function. In case of 

complex constitutive models multiple maxima can be found during the fitting process. When 

fitting, the program finds only one local maximum which needn’t to be the global maximum. 

Therefore a restart of starting parameters is available in the program widening thus the area of 

search. Unfortunately we do not know the exact parameters of the material model which give 

the maximal and also unknown R2. Therefore we can never know the best starting points of 

the fitting process and it is recommended to use multiple starting points to increase the 

probability of the maximal achievable R2. 

Constraint of the parameters results in influencing the R2 of the fit unpredictably. In 

some cases the R2values are practically the same (starting points 1 and 4), in the case of SP 3 

the difference is minimal and in the case of SP 2 the difference is large. It cannot be said that 
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in the analysed case constraint of the parameters influences the resulting fit negatively 

because there is no significant dependence. 

From the author’s experience the most effective method how to achieve the best 

approximation of experimental data from many data sets is to select one group of the 

measured data sets and to fit this group using multiple starting points. The resulting set of 

parameters with the highest R2 is then used as a starting point for all the other data sets. This 

approach combines the probability of finding the best approximation with minimization of the 

calculation time. 

Every starting point generates a model curve which is fitted to the experimental data. 

All curves for each type of dataset or (un)constrained parameters are shown below. 

 

 

Figure 6 Stress strain model curves for different starting points for all datasets 

in comparison with experimental data, unconstrained (free) parameters. 

 

 

Figure 7 Stress strain model curves for different starting points for all datasets 

in comparison with experimental data, constrained parameters. 
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4.3 Conclusion 

The resulting coefficient of determination R2 depends on the starting point, which is 

defined as a set of starting parameters. The greatest difference in resulting R2 was observed 

when using the most “soft” stress-strain response where most of the parameters tended to the 

zero value. The R2 values of the same starting points applied on different datasets differed 

significantly. Therefore we can conclude there are no “ideal” starting points to be used when 

fitting experimental data. 

The most effective method how to achieve the best approximation of experimental data 

from many data sets is to select one group of the measured data sets and to fit this group using 

multiple starting points. The resulting set of parameters with the highest R2 is then used as a 

starting point for all the other data sets. This approach combines the probability of finding the 

best approximation with minimization of the calculation time. 

Constraint of the parameters results in unpredictable influencing the R2 of the fit. In two 

cases the R2values were practically the same, in one case the difference was minimal and in 

one case the difference was large. It cannot be said that in the analysed case the constraint of 

the parameters influences the resulting fit negatively because there is no significant 

dependence. 

 

5 The influence of affine deformation between matrix and fibres 

5.1 Motivation 

Constitutive models represent a challenging and important issue in biomechanical 

modelling. For description of mechanical behaviour of soft tissues different types of 

constitutive models have been used, from those formulated originally for rubber 

(e.g. Mooney-Rivlin model [42] and its simplified forms), through different types of isotropic 

or anisotropic phenomenological models proposed specifically for soft tissues (Demiray [43], 

Fung [44], Hayashi [45], and others), up to models reflecting at different levels the tissue 

structure (e.g. Lanir [46], Holzapfel [29], Gasser [31], Martufi [32]). A specific family of 

constitutive models reflecting active response of some soft tissues (e.g. Rachev [47-48], 

Stergiopulos [49]) is not addressed in this study. Many of these models are capable to 

describe uniaxial or biaxial responses of arterial tissues with acceptable accuracy but most of 

them fail in prediction of biaxial response on the basis of uniaxial testing only. A similar 

problem occurs if stress-strain behaviour of arterial tissue under various types of biaxial stress 

or strain is to be predicted on the basis of equibiaxial tests only. Therefore biaxial testing 
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under different ratios of displacements or forces in both directions is preferred. However, 

when we tried to capture five different biaxial testing protocols (with maximum displacement 

ratio 5:1) for abdominal aortic aneurysm wall, none of the known constitutive models, incl. 

those based on structure tensor, was capable to describe them reasonably. Thus our hypothesis 

came into existence on possible disruption of the assumption on affine deformation which is 

used intrinsically in all models. 

 

5.2 Objective 

To evaluate the possible impact of disruption of the assumption of affine deformation 

on the stress-strain response of the material. If this impact was large enough to explain the 

differences between experimental data and the constitutive models, the failure of all models in 

description of mechanical tests of abdominal aortic aneurysm wall might be explained by their 

common intrinsic assumption which was never substantiated experimentally. 

 

5.3 Methods 

In order to quantify the influence of possible non-affine deformation between matrix 

and collagen fibres, we have created a FEM of a square-shaped specimen of soft tissue, with 

one family of collagen fibres oriented under varying angle to the direction of uniaxial load. 

The specimen consists of two layers of matrix and many fibres aligned in one direction. 

Models with fibre angles from 0° up to 90° have been realized with the step of 5°. 

 

 

Figure 8 Geometry of the specimen. Two layers representing the matrix 

and the fibres between the layers. 

 

Fibres and matrix need its own material model with relevant material constants. Both 

material models are based on frequently used constitutive descriptions, such as Neo-Hooke 
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and Yeoh material model, and experimentally acquired data. The presumption of 

incompressibility is active in both cases. The matrix is very pliable under low stress. The 

constant for Neo-Hooke material model has the value Mu = 20 kPa. 

The fibres are typically described using exponential stress strain curve. At first only 

small amount of stress is needed to gain large strain, after some 20 % strain the dependence 

becomes much stiffer and the stress can reach very high values. The parameters of 5-param. 

Yeoh material model are c10 = 10 Pa, c20 = 8 MPa, c30 = c40 = 0, c50 = 200 MPa based on a 

typical measured data of the relevant tissue. 

Each fibre was divided into multiple elements along the fibre length and – for affine 

deformation – all the nodes were merged with the closest nodes of the matrix. In contrast, for 

non-affine deformation the displacements of nodes along the fibre length were independent of 

matrix deformation with exception of their end nodes. 

 

 

Figure 9 Mesh of the model (without upper layer to see the fibres). Each body is in different 

colour. The fibres consist of multiple elements in the length direction. 

 

All loads and boundary conditions were applied ideally along the whole edge of the 

specimen. Symmetry was used on the lower surface and on the relevant edges to save the 

calculation time. The deformation load reached maximally 30 % of the starting specimen 

length. In the case of proportional tests one of the loads was lowered in the relevant ratio. For 

example for the ratio of 2:1 the loads are 30 % in x axis and 15 % in y axis. 
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The testing protocol included uniaxial tension, planar tension, and biaxial tension with 

following displacement ratios: 1:1, 1:2, 2:1, 5:1, 1:5.  

Note: As planar tension (plane strain tension) we denote the uniaxial tension test with 

constrained transversal deformation. If loaded in x direction with constrained displacement in 

y direction it is denoted as “dispY=0” below. 

 

The parametric study consists of input parameters which we assume might be 

influential and of the output parameters which are observed. At the end, a possible connection 

between input and output parameters is analysed. The input parameters are following: 

- The affinity of deformation: Fibres either are or are not connected to the matrix along 

the whole length of the fibre. In any case the fibres are connected to the matrix at the 

edges of the specimen. 

- The fibre angle: The fibres are oriented under different angles in the range from 5° to 

90° with the steps of 5°. 

The observed output parameter is the reaction force in relevant axis at the end of the 

loading process. 

 

   

Figure 10 Example of affine (left - curved fibres) and non-affine (right -straight fibres) 

deformation, the fibre angle is 25°. Equibiaxial load. 

 

From each FEA we acquire one dataset of strains and stresses corresponding to the 

respective test. The comparison is performed between two corresponding datasets which 

differ only in their affine or non-affine deformation. The simplest way of their comparison is 

done by calculating the difference of the force values at the end of the loading process where 

we assume the largest impact of affinity of deformation; affine and non-affine deformation 
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cause different deformed shapes of fibres due to their interaction with the matrix. The datasets 

could be also compared more rigorously using the coefficient of determination R2. In each 

step of the calculation, this method compares two stress values for one specific strain value, 

normalizes their difference, and summarizes the results along both functions. 

 

5.4 Results 

As expected, the shape of the fibres was curved for the affine and straight for the non-

affine deformation. The differences between both models were highly angle-dependent and 

ranged up to 10 % regarding the force values at the end of the loading process. Such a 

difference might be significant for certain models but cannot explain the much larger 

contradictions between the structure-based constitutive models and the results of biaxial tests 

under different testing protocols. In addition, for the chosen constitutive model the coefficient 

of determination differs between both the respective stress strain curves by ∆R2 = 0,01÷0,02 

which is an insignificant value in comparison with the larger contradictions described above. 

 

 

Figure 11 Relative differences of force values for different loading protocols 

in dependence on the fibre angle with preferred X direction. 

 

The difference decreases with decreasing transversal displacements. The sequence of 

protocols according to the decreasing transversal displacement is as follows: 1:1 – 2:1 – 5:1 – 

dispY=0 – uniaxial test.  
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5.5 Discussion, limitations 

The analysis is based on only one type of material model for matrix and fibres with one 

set of material parameters only. We presume that different material behaviour (other types of 

material models and sets of parameters) will affect the results quantitatively but not 

qualitatively. The aim of the study is primarily not to quantify the difference between affine 

and non-affine deformation but to analyse the problem qualitatively. Furthermore, the 

material model used in the analysis is commonly used in the field of artery wall FEA. 

The limitation of the model is its limited applicability. The structures (specimens) need to 

be thin walled because of the in plane (2D) stress state.  

 

6 Conclusion 

The dissertation thesis focuses on the plausibility of mechanical testing of soft biological 

tissues and on the predictive capabilities of different material models. Parameters of material 

models applied on these tissues are preferentially based on biaxial tension tests. The results of 

these tests can be significantly influenced by the choice of experimental setup which is chosen 

solely by the designer of the testing machine and the operator; there are no generally agreed 

standards for their execution. 

Hooks are most commonly used but their application may bring some problems. Our 

research group uses two narrow clamps because of their easy, quick and practical use. 

Validation of this novel gripping method is done through comparison with the standard 

approach using hooks. Other goals represent analyses of various additional influencing 

parameters of the experimental setup and realisation. 

Computational modelling was used to examine all the named influencing parameters. A 

parametric FE model of biaxial tension test was created and different experimental setups 

were simulated. The accuracy of results was quantified by means of coefficient of 

determination R2 comparing the virtually measured stress-strain data with the theoretical 

response of the input model of the specimen material. This novel approach is based on the 

way how stresses and strains are calculated in experiments and the applied comparison of 

input and output curves is superior to evaluation of uniformity of strains and stresses 

throughout the specimen applied in previous studies. 

Present results have confirmed that two narrow clamps per edge as well as commonly 

used hooks are applicable for biaxial tension testing of different soft tissues using square 

shape specimens. Use of clamps is therefore a time efficient and reliable alternative not 

inferior to hooks. The analysis focused on recommendations for the choice of type, number 

and size of gripping elements for different specimen size was carried out in the thesis. 
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The resulting coefficient of determination R2 depends on the starting point, which is 

defined as a set of starting parameters, and there are no “ideal” starting points to be used when 

fitting experimental data. The most effective way of achieving the best approximation of 

experimental data from many data sets is based on the best fit of a selected data set and 

combines the probability of finding the best approximation with minimization of the 

calculation time. Furthermore a constraint of the fitted parameters results in unpredictable 

influencing of the R2 of the fit. 

The differences between models simulating affine and non-affine deformation were 

highly angle-dependent and ranged up to 10 percent regarding the force values at the end of 

the loading process. Such a difference might be significant for certain models but cannot 

explain the much larger contradictions between the structure-based constitutive models and 

the results of biaxial tests under different testing protocols.  

 

7 Future work 

The analyses done in this doctoral thesis have shown some additional problems related to 

practical realization of experiments and their computational modelling. The solution to these 

problems could be provided by possible future work of the author or his continuator. 

 The inaccuracy of positioning of gripping elements along the edge of the specimen may 

also influence the results of biaxial testing and make them operator-dependent. It was not 

yet analysed.  

 Fitting of anisotropic constitutive models (without dispersion of fibre directions) to the 

experimental data from different biaxial tests resulted mostly in zero value of radial 

(isotropic) stiffness parameter. This disables a realistic simulation of compression of the 

tissue by clamps. A non-zero radial stiffness improves significantly the convergence of 

anisotropic material models, so application of other anisotropic material models could 

widen the validity of the study.  

 The accuracy of the anisotropic material models of soft tissues based on results of biaxial 

tension tests could be further improved by adding experimental evaluation of radial 

stiffness of the tissue which is missing in the current analyses as well as in literature. A 

more detailed description of this possible future work is elaborated below. 

 Hooks and clamps are widely used in biaxial testing. Nowadays also rakes are applied in 

some commercially available testing machines. Therefore further comparison between the 

named gripping elements could be useful.  
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11 Abstract (EN) 

The dissertation thesis focuses on the plausibility of mechanical testing of soft 

biological tissues and on the predictive capabilities of different material models, all assessed 

using finite element method. 

The first part of the thesis is dedicated to an introduction into the problem. Next soft 

biological tissues related to the problem and the ways of their mechanical testing are 

described according to the most recent knowledge. 

The second part of the thesis deals with finding the optimal experimental setup using 

computational modelling by virtual simulation of the mechanical testing.  

Results have confirmed that two narrow clamps per edge as well as commonly used 

hooks are applicable for biaxial tension testing of different soft tissues using square shape 

specimens. Use of clamps is therefore a time efficient, easy and reliable alternative not 

inferior to hooks. The analysis focused on recommendations for the choice of type, number 

and size of gripping elements for different specimen size was also carried out in the thesis.  

The third part of the thesis examines the predictive capabilities of material models of 

soft tissues and their dependencies. It can be concluded that the resulting mechanical 

behaviour of a fitted material model depends on starting parameters and there are no “ideal” 

starting parameters to be used when fitting experimental data. Despite the absence of “ideal” 

starting parameters, the most efficient way of achieving the best approximation of 

experimental data from many data sets is proposed. Furthermore, it is also concluded that a 

constraint of the fitted parameters results in unpredictable influence on the quality of the fit. 

Finally, the presumption of affine and non-affine deformation of material models was 

analysed in order to explain the large contradictions between the structure-based constitutive 

models and the results of biaxial tests under different testing protocols. Although certain 

differences between the analysed models were found out, they were not significant enough to 

explain those large contradictions. 

Further possible areas of investigation are mentioned as the last part of the thesis. 
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12 Abstrakt (CZ) 

Dizertační práce se zabývá věrohodností mechanického testování měkkých 

biologických tkání a predikčními schopnostmi různých modelů materiálů. Obě oblasti byly 

zkoumány užitím metody konečných prvků. 

První část práce je věnována úvodu do problému a popisu měkkých biologických 

tkání, které s problémem souvisí, a rešerši nynějšího způsobu jejich mechanického testování. 

Druhá část práce se zabývá hledáním optimálního nastavení experimentálního zařízení 

za použití počítačového modelování pomocí virtuální simulace mechanických testů. 

Výsledky analýzy potvrdily, že dvě úzké svorky po délce hrany, stejně jako běžně 

používané háčky, jsou použitelné pro dvouosé tahové zkoušky různých měkkých tkání za 

použití čtvercového vzorku. Použití svorek je proto časově úsporná, jednoduchá a spolehlivá 

alternativa, která není podřadná použití háčků. V práci byla rovněž provedena analýza, jejímž 

výsledkem jsou doporučení ohledně typu, počtu a velikosti uchycení pro různě velké vzorky. 

Třetí část práce zkoumá predikční schopnosti modelů materiálů měkkých tkání a 

závislosti těchto schopností. Lze shrnout, že výsledné mechanické chování proloženého 

modelu materiálu závisí na počátečních parametrech a že neexistují „ideální“ počáteční 

parametry při prokládání experimentálních dat. Navzdory absenci „ideálních“ počátečních 

parametrů je navržen v rámci možností nejefektivnější způsob aproximace experimentálních 

dat z mnoha jejich souborů. Dále je možné shrnout, že omezení hodnot parametrů modelu při 

prokládání experimentálních dat ústí v nepředvídatelný vliv na kvalitu aproximace. 

V závěrečné části práce byl analyzován předpoklad afinní a neafinní deformace 

modelů materiálů za účelem vysvětlení velkých rozporů mezi výsledky strukturně založených 

modelů a výsledky dvouosých testů při různých testovacích protokolech. Ačkoli byly zjištěny 

určité rozdíly mezi výsledky analyzovaných modelů, přece nebyly dostatečně významné, aby 

vysvětlily výše uvedené velké rozpory. 

V poslední části práce jsou zmíněny další možné oblasti výzkumu. 

 


