
 Eindhoven University of Technology

MASTER

Rat skeletal muscle
passive mechanical properties in vitro as a function of temperature & finite element modeling
of an in vivo indentation experiment

van Turnhout, M.C.

Award date:
2005

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/217fece4-1a90-4e4c-b05e-303d9c7c9829


Rat skeletal muscle: passive mechanica! 
properties in vitro as a function of 

temperature & finite element modeling of 
an in vivo indentation experiment 

Mark van Thrnhout 
report MT 05.21 

MSc thesis, to be defended May 12th, 2005. 

Committee: Frank Baaijens, PhD 
Cees Oomens, PhD 
Gerrit Peters, PhD 
Carlijn Bouten, PhD 

Advisors: Anke Stekelenburg, MSc 
Karlien Ceelen, MSc 

Eindhoven University of Technology 
Faculty of Mechanica! Engineering 
Department of Materials Technology 
Soft Tissue Biomechanics and Engineering 

Eindhoven, May 2005 



Summary 

The work that is presented in this report is part of the 'The aetiology of pressure 
ulcers' project in which the Eindhoven University of Technology participates. Pres
sure ulcers are defined as localized areas of degenerated skin and underlying tissue 
due to mechanicalloads and the current project aims fora better understanding of 
the underlying mechanisms that lead to the development of deep pressure ulcers. 

The report is divided into two parts. In the first part, tissue samples of rat 
skeletal muscle are subjected to Dynamic Mechanica! Thermal Analysis (DMTA) 
tests in order to assess the passive transverse mechanica! properties of the tissue. The 
starting hypotheses was that the time-temperature-superposition (TTS) principle 
could be used to expand the DMTA results to a 1 kHz frequency range. 

The experiments were performed with a rotational rheometer using a parallel 
plate geometry. Because of the small size and low modulus of the samples, the 
standard test geometry was altered and the samples were shifted from the center 
to the edge of the plates. By doing this, we were able to assess the mechanica! 
properties of the tissue in the linear viscoelastic regime. 

Results include shear moduli for the tissue in the linear viscoelastic regime up 
to frequencies of lOOrad/s and a limit to this linear viscoelastic regime. Although 
the mechanica! properties are clearly temperature dependent, a temperature shift 
in phase angle 8 could not be detected, thus we find that TTS is not allowed for 
skeletal muscle in vitro. 

The second part deals with the finite element modeling of in vivo animal model 
experiments that are part of the pressure ulcer research project. Brown Norway rats 
are subjected to sustained loading of the tibialis anterior (TA) through application of 
an indenter. Experiments are performed inside a magnetic resonance (MR) scanner 
and a dedicated finite element model is used to calculate the mechanica! state in 
the tissue for each experiment. 

The validation of the strain fields that are calculated with the finite element 
model with the in vivo strain fields that are obtained from recent MR tagging 
experiments, is the subject of the second part. Details are provided on the animal 
model, the loading device with the indenter, experimental MR tagging protocol and 
the data processing of MR tagging data, as well as the relevant parameters for the 
finite element model. 

The results of this validation shows qualitative agreement, but no quantita
tive agreement between the MR tagging results and the simulation. Therefore the 
model is not suitable for assessment of damage criteria. Another important finding 
is that despite the qualitative similarities, the important parameters in the numer
ical model, e.g. geometry and boundary conditions, cannot be modeled accurately 
enough with this finite element model. The validity of these parameters needs to be 
further investigated. 



Samenvatting 

Het werk in dit rapport maakt deel uit van het 'de etiologie van drukwonden' pro
ject waaraan de Technische Universiteit Eindhoven deelneemt. Drukwonden worden 
gedefinieerd als locale gebieden van gedegenereerde huid en onderliggende weefsels 
als gevolg van mechanische belasting en het huidige project richt zich op een be
ter begrip van de onderliggende mechanismes die leiden tot het ontstaan van diepe 
drukwonden. 

Het rapport bestaat uit twee delen. In het eerste deel worden samples van rat 
skeletspier onderworpen aan 'Dynamic Mechanical Thermal Analysis' (DMTA) tests 
om the passieve mechanische eigenschappen van het weefsel the onderzoeken. De 
beginhypothese was dat de toepassing van het tijd-temperatuur-superpositie (TTS) 
principe gebruikt zou kunnen worden om de DMTA resultaten uit te breiden tot 
een frequentiegebied tot 1 kHz. 

De experimenten werden uitgevoerd met een rotatiereometer met een parallelle
plaat-geometrie. Vanwege de kleine sample-afmetingen en lage modulus van de sam
ples werd de standaardgeometrie aangepast door de samples van het middelpunt 
naar de rand van de plaat te verschuiven. Hierdoor werd het mogelijk de mechani
sche eigenschappen van het weefsel te meten in het lineair visco-elastische gebied. 

De resultaten bevatten schuifmoduli voor het weefsel in het lineair visco-elastische 
gebied tot frequenties van 100 rad/s en een limiet aan dit gebied. Hoewel de me
chanische eigenschappen duidelijk een functie zijn van de temperatuur, kon er geen 
temperatuur shift gevonden worden voor de fasehoek c5 en dus is TTS niet toepas
baar voor skeletspierweefsel in vitro. 

Het tweede deel behandelt het simuleren met een eindige elementen model van 
in vivo indentatie-experimenten met een diermodel die deel uitmaken van het druk
wondenproject. Brown Norway ratten zijn blootgesteld aan een langdurige belas
ting van de tibialis anterior (TA) spier door middel van een indenter. Experimenten 
werden uitgevoerd in een magnetic resonance (MR) scanner en een uniek eindige 
elementen model wordt gebruikt voor elk experiment om de mechanische staat in 
het weefsel te berekenen. 

Het onderwerp van het tweede deel is de validatie van de rekvelden die zijn 
berekend in het eindige elementen model met de in vivo rekvelden die zijn verkregen 
uit recente MR tagging experimenten. Er worden details gegeven over het diermodel, 
het belastingsapparaat met de indenter, het MR tagging protocol en het verwerken 
van de MR tagging data, evenals the relevante parameters van het eindige elementen 
model. 

De resulaten van deze validatie laat een kwalitatieve, maar geen kwantitatieve 
overeenkomst zien tussen de MR tagging resultaten en de simulaties. Daarom is het 
model nog niet geschikt om gebruikt te worden voor het vaststellen van schadecrite
ria. Een andere belangrijke uitkomst is dat ondanks de kwalitatieve overeenkomsten, 
belangrijke parameters in het numerieke model, bijvoorbeeld de geometrie en rand
voorwaarden, niet nauwkeurig genoeg gemodelleerd kunnen worden met dit model. 
De geldigheid van deze parameters dient verder onderzocht te worden. 

ii 



Contents 

Summary 

Samenvatting 

Introduetion 

1 Passive transverse mechanica! properties 
Abstract ....... . 

1.1 Introduetion ...... . 
1.2 Materials and methods . 

1.2.1 Sample preparatien 
1.2.2 Experimental set-up 
1.2.3 Methods . . . . . 

1.3 Results ........ . 
1.3.1 Strain sweep tests 
1.3.2 Frequency /temperature sweep tests 
1.3.3 Analysis of time-temperature superposition 

1.4 Discussion . 
1.5 Conclusions .................. . 

2 Finite element rnadeling of an in vivo indentation experiment 
2.1 Introduetion ............. . 
2.2 Methods . . . . . . . . . . . . . . . . 

2.2.1 Animal model and loading device 
2.2.2 Experimental protocol 
2.2.3 Data processing 
2.2.4 Numerical simulation 

2.3 Results 
2.4 Discussion . 
2.5 Conclusions 

References 

Appendix A Eccentric sample geometry analysis 
A.1 Introduetion ..... . 
A.2 Parallel plate geometry 
A.3 Actual geometry 
A.4 Assumption tan a~ a 
A.5 Wedge 
A.6 Results 

ii 

1 

3 
4 
4 
6 
6 
6 
7 
9 
9 
9 

11 
12 
14 

15 
16 
16 
16 
17 
17 
19 
20 
20 
25 

27 

31 
31 
31 
32 
34 
35 
37 

iii 



Contents 

A.7 Discussion and condusion 

Appendix B Comparison of Neo-Hookean and Ogden parameters 

Appendix C Eccentric geometry with an ellipse 

Appendix 0 Accuracy analysis for 2 small sample geometries 

Appendix E Indenter force 
E.l Introduetion ..... 
E.2 Measuring force inside the MR scanner 

E.2.1 Pilot experiments ..... 
E.2.2 Controlled load experiments 

E.3 Force as a function of indentation 

Appendix F Comparison of 20 and 30 meshes 
F.l Introduetion .. . 
F.2 Methods .... . 

F.2.1 Simulation 
F.2.2 3D meshes 
F.2.3 2D meshes 

F.3 Results ..... 
F.4 Discussion and condusion 

Appendix G lnfluence of boundary conditions 
G.l Introduetion 
G.2 Methods ... 
G.3 Results 

G.3.1 Strains 
G.3.2 Indenter force 

G.4 Discussion and condusion 

Appendix H Constitutive material law 
H.l Introduetion 
H.2 Methods ......... . 
H.3 Results ......... . 
H.4 Discussion and condusion 

Appendix I Oeformation gradient method 
1.1 Briefdescription of the theory .... 
1.2 Calculated strain and estimated strain 
1.3 Number of points ...... . 

Appendix J lnfluence of geometry 

Appendix K Pilot simuiatien with moving tibia 

iv 

40 

41 

42 

44 

47 
47 
47 
47 
48 
49 

51 
51 
52 
52 
52 
52 
52 
55 

56 
56 
56 
56 
56 
57 
59 

60 
60 
60 
61 
61 

64 
64 
64 
65 

68 

69 

iv 



I ntrod uction 

Since 1997, the Eindhoven University of Technology and the University of Maas
tricht participate together in the project 'The aetiology of pressure ulcers' see e.g. 
[8, 10, 13]. Pressure ulcers are defined as localized areas of degenerated skin and 
underlying tissue due to prolonged, mechanicalloads and symptoms range from red
ness and irritation of the skin (superficial pressure ulcers) to actual subcutaneous 
tissue necrosis extending into fat and muscle tissue ( deep pressure ulcers). 

Preventative measures against the development of pressure ulcers often focus at 
reduction of these external loads [10]. It is however not known how these global, 
external interface loads are transferred to the underlying tissues, since the internal 
strains and stresses in the tissues are related to externalloads in a complicated, non 
trivial and non linear way. Think for instanee of regions near bony prominences, 
where an evenly distributed externalload can result in highly inhomogeneous inter
na! mechanica! conditions. These local internal conditions are particularly relevant 
for the aetiology of deep pressure ulcers. 

The current project focuses on deep pressure ulcers and aims for a better un
derstanding of the underlying mechanisms that lead to the development of these 
pressure ulcers. The three main activities in this project are the development of an 
animal model, a numerical (finite element) modeland a cell model. The aim of the 
animal model is to study the effects of in vivo externalloads on the underlying tissue 
with respect to (re)perfusion, deformation and damage. The purpose of the numer
ical model is to calculate the internal local mechanica! state of the tissue in the 
animal model experiments. Finally, the cell model is used to study the relationship 
between local cell deformation and cell damage. 

One of the main parameters for a numerical model is the implemented mater
ial behavior. Although a lot is known on the mechanica! behavior of an active or 
contrading muscle, there is a lack of data on the passive mechanica! properties of 
muscle tissue in open literature. Knowledge on the passive mechanica! behavior of 
muscle tissue is not only relevant to pressure ulcer research, but is also applicable in 
e.g. the development of human body roodels for vehicle safety analysis or the field 
of soft tissue engineering. 

Chapter 1 deals with the assessment of the in vitro passive mechanica! proper
ties of skeletal muscle tissue. The approach that is used in this chapter is that of 
Dynamic Mechanica! Thermal Analysis (DMTA) combined with the application of 
the Time Temperature Superposition principle (TTS). The tests were performed 
with a controlled strain parallel plate rheometer on rat skeletal muscle tissue sam
ples. Because of the small size and low modulus of the samples, we had to alter the 
standard test geometry to obtain valid torque measurements. The analysis of this 
geometry is presented in appendix A. 

Chapter 1 contains a further description of the used materials and methods and 
the results that were obtained in the experiments. These results include shear moduli 
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Introduetion 2 

for the skeletal muscle tissue in the linear viscoelastic regime up to frequencies of 
100 rad/s, a limit to this linear viscoelastic regime, and the non applicability of TTS. 
Next, the chapter contains a discussion on the methods and results, and finally the 
most important findings are presented in the conclusions. 

Chapter 2 deals with the actual finite element rnadeling of in vivo animal model 
experiments that are currently part of the decubitus project. In these experiments, 
Brown Norway rats are subjected to sustained loading of the tibialis anterior (TA) 
through application of an indenter. These experiments are performed inside a mag
netic resonance (MR) scanner, such that tissue damage and perfusion can he mon
itored as a function of time. A dedicated finite element model is used to calculate 
the mechanica! state in the tissue for each experiment, in order to correlate the 
mechanica! state with observed damage. 

It was not until recently that data became available on actual in vivo displace
ments in the TA in the animal model experiments. These data were obtained with 
MR tagging experiments and provided a souree for validation of the numerical 
model. This validation of the strain fields that are calculated with the finite el
ement model with the in vivo strain fields that are obtained from MR tagging 
experiments, is the subject of chapter 2. 

This second chapter first describes the materials and methods that were used 
and presents the numerical model. Details are provided on the animal model, the 
loading device with the indenter, experimental MR tagging protocol and the data 
processing of MR tagging data. Also, the relevant parameters for the finite element 
model are presented. 

Next follow the results for both MR tagging data and numerical simulations. 
Here, we see a qualitative agreement, but no quantitative agreement between the 
MR tagging results and the simulation. In the discussion, we review these results 
and the numerical model, and their relevanee to the development of tissue damage 
criteria. The chapter ends with the most important findings and recommendations 
for future workin the conclusions section. 

Several appendices have been added to these two chapters. Appendices A-D 
belong with chapter 1 and contain mostly rnathematics and an accuracy analysis. 
Appendix E and further, belong with chapter 2. In these appendices, several choices 
that have been made in the process that led to the numerical model, and the impact 
these choices had on the evaluation of damage criteria, are investigated. One of the 
most important of these choices, to use a 2D numerical model, is investigated in 
appendix F. 
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Chapter 1 

Passive transverse mechanica! properties as a function of 

temperature of rat skeletal muscle in vitro 

This chapter is basedon the paper {47}: 
Mark van Turnhout, Gerrit Peters, Anke Stekelenburg, Cees Oomens. Passive trans
verse mechanica! properties as a function of temperature of rat skeletal muscle in 
vitro. Biorheology, 42(3):193-207, 2005. 
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Chapter 1 - Passive transverse mechanica! properties 4 

Abstract 

The objective of the current study was to determine the in vitro passive trans
verse mechanica! properties of skeletal musde with Dynamic Mechanica! Thermal 
Analysis (DMTA) tests. The starting hypotheses was that the time-temperature
superposition principle could be used to expand the DMTA results to a 1 kHz fre
quency range. Experiments were performed with rat hind leg skeletal musde tissue 
samples on a rotational rheometer using a parallel plate geometry. Because of the 
small size and low modulus of the samples, the standard test geometry was al
tered and the samples were shifted from the center to the edge of the plates. From 
strain sweep tests it became dear that for strains smaller than 0.003 the musde 
tissue behaves linearly. In the linear region storage moduli ranged between 24 kPa 
(w = 1rad/s) and 42kPa (w = 100rad/s) at T = 4°C and 22kPa and 33kPa at 
29 oe within the experimental frequency range. The loss modulus decreased with 
increasing frequency and ranged between 7 and 4 kPa at 4 oe and 4.5 and 3.5 kPa at 
29 o C. Although the properties are dearly temperature dependent, a temperature 
shift in phase angle 5 could not be detected, thus Time Temperature Superposition 
is not allowed for skeletal musde in vitro. 

Keywords: viscoelastic, time-temperature-superposition, impact frequencies, os
cillatory shear, soft tissue, alternative geometry 

1.1 I ntrod uction 

The work presented in the current paper is part of a project aimed at determin
ing damage development in skeletal musde as a result of quasi-static and dynamic 
mechanica! loading. For these studies an animal model was designed based on the 
use of Brown Norway rats [9]. By means of Magnetic Resonance Imaging tissue 
deformation and damage development in the skeletal musde are determined as a 
function of time. To analyse these experimental results comparisons with dedicated 
Finite Element Models are used. This requires a proper constitutive model to de
scribe the mechanica! properties of the skeletal musde. Especially for the passive 
transverse properties there is paucity of data available in literature. The current 
study is aimed at determining these properties. 

In most experiments that investigate the mechanica! properties of skeletal mus
de, attention is focused on aspects of the active musde [19, 49]. An overview of 
the results on passive mechanica! properties of skeletal musde is presented in table 
1.1. Musde is often treated as a whole when studiedinvivo [5, 9, 21, 34, 45] or as 
a musde-tendon combination stuclied in vitro [3, 17, 22, 28, 29, 46]. Longitudinal 
elongation is the preferred test geometry, foliowed by indentation and compression. 
The longitudinal elongation experiments rarely use oscillatory loads when investi
gating passive musde properties. An exception are the experiments by Van Ee et 
al., using a 1 Hz Haversine load [18]. In passive elongation experiments, musde -
tendon units are usually stretched until damage occurs [28, 34, 46], or loaded for 
the purpose of stress-relaxation analysis [3, 23, 45]. Other methods rely on elastog
raphy, where the mechanica! properties are estimated from mechanica! shear wave 
propagation in the tissue. These shear waves are either imaged through ultrasound 
[21] or magnetic resonance imaging [5, 17, 48]. The tissues are assumed to behave 
elastic and the methods are not yet suitable for viscoelastic analysis. This also holds 

Section 1.1 Introduetion 4 



Chapter 1 - Passive transverse mechanica! properties 5 

for the ultrasound acoustic emission technique proposed by Konofagou, Thierman 
and Hynynen [26]. 

Studies on viscoelastic properties are usually performed in vitro. With in vivo 
viscoelastic experiments, a muscle is only partly severed from the subject to main
tain as much from the neurovascular system as possible during the experiments 
and the subject is sacrificed afterwards [9, 34, 45]. Transverse mechanica! proper
ties of skeletal muscle in the viscoelastic regime are measured by Aimedieu et al. 
[1] and Bosboom et al. [9]. Bosboom et al. [9] performed quasi-static experiments 
up to large strains. An incompressible viscoelastic Ogden model was used to de
scribe the muscle behavior and the parameters were estimated through comparison 
of experimental results with a finite element model. 
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Aimedieu03 [1] muscle sample t V t oscillatory compression 
Andersonül [3] muscle & tendon t V l elangation 
Anderson02 [2] muscle fibre t V l elangation 
Basford02 [5] muscle V e t MR elastography 
BoriekOl [6] muscle t V l elangation 
BosboornOl [9] muscle V V t compression 
Breuls03 [14] muscle cells t e t Campression 
Christensen04 [15] muscle fibre t e l elangation 
DresnerOl [17] muscle & tendon t e I MR elastography 
Van EeOO [18] muscle & tendon t V I oscillatory elangation 
Gennisson03 [21] muscle V e t US elastography 
Gosselin98 [22] muscle & tendon t e I elangation 
Hete95 [23] muscle t V I elangation 
KellermayerOl [25] titin molecule t V I elangation 
Konofagou03 [26] FE model t e t acoustic emission 
Lieber03 [27] cell bundie t e I elangation 
Lin99 [28] muscle & tendon t V I elangation 
Linder-Ganz04 [29] muscle & tendon t e I elangation 
MathurOl [32] muscle cells t e t indentation 
Myers98 [34] muscle V V I elangation 
Sun95 [45] muscle V V I elangation 
Taniguchi03 [46] muscle & tendon t V I elangation 
Uffmann04 [48] muscle V e t MR elastography 

Table 1.1: Overview of publications on passive mechanica! properties of skeletal 
muscle. 
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The only experiments aiming at assessment of passive mechanica! properties 
of skeletal muscle over a certain frequency range that were found, are those by 
Aimedieu et al. [1], who tested a muscle specimen under oscillatory compression 
with frequencies between 5 Hz and 30Hz and with a strain of 5 · 10-4 . 

The objective of the current study, was to use dynamic mechanica! thermal 
analysis (DMTA) in combination with Time Temperature Superposition (TTS) to 
determine the in vitro passive mechanica! properties of skeletal muscle. DMTA 
was performed through oscillatory shear experiments up to a frequency of 16Hz at 
various temperatures. The starting hypotheses was that application of TTS would 
allow expanding the results to a frequency range up to 1 kHz. 

1.2 Materials and methods 

1.2.1 Sample preparatien 

Tissue samples were harvested from a female Brown Norway rat, approximately 16 
weeks old and weighing 190 grams. The hind legsof the animal were dissected im
mediately after sacrifice by cervical dislocation and the skin and foot were removed. 
Next the legs were quick-frozen using liquid nitrogen, and stored in a freezer at 
-80 oe within 30 minutes after sacrifice, until further preparation. The procedure 
was approved by the animal care committee of the University of Maastricht, The 
Nether lands. 

Thansverse slices of 1.5 mm thickness were cut from the Tibialis Anterior with 
a standard rotating-disk meat slicer (Bizerba GmbH & Co., Ballingen, Germany), 
while the muscle was still frozen. From the slices, circular skeletal tissue samples 
were taken with a 4 mm diameter cork bore, immediately following thawing. These 
samples were then stored at 4 oe in a PBS solution to prevent dehydration. All 
samples were tested within 4 hours after thawing. 

1.2.2 Experimental set-up 

Experiments were performed with a Rheometrics rotational rheometer (ARES, Ad
vanced Rheometric Expansion System) with controlled strain mode and parallel 
plate geometry [38] in combination with the Peltier Environmental Control [39] and 
a fiuid bath [24]. 

Because of their small size and low modulus, samples were not centered between 
the plates but placed at the edge of the 50 mm diameter plate to increase the mea
sured torque, see figure 1.1. This implies that the shear moduli cannot be obtained 
directly from the standard software output, but instead have to be calculated from 
the recorded torques and strains. This geometry is analyzed in appendix A, and for 
the linear viscoelastic regime the following relationship for the shear modulus Gas 
a function of measured torque M, plate radius R, sample radius R1 and the applied 
strain at the edge of the plate rR is found: 

(1.1) 

whereas the centered geometry would yield [31, 42]: 

G - 2Mc 
- 3 

1rR1 IR1 
(1.2) 

Section 1.2 Materia/s and methods 6 
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Figure 1.1: Left, a sample with radius R1 ~ 2.5mm in the original geom
etry, centered on the lower plate with radius R = 25 mm. In the used 
geometry, the sample is shifted to the edge of the plate, to the right in 
the figure. Equation 1.1 is valid with the approximation tana ~a, see 
also appendix A. 

7 

With these equations, the relative gain in measured torque for given strain and 
shear modulus follows from: 

4(R- R1) 2 + R1
2 

2R1R 

1.2.3 Methods 

(1.3) 

Two kinds of experiments were conducted. First strain sweep tests (n = 6) were 
done to obtain information about the range of the linear viscoelastic regime of the 
tissue. Next temperaturejfrequency sweep tests were performed (n = 17) in the 
linear viscoelastic regime for the analysis of frequency dependent material behavior 
and application of TTS. 

In these experiments a sinusoidal strain 'Y is applied to the sample, resulting in 
the steady state in a sinusoidal shear stress T in the sample with a phase shift li due 
to viscosity: 

'Y(t) = 'Yo sin(wt) 

T(t) = Gd"(o sin(wt + li) 

(1.4) 

(1.5) 

where the dynamic shear modulus Gd(w, T) and the phase shift li(w, T) are, in 
the linear viscoelastic regime, both a function of frequency and temperature. It is 
common to separate the elastic and the viscous part of the behavior by means of 
the storage modulus G' and loss modulus G". With the shear stresses written as 
the sumofan in-phase and out-of-phase wave, we find [31, 37]: 

T(t) = T
1 + T

11 = T~ sin(wt) + T~1 cos(wt) 

T(t) = G'(w, Tho sin(wt) + G"(w, Tho cos(wt) 

G"(w, T) 
tan(li(w,T))= G'(w,T); Gd=VG'

2
+G"

2 

(1.6) 

(1. 7) 

(1.8) 

The strain sweep tests were performed with 6 samples at 4 oe and 34 oe with a 
frequency of 10radjs. All 6 samples originated from left hind leg and shear strain 

Section 1.2 Materials and methods 7 
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amplitudes of 10-4 to 1 were used. The linear viscoelastic regime is defined as the 
range of strain amplitudes where the dynamic shear modulus Gd and phase shift 8 
are found to he independent of the applied strain. 

The temperature/frequency sweep tests consistedof successive frequency sweep 
tests at temperatures from 4 oe to 39 oe with 5 oe intervals. This temperature 
range is bounded below by the phase transition temperature of water and above by 
temperatures at which tissue damage is likely to occur, as observed in preliminary 
experiments. 

Frequency sweep tests were clone with a strain amplitude of 2 · 10-3 , i.e. in the 
linear viscoelastic regime, and frequencies ranging from 1 rad/s to 100 radjs, the 
machine upper limit. 

For application of the TTS principle, the frequency sweep data at various tem
peratures must be shifted to fit a master curve with horizontal shift factors ar and 
vertical shift factors br, such that for a reference temperature T0 : 

1 
Gd(w,T) = br Gd(arw,To) 

tan(8(w, T)) = tan(8(arw, To)) 

(1.9) 

(1.10) 

For TTS to apply, it should be possible to form a master curve from the 
tan(8(w, t)) curves by horizontal shifts ar only. In that case, master curves can 
also be obtained for Gd, G' and G" by applying the same horizontal shift and, if 
required, an additional vertical shift br. 

As a control a number of pilot tests were clone to check reproducibility, the dif
ference between cooling and heating in the experiments and a test to check whether 
the duration of the tests had a negative effect on the results. 

To check on reproducibility a sample was subjected to three successive fre
quencyj temperature sweep tests with temperatures 4°e, 9°e, 14°e and 19°e. 
The first two of these tests could be completed within the average time needed 
for a full temperature range test, 1830 s. The complete series of these three exper
iments lasted 3175 s. A small deviation was found between the first series and the 
rest ( <10% deviation in G'). The difference became smaller as temperature rises, 
or as time passes, meaning that within the time that the experiments lasted the 
properties did not change. 

Second, a sample was subjected to frequency jtemperature sweep test, starting 
at 34 oe and ending at 4 oe to check on the possible influence of heating or cooling 
down the sample in between tests. The magnitudes of the results are the same as 
those found for the experiments in heating. 

Finally, a time sweep test was performed on three samples. Samples were sub
jected to a 2 · 10-3 strain amplitude with a 10 rad/s frequency for an hour. The 
first sample was tested at 4 ° e and showed an increase of:::::: 2% in G' over the first 
5 minutes. After that, G' gradually decreased to a value 5% below its peak value 
after an hour. The phase shift decreased from 10.6 o to 10 ° over the first 5 minutes 
and like G' decreased slowly after that to 9.6 ° after an hour. The two other samples 
were tested at 29 oe and did notshow the five minute adjustment period. Forthese 
samples both G' and 8 appear constant in time until approximately 20 minutes for 
the second and 12 minutes for the third sample. After these respective times, G' 
increases fast up to more than 125% of its initial value after an hour, while 8 de
creased at an equally fast rate. The condusion from these time sweep tests was, 
that within the time range of the experiments the results for temperatures below 
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29 o C can be considered constant. At a temperature of 29 ° C and higher the material 
changes its properties within the measuring time and the results become unreliable. 

1.3 Results 

1.3.1 Strain sweep tests 

Figures 1.2a and 1.2b show the results for the strain sweep tests for the dynamic 
modulus Gd and phase shift J respectively. In these tests, the same value of R1 

was used to calculate Gd for each sample. The dynamic modulus was found to be 
independent of strain for amplitudes up to 5 · w-3 . For the phase shift we find a 
limit of 3 · w-3 . Values are 19 kPa ± 11 kPa for Gd and 12.3 ° ± 2.5 ° for J. 

103 ~--------~--------__J w-4 w-2 wo 
Strain amplitude [-] 

(a) Mean ( solid) ± std ( dashed) for the dynamic 
modulus Gd as a function of strain ampli
tude, using a frequency of 10 rad/s, obtained 
from 6 samples. 

60 

~ 40 
'<:> 

.:::; 
:a 20 f/). 

(I) 

gj 
..cl 0 
0.. · .. 

-20 L----------~----------' 
w-4 w-2 

Strain amplitude [-] 
(b) Mean (solid) ± std (dashed) for the phase 

shift /i as a function of strain amplitude, us
inga frequency of lürad/s, obtained from 6 
samples. 

Figure 1.2: Results for the strain sweep tests. The solid lines represent the mean of 
the 6 samples, the dotted lines represent the mean ± standard deviation. 

Next, the start of the non-linear viscoelastic behavior is characterized by a rise 
in Gd to 40 kPa ± 5.9 kPa. Note that these values are linear estimates of the actual 
non-linear behavior. For J, we see a drop to 3 ° ± 6.5 ° at the start of the non-linear 
behavior and the RSI Orchestrator software reports negative phase shifts for some 
samples at a strain of~ w- 2 • 

Finally, Gd decreases to 4.8 kPa ± 1.4 kPa and J increases again to 44 o ± 5 ° at 
a strain of 0.75. 

1.3.2 Frequency jtemperature sweep tests 

Consiclering the results of the strain sweep tests, the frequency sweep tests were 
performed with a 2 · w-3 strain amplitude. 23 samples were used, of which 17 
samples produced valid results. In these tests, the value of R1 was measured for 
each sample. 

For tests between 4 oe and 29 oe the measured shear modulus decreased with 
increasing temperature. Tests at 34 oe on average did not show this behavior and 
showed a large increase in standard deviation at high frequencies. Tests at 39 ° C 
showed an overall strong increase in stiffness and even larger standard deviations. 

Section 1.3 Results 9 



Chapter 1 - Passive transverse mechanica! properties 10 

~ 
0... 
2:L 
èj 

45 

40 

35 

30 

25 

101 
Frequency [rad/s] 

(a) Results for G' as a function of frequency 
at different temperatures in the linear vis
eoelastic regime. 

20 

2........ 15 
~ 

(l) 

bb 
10 § 

(l) 
OCl 
cè 5 ...::: 
0.. 

0'------~------' 

10° 101 102 

Frequency [rad/s] 
( c) Results for ó as a function offrequency at dif

ferent temperatures in the linear viscoelastic 
regime. 

8 

7 

~ 6 0... 
2:L 

èj 5 ...... 
4 

3'------~------' 

10° 101 102 

Frequency [rad/s] 
(b) Results for G" as a function of frequency 

at different temperatures in the linear vis
eoelastic regime. 

--T=4°e 

T= 9°e 

· T = l4°e 

---T=19oe 

--T=24°e 

T = 29oe 

(d) Legend for figures 1.3a-1.3c 

Figure 1.3: Results for the frequency sweep tests averaged over 17 samples at dif
ferent temperatures. 

It was therefore decided to narrow the presentation and analysis of the results to 
the 4 oe to 29 oe temperature range. 

The results are plotted in figure 1.3. As can be seen in figure 1.3a, the storage 
modulus G' increases with increasing frequency. Values for G' at T = 4 oe and 
T = 29 ° e and at w = 1 rad/ s and w = 100 rad/ s are presented in table 1.2a. 

Figure 1.3b shows different behavior for the loss modulus G", apart from being 
much smaller than G'. Up until10rad/s G" seems independent of frequency, after 
which a decrease sets in up to 50rad/s, foliowed by a small increase of G" with 
increasing frequency. Also the curve for 4 oe seems to deviate from the other curves, 
especially in the lower frequency range. Values for G" at T = 4 oe and T = 29 oe 
and at w = 1radjs, w = 50radjs and w = 100rad/s are presented in table 1.2b. 

Figure 1.3c shows the results for the phase angle o and again the curve for 4 ° e 
seems to deviate. Not counting this curve, the phase shift drops from 12 ° ± 1.2 o 
at 1rad/s to 5° ± 2.7° at 50rad/s to remain relatively constant afterwards with 
decreasing standard variation (2° at 100rad/s). 
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w=1rad/s G' = 24.2 kPa ± 7.6 kPa G' = 21.6 kPa ± 6.5 kPa 
w = lOOrad/s G' = 41.6 kPa ± 12.8 kPa G' = 33.1 kPa ± 9.8 kPa 

(a) Results for G' for the frequency sweep tests at T = 4°C and T = 29°C and at 
w = 1 rad/s and w = 100rad/s. 

T=4°C 
w=1rad/s G" = 7.3 kPa ± 2.5 kPa G" = 4.5 kPa ± 1.4 kPa 
w = 50radjs G" = 4.2kPa± 2.7kPa G" = 3.5 kPa ± 2.1 kPa 

w = lOOrad/s G" = 4.9 kPa ± 2.5 kPa G" = 4.0 kPa ± 2.2 kPa 

(b) Results for G" for the frequency sweep tests at T = 4 ° C and T = 29 ° C and 
at w = 1 rad/s, w = 50 rad/s and w = 100 rad/s. 

11 

Table 1.2: Results for G for the frequency sweep tests at T = 4 o C and T = 29 ° C 
at a selection of frequencies. 

The relative standard deviation of the presented variables is independent of 
temperature and can be averaged over the temperatures. An overview is presented 
in figure 1.4a and includes the standard deviation of the measured torque (not 
corrected for differences in sample geometry). 

This figure shows that the relative standard deviation of G' is not influenced by 
the small decrease in standard deviation at the end of the frequency range for the 
torque or by the strong increase in standard deviation for J at these frequencies. 
The standard deviation of J is fully dominated by G". 

1.3.3 Analysis of time-temperature superposition 

For the application of TTS we need to shift tan J curves horizontally until they 
overlap and form a master curve. In figure 1.3c it can be seen that the J curves 
at different temperatures largely overlap, with the exception of the T = 4 ° C curve 
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(a) Relative standard deviation of the results av

eraged over temperature for the measured 
torque (solid), ó (dotted), G' (dashed) and 
G" ( dashed dotted). 
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(b) Results for br as a function of temperature 
when heating for 17 samples. G' - solid and 
G"- dotted. 

Figure 1.4: Results for standard deviation as a function of frequency and br as a 
function of temperature. 
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(note: because 5 is very small, these are similar to the tan(5) curves). A horizontal 
shift cannot be found from these results. Investigating individual samples yields the 
same result. Figure 1.3c is representative for all samples up to 60 rad/ s, although 
the deviation of the T = 4 oe curve differs between samples. After 60 rad/s results 
for 5 vary: either a slight rise or further fall can be seen. A veraged we see a more 
or less constant 5 in this area. 

This implies that ar = 1 in Eq (1.9) and (1.10) and that for Gct only a vertical 
shift is applicable. This vertical shift has been calculated according to 

b _ G(Ta) 
T- G(T) (1.11) 

and is plotted in figure 1.4b for the entire temperature range ofthe experiments. For 
the temperature range between 4 oe and 29 oe we find that br ;::::: 1 + 7.4·10-3 (T- Ta) 
with T = 29°e as reference temperature Ta. 

1.4 Discussion 

The objective of the paper was todetermine mechanica! properties of skeletal mus
de in vitro by using Dynamic Mechanic Thermal Analysis. The idea was to measure 
viscoelastic properties at different temperatures and use Time-Temperature Super
position (TTS) to construct a master curve that could be used at a broad frequency 
range up to 1 kHz. The assumption that TTS might be used was based on positive 
experiences with other soft biologica! materials in the past [12]. Unfortunately it 
has become clear from the tests that it is not allowed to use TTS for skeletal muscle 
because the tan 5-curves were hardly infl.uenced by temperature. This limited the 
range of testing toa frequency of 16Hz (w = lOOrad/s). 

Skeletal muscle from Brown Norway rats was used. This animal model is devel
oped to study damage development in skeletal muscle, resulting from quasi-static 
and dynamic mechanicalloading [7, 9]. A disadvantage of using these small animals 
is, that only very small test samples can be made, which led to the problem that 
the torques measured by the rheometer were to small. That is why it was necessary 
to place the sample eccentric in the test set-up and to perform the analysis which is 
described in the appendix. In the linear region this method works very well. From 
the strain sweep tests it has become clear that the material can be considered to 
behave linear viscoelastic to strains up to 3 · 10-3 . Because of the limited amount 
of time that the material can be kept in condition the strain sweep test were done 
on different samples than the temperature/frequency tests. However, the results are 
very well reproducible, so this was not considered to be a big problem. 

Although the most relevant temperature for skeletal muscle would be 37oe it 
is clear that in the current in vitro set-up testing for temperatures higher than 
29 oe was not possible. Above this temperature the mechanica! behavior changed 
dramatically and unpredictable, probably pointing at tissue degenerationor at least 
a change in structure of the materiaL It is unlikely that this problem can be solved 
easily in an in vitrotest set-up, where it is not possible to perfuse the muscle tissue 
with blood. So extending the results to higher temperatures can only be done in 
vivo. At 4 oe the phase properties of water start to change, which was the reason 
not to use lower temperatures in these wet samples. 

Another problem with in vitro testing is the effect of rigor mortis and freezing 
on the properties of muscle test samples, which was extensively stuclied by Van 
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Ee et al. [18]. They found that rigor mortis leads to a stiffening effect starting 8 
hours post-mortem. After 26 hours the muscle stiffness is again close to the original 
value and does not change anymore. Post-rigor freezing did not have any infiuence 
on the properties. Pre-rigor freezing seems to have as an effect that rigor mortis is 
postponed. They found immediately after thawing a stiffening effect similar to rigor
mortis, which was gone in tests 30 hours later. However the tests were performed 
after a thawing period of 5 hours in a water bath and the tests were performed 1 
hour after the samples were taken out of the water bath, which is 6 hours between 
frozen and testing. In our experiments the samples were so small that they were 
thawed in a few minutes and the complete tests series was performed within 4 hours. 
As described in the methods section no change of properties was found during this 
period. It can be expected that within this period no rigor mortis effect occurred 
and the properties can be representative for the in vivo situation. 

Although very few data are available in the open literature on transverse me
chanica! properties of skeletal muscle a few comparisons can be made. Bosboom et 
al. [9] did in vivo relaxation studies, and fitted their data on a nonlinear Ogden 
model. For small deformations and low frequencies the shear modulus can be com
pared. Bosboom et al. found G = 15.6 ± 5.4kPa. If corrected with the shift factor 
br the current study leads to G = 19.8 ± 6 kPa. Linder Ganz and Gefen [29] re
ported a tangent elasticity modulus with a range of 46 kPa to 73 kPa for rat gracilis 
muscle in elangation experiments with a 7.5% strain, which is in the same order 
of magnitude, but higher because they were measured at higher strains and it is 
clear that muscle tissue behaves nonlinear at large strains. It is difficult to compare 
results with the stiffness and damping properties as measured by Aimedieu et al. 
[1]. The problem is that they loaded their samples with a fairly high constant mass, 
before they did the dynamic test. In that case the muscle creeps and the working 
point for their tests is different leading to a much higher stiffness. 

Another disadvantage of this study is that all samples came from one rat and 
that the animal is young. It can be expected that there will be a larger standard 
deviation in the data when different rats are compared. Moreover, applying the 
results to tissue-loading-related pathologies common on elderly people (like the 
development of pressure ulcers) may be limited. However, consiclering the lack of 
data on muscle properties in the open literature the results are very useful as initia! 
estimates. 

It is clear that for a full characterization of skeletal muscle for a large range 
of frequencies the described tests are not sufficient. In the linear region, for small 
strains, the muscle can be described by means of a linear viscoelastic model. Storage 
and Loss modulus are measured in the range from w = 1rad/s to w = 100radjs. 
It is clear that the stiffness increases with frequency, but seems to be reaching a 
plateau value in the higher frequency range. Strain magnitudes found in practical 
problems in humans during postures like sitting or lying are higher than the 0.3% 
strain limit for the linear region. Strains up to 25% have been reported [29]. Fora 
full characterization it is definitely necessary to go to the higher strain region and to 
tissue temperatures higher than 29 ° C. The higher strain region can be approached 
in the current set-up, but the higher temperatures is a problem in in vitro studies. 
In that case indentation studies comparable to the study from Bosboom et al. [9] 
seem to be a good alternative, but this requires a much more complicated analysis 
using a combined numericaljexperimental approach. 
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1.5 Conclusions 

The results from the DMTA experiments presented in the current paper lead to the 
following conclusions 
• By shifting the sample to the edge of the plates of the rheometer and thereby 

increasing the measured torque for a given strain, we were able to assess the 
in vitro linear viscoelastic properties of rat skeletal muscle, despite the small 
sample size and low modulus. This technique can be used for any sample as 
long as it behaves linear. 

• Rat skeletal muscle behaves linear viscoelastic up to strains of 3 · 10-3 . 

• In the temperature range from 4 oe to 29 oe time temperature superposition 
cannot be used for this tissue, although a clear temperature dependency in 
the storage and loss modulus is found. 

• Testing at temperatures higher than 29 oe was not possible in the current 
set-up because the material starts degenerating at this temperature. 
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Chapter 2 

Finite element modeling of an in vivo indentation experiment 

This chapter constitutes the second part of the MSc. thesis project 
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2.1 Introduetion 

To assess damage markers relevant to the aetiology of pressure ulcers, an animal 
model has been developed at Eindhoven University of Technology. In this model, a 
controlled load is applied to the tibialis anterior (TA) of female Brown Norway rats, 
with the objective to monitor the resulting development of damage, (re)perfusion 
and deformation in the muscle tissue as a function of time. To achieve this, a 
Magnetic Resonance (MR) compatible loading device has been developed, which 
enables us to perform these measurements in vivo and non invasively with a MR 
scanner. 

For each damage development experiment, a dedicated numerical model is gen
erated in order to assess the in vivo mechanica! state of the tissue. The purpose 
of the numerical model is to correlate the calculated mechanica! state in the tissue 
with observed damage. The model is needed because the in vivo deformations can
not be measured in the same experiment that is used for the assessment of damage 
development and because the geometry and therefore the mechanica! state in the 
tissue is different for each experiment. 

Until recently, no data were available on the actual in vivo strain fields in the 
muscle tissue in the experiments. In vivo MR tagging indentation experiments with 
the animal model have been performed with the purpose of assessing these in vivo 
strain fields in the muscle tissue. The purpose of this chapter is to validate the 
strain fields that are obtained in the numerical simulation with these strain fields 
obtained from MR tagging experiments with the animal model. 

2.2 Methods 

2.2.1 Animal model and loading device 

The animal model and the MR-compatible loading device have already been de
scribed in detail elsewhere [44]. In summary, 20-week-old female Brown Norway 
rats were used weighing between 170 and 200 grams. Each rat was anaesthetized 
for the preparation phase, and during the MR measurements anaesthesia was main
tained and vital signs were monitored and maintained within physiological values. 

The rat was placed on a heating pad to keep body temperature between 35-
370C. Prior to the experiment, the hairs on the left tibialis anterior (TA) region of 
each animal were removed by shaving. The leg was placed in a specially designed 
mould and plaster cast was applied to obtain a firm fixation in the set up. The ex
perimental protocol was approved by the Animal Care Committee of the University 
of Maastricht. 

The loading device consistedof two concentric tubes, the inner tube housed the 
animal and the outer tube was used to locate the whole arrangement in the MR 
scanner. The scanner was a 6.3 Tesla Varian system, operating at 270 MHz (hor
izontal bore, diameter 95 mm) with a 380 mT jm gradient coil. The anaesthetized 
animal was placed supine in the loading device, with its foot positioned in a spe
cial holder in which the casted leg was fixed. In the cast a hole was made for the 
application of the indenter to the TA. 

This plastic indenter (diameter 3 mm) was positioned through the legs of the 
coil halfway between foot and knee perpendicular to the skin overlying the TA. The 
indenter was fixed to a polymer loading beam to which strain gauges were attached 
to enable indenter force measurements. 
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2 .2.2 Experimental protocol 

Transverse tagged MR images were taken before and immediately after application 
of the indentation, such that the tagging pattem deformation could be used to 
determine the two dimensional tissue displacement. 

Displacement following indentation in one direction was determined with a 1D 
tagging grid applied perpendicular to that direction by using complementary spatial 
modulation of magnetization (C-SPAMM). From pilot experiments it was estimated 
that a minimum line spacing of 3.3 mm should be used to be able to distinguish the 
tagging lines in the deformed state. 

Initially transversal scout images were produced and, where necessary, adjust
ments made to ensure a prescribed position and angle of the indenter on the TA. 
Next, the tagging grid was set with a Gaussian RF-pulse of 200 J.LS with an angle of 
45 °, a gradient of 30 mT /m with a line spacing of 14 pixels/ 3.3 mm and an effective 
G time of 150 J.LS. 

A gradient-spoiled fast field echo sequence was used to image the tagging grids, 
with T R = 10 ms, TE = 2.5 ms, and a flip angle of 30 o. Slices were 1 mm thick and 
had a field of view of 30 x 30 mm2 . The matrix consisted of 128 x 64 points and was 
zero-filled to 128 x 128 points. Figure 2.1 shows an example of these images with a 
horizontal 1D tagging grid before and after the application of the indentation. 

(a) Example of horizontal tagging grid before 
indentation. 

(b ) Example of horizontal tagging grid after 
indentation . 

Figure 2.1: Example of C-SPAMM images with a horizontal1D tagging grid before 
and after the application of the indentation, adapted from [33]. Images measure 
128 x 128 pixels2 or 30 x 30 mm2 . 

2.2.3 Data processing 

The applied method to quantify tag displacementsis the HARmonie Phase (HARP) 
analysis, based on the method described by Osman et al. [35]. First the two data 
sets of the SPAMM acquisitions with horizontal tag lines were subtracted from each 
other to increase the signal to noise ratio, see figure 2.1a. Next, this CSPAMM image 
was subjected to 2 dimensional Fourier transformation (figure 2.2a) and the result
ing image was multiplied by a band pass filter to isolate the CSPAMM convoluted 
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(a) CSPAMM image (figure (b) Filtered CSPAMM image. 
2.1a) after 2D Fourier 
transform. 

(d) HARP image displaying 
phase values from figure 
2.2c. 
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sine) and phase (dotted 
lines) on a line t hrough fig
ures 2.2c and 2.2d respec
t ively. 

(c) Fi ltered image after in
verse 2D Fourier trans
form. 

(f) Surface plot showing an ex
ample of cumulative phase 
values in one direction for 
the region of interest (ROl). 

Figure 2.2: Overview of tagging data processing. Adapted from [33]. 

image information (figure 2.2b). After testing different filter sizes, the bandwidth 
of this filter was set to 19 pixels. 

After an inverse Fourier transformation of the filtered data (figure 2.2c) , HARP 
images were obtained by calculation of the phase in each pixel (figures 2.2d and 2.2e). 
Finally after phase unwrapping, the phase on a line of pixels becomes cumulative 
and all points acquire a unique phase in the vertical direction (figure 2.2f). This 
procedure is repeated with vertically applied tag lines, such that all points now 
have a unique phase in both vertical and horizontal directions, which enables the 
tracking of these points in 2D space. For further detail, see [33] . 

From the displacement fields the Green-Lagrange strains are estimated using 
the gradient deformation methad proposed by Geers , De Borst and Erekeimans 
[20]. This methad extends the linear approach developed by Peters [36] with a 
quadratic term. In summary, this methad estimates the deformation tensor F in a 
certain point from the displacements of neighboring points. We used 9 neighboring 
pixels for each pixel in the image to calculate F , for further details see appendix 
I. With the deformation tensor in a point known, and with I the unity tensor, the 
Green-Lagrange strains follow from 

(2.1) 
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(a) Scout image ofthe unde- (b) Scout image of the de-
formed state. formed state. 

5 
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(c) The result ing mesh in simulation 
configuration. 

Figure 2.3: Example of scout images and the result ing mesh. The scout images 
measure 128 x 128 pixels2 or 30 x 30 mm2 . 

The Green-Lagrange strains for the simulation were calculated from the defor
mation tensor for each node as provided by the finite element program. For com
parison of the results, we look at the principal strains with t: 1 > t: 2 , and at the 
maximum shear strain lmax =~ (EI- E2). All post processing was done with Matlab 
(Mathworks Inc., version 7.0R14) for both MR tagging data and simulation results. 

2.2.4 Numerical simulation 

From the scout images of t he slice with the indenter (figures 2.3a and 2.3b ), the 
contours of the muscle tissue and the tibia bone, as well as the indenter position 
and angle, were manually detected with a Matlab script. Matlab's PDE Tool was 
used to fill the muscle tissue contours with a 2D triangular mesh. Next, the mesh 
parameters were exported, converted to a extended quadratic triangular mesh , and 
written to a mesh file for the finite element program. 

The numerical simulation is programmed in the finite element package Sepran 
[41]. All soft tissues in the rat leg are modeled as a single material with incompress
ible non linear Neo-Hookean like behavior: 

a = - pi+ G (tr B - 2) (B - I) (2.2) 

o consideration is given to the fibula bone, while the tibia bone is modeled as a 
hole in the tissue. 

In t he numerical problem, the mesh is rotated such that the indenter moves in 
the -y direction, see figure 2.3c. In this configuration, a part of the lower half of the 
muscle contour has been fixed in all directions to simulate the restrictions applied 
by the plaster in which the leg is cast. The contour of the hole simulating the tibia 
bone, is also fixed in all directions. The remaining contour of the muscle is covered 
wit h quadratic line contact elements (Sepran element 211). 

The indentation is applied with 0.1 mm increments. Note that the indenter as 
shown in figure 2.3c, does not actually exist as a solid body in t he simulation, but 
is modeled mathematically only. 
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2.3 Results 

Two tagging MR experiments were clone with a 2 mm indentation. The results for 
both MR tagging data and tinite element simulation are shown in tigures 2.4a-f 
and 2.5a-f respectively. Figures 2.4g and 2.5g show the boundary conditions for 
the simulations. Note that the contiguration of the tagging images and simulation 
tigures are different. Results for the simulations have been rotated to match the 
tagging contiguration and tigures 2.4h-i and 2.5h-i show the indenter in this tagging 
contiguration. 

Looking at tigure 2.4d-f, we see that the strain values in the simulation are 
lower than in the tagging data, tigure 2.4a-c, particularly for the tirst principal 
strain. We also see a close resemblance between the strain distributions in tagging 
and simulation data. The region with the highest strains seems to be correctly 
predicted by the model, although the model distributes the strains at the contact 
surface under the indenter more towards the edges. 

When we look at tigure 2.5 we see again that strains are higher in the tagging 
data than in the simulation. The results of the second simulation however, show 
less resemblance with the tagging data compared to the fust experiment. Here , 
the simulation clearly concentrates the strain distribution towards the left edge of 
the indenter , while the tagging data suggests a much smaller, but similar , strain 
distribution at the right edge. 

Finally, tigure 2.6a shows the forcesas they were recorded in the tirst MR tagging 
experiment, and tigure 2.6b shows the force in the simulations as a function of 
contact increment. The regions with declining force in tigure 2.6a show where the 
indenter is lifted from the leg in the experiment. Closer inspeetion of this region 
in relation to the actual movement of the indenter, will show that the force is a 
non linear function of indentation, much like that shown in tigure 2.6b (see also 
appendix E). 

2.4 Discussion 

The objective of the current chapter was to validate the strain tielcis that are found 
in a dedicated numerical simulation of an in vivo indentation experiment with an 
animal model, with strain fields obtained from MR tagging data obtained in the 
same experiments. The purpose of the numerical model is to correlate in vivo muscle 
tissue damage due to sustained loading with the strain tielcis and values obtained 
in a dedicated simulation of the loading experiment. 

To achieve this, two MR tagging experiments were performed to obtain in vivo 
strain tielcis that occur in the indentation experiments. These two experiments were 
also simulated with a dedicated 2D numerical model and this enabled us to compare 
in vivo and numerical results. 

The numerical model suffers from some limitations. First of all, it is a two 
dimensional model of an actual three dimensional problem. However , pilot simula
t ions with both 2D and 3D models showed that a remeshing procedure is needed if 
we want to simulate indentation experiments with indentation depths larger than 
2 mm ( see appendix F). We decided to use a 2D model because a 4 mm indentation 
is needed in the animal model to be able to observe damage in the tissue, and be
cause we feit that implementing a three dimensional remeshing procedure was too 
complicated for the moment. A remeshing procedure for t he current 2D model is 
under development. 
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in t his figure . 

1 

Cl) / 
u .... 
& 

0.5 

--" 

/ 
/ 

0 I 

0 10 20 30 

Contact increment 

(b) Force as function of indentation in the simulations. With the first 
simulation solid and the second simulation dashed. 

Figure 2.6: Example of recorded forces and the calculated forces in the two simula
tions. 

Pilot simulations also showed that the strain values in this 2D plane strain model 
are overestimated when compared to a three dimensional model of the same prob
lem. However, the distributions of maximum principal strain, minimum principal 
strain and maximum shear strain are comparable between 2D and 3D simulations. 

We do fee! that a plane stress model will be able to simulate the actual 3D 
behavior more realistically and to provide more information on the actual mechan
ica! state. For instance, the principal strains in the current simulations have their 
directions , by definition, in the xy plane. This is not what we find with a 3D model , 
although the distribution of values of principal strains is comparable as we have 
seen. The argument for using a plane strain model is that plane stress is not yet 
implemented in Sepran. We think that for the validity of the simulations it is worth 
the effort to see if a plane stress element can be written for Sepran. 
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Second, the model cannot realistically simulate the in vivo boundary conditions, 
i.e. it cannot model the plaster cast around the tissue while allowing the muscle 
contour freedom to move until contact is made with this cast. This is a drawback, 
because the muscle contour boundary conditions can significantly change the strain 
distributions and values in the simulation. Pilot simulations showed that both strain 
and force results are subject to change particularly when a large part of the muscle 
contour is restricted. 

But these simulations also suggested that this much fixation is too strict to 
simulate the in vivo conditions in the TA; and that a certain point of restrietion 
exists for each simulation, beyond which results do not change anymore while the 
situation in the TA seems accurately modeled (see appendix G). This resulted in a 
reference mesh with a small part of contour restricted in order to model the plaster 
cast more as a support against movement due to indentation, than as an actual 
fixation of the muscle contour. 

This reference mesh was used to determine how much and which part of the 
muscle contour had to be restricted from movement, and reproducibility of the 
results was ensured by a second simulation with a slightly larger part of the contour 
restricted. The backside of this reference mesh is that depending on the geometry, 
the shape of the deformed mesh can become very unrealistic, see e.g. figure 2.4i. 
Still, we think that with the boundary conditions as they are presented here, the 
situation in the region of interest, the TA, is best simulated. 

Muscle tissue behaves as a non linear viscoelastic material (see also chapter 1) 
and therefore we decided to implement a non linear constitutive materiallaw, i.e. 
equation 2.2. The choice for this particular constitutive law was made after com
parison of the recorded force and calculated force as a function of indentation with 
pilot simulations (appendix H). If we compare the forces shown in figure 2.6b with 
the recorded forces in the same way that led us to choose this constitutive law, we 
find that the recorded behavior of the force seems closely simulated. 

We do not however, suggest that this constitutive material law describes the 
actual behavior of the muscle tissue. This materiallaw was preferred over the linear 
Neo-Hookean law that was used in earlier (3D) simulations, because it resulted in 
more realistic calculated forces as a function of indentation only. Next to that, the 
comparison which led to this equation, and again to its validation, was a crude 
one. The constitutive behavior that is to be implemented in the numerical model, 
is certainly subject to further investigation. 

The method of comparison itself is also subject to discussion. For the strain 
values of the simulations, we used the deformation tensors that were calculated in 
the finite element program; for the tagging data, the deformation tensor in a certain 
point had to be estimated from displacements of surrounding points. In the ideal 
situation, strains would haven been computed in the same way, and with an equal 
spacing of points or nodes. 

To achieve this, we could place a grid on both sets of results and interpolate 
to obtain displacement values for all the points in the grid. With these two sets 
of displacement data with an equally spaeed grid, we could estimate the strains 
with the deformation gradient method in same way. On the backside, this would 
introduce interpolation errors and we would need a dense grid on the simulation 
data in order to capture the local high strain gradients as well as with the tagging 
data. 

The deformation gradient method seems accurate enough in estimating actual 
strains and strain gradients with the small grid spacing that we have in the tagging 
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data. We do not think that application of this method to the simulation results will 
result in very different strains compared to what we see now apart from the highest 
peak strains that will be missed, and this idea is supported by the simulations in 
appendix I. 

When we look at the results for distribution of principal strains, we see that 
in the first experiment the MR tagging data is quite accurately simulated in the 
numerical model. For the second experiment, we find a lesser degree of agreement 
between the MR tagging data and the numerical model. However, this is possibly 
due to differences in geometry between experiment and simulation (appendix J). 
Pilot simulations with a slightly different geometry did show the start of a strain 
distri bution at the right edge of the indenter, much like we observed in the tagging 
data. 

Although both simulations correctly predict the area with highest strains, the 
example above where significant changes in strain distribution are observed with 
slightly different geometries stresses the need for a dedicated model with an accurate 
geometry (muscle contours, location and angle of the indenter). 

Finally, there is the issue of the observed strain values. The numerical model 
underestimates strains compared to the MR tagging data. We know that the de
formation gradient method underestimates the ( highest) strains ( see appendix I), 
which indicates the in vivo strains were higher than shown in figures 2.4a-c and 
2.5a-c. 

For the numerical model, we know that the 2D plane strain simulation of the 3D 
problem increases the observed strains and that 3D meshes with different heights 
result in different strain values (appendix F). We also know that an increase in non 
linearity of the material model reduces the values of observed strains (appendix H). 
We must therefore conclude that the strain values we observe with the numerical 
model, ref:l.ect choices made in the simulation more than actual in vivo values. 

Actual values of strains however, are criticalto the assessment of damage criteria. 
The maxima of the first principal strains in the 2 mm MR tagging experiments 
presented here, are 2.0 for the first and 1.8 for the second experiment. A 4mm MR 
tagging experiment resulted in a maximum first principal strain of 2.6. We suggest 
that these values are taken as a guide for the quantitative review damage criteria 
until the validity of the values in the numerical model, or a clear correlation of these 
values with actual values, has been more thoroughly established. 

2.5 Conclusions 

We conclude 
• that the numerical model is qualitatively able to predict the strain distri bution 

of an in vivo indentation experiment. 
• that small changes in geometry can lead to significant differences in strain 

distributions. This stresses the need for a dedicated numerical model for each 
experiment, and the importance of a matching geometry between simulation 
and experiment. 

• boundary conditions play an important role for the results. Too much restrie
tion inf:l.uences the strain fields in the TA, too little restrietion may result in 
unrealistic deformations. 

• that the non linear behavior of the force as a function of iocrement can be 
correctly simulated with the numerical model. We add that the comparison 
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presented here is a crude one, and that a more thorough analysis is required 
to actually achieve the point were indenter forces are correctly simulated. 

• that at the moment, we can not use the observed strain values in the numerical 
simulation for the development of damage criteria, because we cannot tell how 
to interpret these values. For a quantitative evaluation of damage criteria, we 
therefore refer to the values observed in the MR tagging experiments. 

The focus of future work should be to make the numerical simulation quantita
tively suitable for the assessment of damage criteria, since this is one of two major 
shortcomings of the model. We find that the used geometry and the choices that 
are made for boundary conditions and element type all have a big infiuence on the 
results. We therefore recommend 
• to review the detection procedure that leads to the models geometry. At the 

moment, this method is not accurate enough, since small changes in detection 
may result in different geometries with different results. 

• to investigate if a plane stress element can produce more realistic results, or 
results that can more easily be correlated to the actual 3D situation. 

• to better review the implemented constitutive materiallaw in relation to the 
resulting strains and forces, but also in relation to the actual muscle tissue's 
constitutive behavior. 

• to pay special attention to the boundary conditions and realistic modeling of 
the plaster cast. The feasibility and expected gain in accuracy of dedicated 
boundary conditions for the dedicated models should be investigated. 

The second major shortcoming of the model is still that it cannot simulate 4 mm 
indentation experiments. The first steps towards a remeshing procedure for this 
model have been taken, and the procedure is still under development. We therefore 
strongly advise to continue working on the remeshing approach, as it will provide 
a major step towards the actual assessment of damage criteria and towards the 
further validation of the numerical model and its parameters. 
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Appendix A 

Eccentric sample geometry analysis 

A.l I ntrod uction 

In preliminary experiments, samples were centered between the two parallel plates of 
the ARES and this resulted in repeated warnings by the RSI Orchestrator software 
'Below minimum torque', combined with reported values without physical meaning. 
To increase the measured torque, it was decided to shift the 5 mm diameter samples 
from the center to the edge of the 50 mm diameter plates. 

This implies that the calculated values for G' and G" as presented by the RSI 
Orchestrator software, are no longer applicable. This appendix first presents the 
analysis of the parallel plate geometry in section A.2 and next the analysis of the 
geometry that is used with a circular sample at the edge of the plates in section 
A.3. 

The results of this last analysis do not provide an analytica! solution and there
fore the true geometry is approximated in more analysis to enable comparison and 
accuracy estimation. First, an approximation that is valid for small samples com
pared to the plate dimension is presented in section A.4. Next, the geometry itself 
is approximated in section A.S. Finally, the results of the analysis will be compared 
and discussed in sections A.6 and A. 7. 

A.2 Parallel plate geometry 

The torque M 8 as a function of the shear stress T 8 (r) on a sample with radius R 
centered between two parallel plates is given by: 

R 

Ms = J TT8 (r)dA = 27r J r2
T 8 (r)dr (A.1) 

A 0 

The objective is to express the shear modulus G = Th in the shear strain "( at 
radiusRand the measured torque M 8 • To achieve this, we first change integration 
varia bles: 

R'Y R 
r = -; dr = - d"f 

'YR 'YR 
(A.2) 

with h presenting the sample height, e the angle of the rotating disk and 'Y the shear 
strain. This then returns [31, 42]: 

(A.3) 
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Next, we use Leibnitz' rule for differentiation: 

b(x) 

g(x) = j f(x, t) dt ---+ 

a(x) 

b(x) 

d~~) = d~~) f(x, b(x))- d~~) f(x, a( x))+ j äf~:' t) dt (A.4) 

a( x) 

With 

x= 'YRi t = 'Yi g(x) = Ms('YR); a(x) = 0; b(x) = 'YRi 

and f(x, t) = 21r ( ~: r G('Y) (A.5) 

we find 

or 

(A.7) 

When the material behaves linear viscoelastic or in the limit of small strain, we 
find: 

dlnM8 ___ ...:. = 1 

d ln Î'R 
( 

2Ms 
Ga 'YR) = -R3 

7r 'YR 
(A.8) 

where Ga is the apparent shear modulus, obtained directly from each measurement. 

A.3 Actual geometry 

With the actual geometry as used for the experiments, a circular sample with radius 
R1 < ~R is located at the edge of the plate with radius R, as sketched in figure 
A.I. The torque on the plates is now given by: 

R 

Mt = J 2a(r)Tt(r)r2 dr 

R-2R1 

(

VR1
2

- (R- R1 - r) 2
) 

with a(r) = arctan r 

Section A.3 Actua/ geometry 

(A.l2) 

(A.l3) 
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We change integration variables again (see eq. A.2) and find: 

After which application of Leibnitz' rule (A.4) with 

R-2Rl 
x= 'YR; t = "(; g(x) = MtbR); a(x) = R 'YR; b(x) = 'YR; 

f(x , t) = 2 ( ~;)' G,(>) aretan ( ~~ J R,' ~ ( R~ R, ~ ~;)') (A.15) 

yields 

Figure A.l: Sketch of the test geometry 
with a circular sample with radius R1 < 
~ R at the edge of a radius R plate. 

We find: 

l 
tan (a(r)) = -

r 

Section A.3 Actual geometry 

(A.9) 

(A.lO) 

(A.l6) 

R 
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This doesn't bring us further unless we make an assumption for G('y). If we 
review the most simple case, G('y) = G, both the software packages Matlab and 
Mathematica provide an indefinite integral for the function underneath the integral 
in equation A.16. These solutions differ however, would cover several pages when 
printed and are both imaginary. And as with the function underneath the integral 
in equation A.l6 itself, these solutions run into problems at the boundaries where 
somewhere in the equation a division by zero is called for. 

This result prompted the analysis of two simplified geometries and these analysis 
are presented in the upcoming sections. 

A.4 Assumption tan a ;:::::; a 

If the sample radius is small compared to the plate radius and the angle a in figure 
A.l remains small enough, we can assume that tan a ~ a and write: 

R 

Ma= J 2rTa(r)VR1 2 -(R-Rl-r)2 dr 

R-2Rl 

After changing integration variables 

and application of Leibnitz' rule we find 

"Ï'R 

= J 
R-2RJ . 

R "'R 

2Ma 
---

'YR 

(A.l7) 

(A.l8) 

(A.l9) 

Again this does not result in a useful expression for G('y). Also a division by zero 
appears at the borders of the integral. 

Next we try to findan expression for G, i.e. with the assumption that the shear 
modulus is nota function of shear strain or put otherwise for the linear viscoelastic 
regime. Thus: 

(A.20) 

With a change in integration variables we find 

"f
1 

= R- R1- ~:; 'Y = ~ (R- R1- 'Y'); d"f =-~ d"f' (A.21) 

R1 

Ma = J 2Ga ~ ( (R- R1) 2
- 2(R- RI)"('+ "(12

) V R1 2
- "(

12 d"(1 (A.22) 

-RI 
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This equation has the form 

a 

c1 j c2 J a2 - u2 + c3u J a2 - u2 + u2 J a2 - u2 d u (A.23) 

-a 

with 

a= R1; u= "(1
; c1 = 2Ga ~; c2 = (R- R1)2; C3 = -2(R- R1) (A.24) 

The solution for Ma is then given by 

M 
[ 

uv'a2 -u2 +a2 sin- 1 ~ 1 ( 2 2 )~ 
a = c1 c2 

2 
- C3 3 a - u 

u(2u2 - a2)v' a2 - u2 + a4 sin-1 Y.l u=a + a 
8 

u=-a 

(A.25) 

U sing the integration boundaries we find: 

Ma =c1 (c
2
;

2 
+ ~

4

) (arcsin(1)-arcsin(-1)) (A.26) 

= 2 G R1
2

'YR ((R-R1)
2 

R1
2

) 
'TraR 2 +8 (A.27) 

Or 

G _ MaR 

a - 27r"(R ( (R-:1)2 + ~) Rl2 
(A.28) 

which is valid for the linear viscoelastic regime and with approximation tan a ~ a. 

A.5 Wedge 

For comparison with the results above, we now look to a simplification of the geom
etry itself. This geometry is sketched in tigure A.2 and consists of a section of a 
wedge at the edge of the plate. Equation (A.12) now becomes: 

(A.29) 

with 

a1 = arctan (RI/(R- RI)) (A.30) 
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R 

r 

Figure A.2: Test geometry with a sec
tion of a wedge at the edge of the 
plate with radius R, surrounding a cir
cular geometry with radius R1. The 
height of the wedge hw1 is set to 2R1. 
The angle a 1 is set to the maximum 
angle of the circular geometry a 1 = 
arctan (Rd(R- Rl)). 

Which can provide us with an expression for Gw1 ('YR) in the linear viscoelastic 
regime: 

Gw1 ('YRJ = Gwl ('YR) ---> 

G - 2Afwl 
wl - arctan ( R~kl) ( 1- ( R-~Rl) 4) R3'YR 

(A.32) 

(A.33) 

valid for a wedge at the edge of the plate with radius R, surrounding the circular 
geometry with radius R1, for small strains. 

Next we analyse a wedge of similar shape, now completely inside the circular 
sample, see figure A.3. The angle a 2 of this wedge in terros of j3 and the previously 

R 

encountered Rand R1 is given by 

( 
R1 cosj3 ) 

a2 = arctan R- Rl (1- sin/3) 

Section A.5 Wedge 

Figure A.3: Test geometry with a sec
tion of a wedge at the edge of the plate 
with radius R, inside a circular geome
try with radius R1. The upper edge of 
the wedge intersects the circle at height 
R- R1 + b = R- R1 + sin(j3)R1 = R3. 
In the figure j3 = 45°, such that R3 = 
R- (1- !J2)Rl· 

(A.34) 
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We can find the intersection of the lower edge of the wedge with the circle by 
demanding that: 

VR1 2 -(R-R1-r)2 R1 cosf3 

r R- R 1(1- sin(J) 

The two solutions for r are: 

R ((2R1 2
- R1R) sin((J)- (R- Rl) 2 + R1 (R- Rl)) 

r= --~------~------------------------~ 
2(R1

2 
- R1R) sin((J) - (R- R1)2 

=R2 

r = R- R1 (1- sin(J) =R3 

Later on, a choice is made for (3. By analyzing the area of the wedge 

(A.35) 

(A.36) 

(A.37) 

(A.38) 

we find that for R 1 ~ R/10 the area of the wedge is at its greatest for (3 = 40.7° and 
this value will be used further on. But first we integrate with the new boundaries 

(A.39) 

and find: 

(A.40) 

And again for the linear viscoelastic regime, this returns 

(A.41) 

Or 

Gw, = ( 
2RM~ ) [(R- R1 (1- sin((J)) )

4 

t R1 cos(/3) 
are an R-R1(l-sini3) "'R 
. 

1 
_ R (2Rl - R) ( 4) l-1 

( (2Rl sin((J) + (R- R1)) (R- Rl) + R1
2

) 
(A.42) 

A.6 Results 

Only the ideal geometry provides an explicit expression for G('YR)· Comparison of 
the other geometries is only possible for the small strain limit or linear viscoelastic 
regime, when the shear modulus is not a function of the shear strain: 

(A.43) 
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We found the following expressions for G for three geometries 

(A.28) 

(A.33) 

(A.42) 

for the circular sample with tan(a) ~a (A.28), the wedge surrounding the circular 
sample (A.33) and the wedge inside the circular sample (A.42). Figure A.4a shows 
the behavior of G for increasing R and constant R 1 , (3, 'YR and M for the three 
geometries. The values for G are different for each geometry because the 'measured 
torque' is taken equal between the three geometries, while the area of the geometries 
varies. A smaller sample at a certain distance from the center is stiffer than a bigger 
sample at the same distance, when the torque measured on the two samples is equal. 
Figure A.4a indeed shows that Gw2 >Ga > Gw1 for equal torques. 
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\j 

103 
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101 wo 
(a) Gas a function of R ~cording to equations 

(A.28) for smal! a, (A.33) for the first wedge 
and (A.42) for the second, smal!, wedge. 
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\ 
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"-\~ 
" 
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(b) G divided by G(R ..Iloo) (equation A.45) 
as a function of R for the three geometries. 

Figure A.4: Results of the analysis for R --+ oo for the three geometries. With small 
a(···), the first wedge ( · ·) and the second, small, wedge(-); and with R 1 and 'YR 

set to unity, f3 = 40.7° and M = 1 · 105 . 

In the limit for R --+ oo we can assume the strain and shear stress to be inde
pendent of distance R and write: 

lim M = R · TR · A 
R->oo 

(A.44) 

lim G= TR = M 
R->oo 'YR R ·A· 'YR 

(A.45) 
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The area's for the geometries investigated are given by: 

Aa =nR1 2 

Aw1 = arctan (R ~1RJ (R
2

- (R- 2R1)
2

) 

( 
R1 cosj3 ) [( . )2 Aw2 = arctan R _ R

1
(1 _ sin/3) R- R1 (1- sm(/3)) 

( ( 
R(2R1 - R) )

2

) l 
. 

1
- (2R1 sin(/3) + (R- RI)) (R- RI)+ R1

2 
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(A.46) 

(A.47) 

(A.48) 

If we calculate the area of a geometry for use in equation A.45 and divide each 
expression for G by G(R --+ oo) we obtain tigure A.4b. This division approaches 
unity for all three geometries at approximately the same value for R, suggesting 
that these calculations are indeed valid. 
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0
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(a) G as a function of fh according to equa
tions (A.28) for smal! a, (A.33) for the first 
wedge and (A.42) for the second, smal!, 
wedge. 
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(b) G and Sample area f11a function of R1 for 
the three geometries. With smal! a, the first 
wedge and (A.48) the second, smal!, wedge. 

Figure A.5: G Sample area as a function of R1 for the three geometries. With small 
a (· · ·), the tirst wedge ( ) and for the second, small, wedge (-); and with 'YR set 
to unity, R = 25 mm, j3 = 40.7° and M = 1· 105 . 

In the geometry that is used, we have R = 25 mm and R1 ~ 2.5 mm. Figure 
A.5 focuses on these values. If we assume that tan a = a is a valid approximation, 
tigure A.5a shows that the small and big wedges respectively overestimate and 
underestimate the true value of G. Figure A.5b shows that this can be correlated 
to the difference in area, the smaller area of the second wedge will result in a higher 
stiffness with equal torque. It turns out that 

(A.49) 

within a margin around Ga smaller than 1.5% for R1 < 3 mm with R = 25 mm. The 
error in the approximation tan a = a remains smaller than 0. 7% for R1 < 3 mm 
with R = 25mm. 
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A. 7 Discussion and condusion 

For the geometry that is used, R1 ;:::; 2.5 mm and R = 25 mm, the tan a = a as
sumption seems valid within very reasonable limits. This suggests that for a circular 
sample at the edge of a plate, we can calculate Ga with equation (A.28) directly, or 

use equations A.33 and A.49 to calculate Gw1 ::
1 ~Ga with only a slightly greater 

error. In fact, the shear modulus of any sample of known arbitrary shape can be 
assessed with equation (A.49) with an accuracy of few percent. 

Although the samples that are used are cut with a cork bore, they don't neces
sarily preserve the circular shape. Still, the circular shape is a better approximation 
to the true geometry than a wedge. The error that is made in measuring the sample 
and the resulting area is furthermore equivalent to the error in measuring and area 
assessment of a centered sample. 

Therefore it was decided that the shear moduli will be calculated according to 
equation A.28. With the torque Mt, strain "YR and phase difference 8 provided by 
the rheometer and R1 the radius of the sample, we calculate: 

(A.50) 

(A.51) 

(A.52) 

for each sample individually, with an estimated error in the calculation :'S: 0. 7% due 
to the tan a = a assumption. 

Section A. 7 Discussion and condusion 40 



Appendix B 

Comparison of Neo-Hookean and Ogden parameters 

The Ogden model is written as 

with strain energy function [9, 11]: 

w = !!_ (> .. 1 Ot + >..2 Ot + >..3 Ot - 3) 
0: 

The Neo-Hookean incompressible solid is described with 

u =pi+ G(B - I) 

with strain energy function [4]: 

G 2 2 2 
W=2(>..1 +>..2 +>..3 -3) 

The Second Piola-Kirchoff stress tensor is given by: 

s _ aw _ awa>..i 
- 8E - a>..i 8ei 

with E the Green-Lagrange strain tensor, i.e. 

1 2 e· = -(>..· - 1) · 
t 2 t ' 

We review the case of unia:xial tension, such that 

1 
>..2 = >..3 = r\ 

v>..1 

In equilibriumwethen find for the Ogden model 

s = p,(>..a-1- >.. -~-1) a>..i 
a ei 

For the Neo-Hookean model we find 

s = G(>..- >..-2) a>..i 
a ei 

In the limit of small strain where ei --+ 0 and Ài --+ 1, we therefore find 

p,=G 

(B.1) 

(B.2) 

(B.3) 

(B.4) 

(B.5) 

(B.6) 

(B.7) 

(B.8) 

(B.9) 

(B.10) 
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Appendix C 

Eccentric geometry with an ellipse 

At the request of a colleague, the approach in appendix A.4 was tried for an ellipsoid 
sample. Think of figure A.l with an ellipse with R2 > R1 and R1 in radial direction. 
We find 

For an ellipse: 

l2 ht 2 

-=1--
R22 R1 2 

~~~2--R~2--------~)2 
y R2 - ~ (R- R1 - r 

a ~ tan a = --'---------"----------
r 

From eq. A.20 on 

A change of integration variables (eq. A.21): 

Rt 

(A.9) 

(C.l) 

(C.2) 

(C.3) 

(C.4) 

M = 2G '/'RR2 J ( (R- RI)2 - 2(R- Rlh' + 1'12
) V Rl 2 -')''2 d')'' (C.5) 

RR1 
-Rt 

such that: 

a 

M = c1 J c2Va2 - u2 + c3uVa2 - u2 + u2 Va2 - u2 du (A.23) 

-a 

With 

The salution is given by eq. A.25 and using integration boundaries (eq. A.26) we 
find: 

(C.7) 
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Or 

G= MR 
21f!R cR-~1 ) 2 + ~) R1R2 

(C.8) 

which is valid for the linear viscoelastic regime and with approximation tan a ~ a. 
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Appendix D 

Accuracy analysis for 2 small sample geometries 

The accuracy of the measured Gd depends on the relative errors in torque, applied 
strain, location of the sample and sample radius. Therefore we calculate for both 
geometries: 

I îZb.MI +I~~ b.hl +I ~~b.RI +I%% b.Rll +I ~g b.fll 
EJG = I (D.l) 

G(M, h, R, R1, fl) 

The geometry with the centered sample yields: 

(1.1) 

(D.2) 

The derivatives are: 

dG 2h 
dM- 1rR1 4fl 

(D.3) 

dG 2M 

dh 1rR1 4n (D.4) 

dG 8Mh 
dRl - 1rR1 5fl 

(D.5) 

dG 2Mh 

dfl 1rR1
4fl 2 

(D.6) 

For the geometry with a sample of radius R 1 at the edge of a plate with radius 
R, we used: 

G= MR 
27r Rl 2 

( (R-:1)
2 + ~) "''R 

(1.2) 

flR 
"''R =- ---+ h 

(D.7) 
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with derivatives: 

dG h 

dM 2nR12 ( (R-:1
)

2 + ~) !1 
(D.S) 

dG M 

dh 2nR12 cR-:1)2 + ~) !1 
(D.9) 

dG Mh(R- R1) 
dR 27r R12 cR-:1)2 + ~ f n 

(D.lO) 

dG Mh(R+ ~RI) Mh 

dR1 2nR12 cR-:1)2 + Rff !1 nR13 cR-:1)2 + ~) !1 
(D.ll) 

dG Mh 

dO 2nR12 cR-:1)2 + ~) f22 
(D.12) 

The relative error in measured torque is 0.16% [38], the error in angular displace
ment 2.5 · 10-6 rad [ibid.], with an average displacement amplitude of 7.3-10- 5 rad, 
the error in sample height is estimated 5 · w-4 mm with an average sample height 
of 0.916 mm, the error in measured sample radius is estimated to be 10% (an error 
of ;:::::; 0.05 mm with a 5 mm diameter sample) and finally an error of ;:::::; 0.5 mm is 
estimated for R. 

For a certain value of measured torque M we use values 

!:..M = 1.6 · 10-3 M ; h = 0.916 mm ; !:..h = 5 · 10-4 mm ; R = 25 mm ; 

!:..R = 0.5 mm; R1 = 2.5 mm ; !:..R1 = 0.1R1 ; IT = 7.3 · 10-3 rad; 

and !:..!:1 = 1.5 · 10-6 rad (D.13) 

and find the results presented in figure D .1. 

40 ..., 
.:: 
Q) 
u ...... ',, .. '' ................. ' 
0 30 H 
Cl. 

.s 
20 \j 

"<::> 

"0 
/ .:: 10 ro / 

èl 
... 

"<::> ·-·-· -·-
00 5 10 

R1 in mm 
(a) Relative error in G as a function of R1 for 
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Figure D.l: Relative error in G for centered (solid) and eccentric (dotted) geometry. 

Figure D .la shows that the eccentric geometry perfarms better than the centered 
geometry. But it can also be seen that although the error in G decreases with 
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increasing R1 for the eccentric geometry, there is a limit to R1 for the application 
of this geometry because of the increasing error in the tan a ~ a assumption. 

According to figure D.lb, the eccentric geometry also performs better when the 
error in measurement of R1 increases. 

For samples with a radius much smaller than the radius of the plate of the rheometer, 
we therefore recommend to look at the eccentric geometry, because of the possible 
smaller relative error in G. 
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Appendix E 

Indenter force 

E.l Introduetion 

In the in vivo experiments, the indenter is fixed perpendicular to a loading beam 
that works as a lever: a displacement is applied at one end of the beam such that the 
indenter at the other end moves in the opposite direction due to the pivoting point 
in between. See figure E.l fora schematic view and the report by Niels Braakman 
for details [11, Appendix C-H]. 

Forces on the indenter are measured with a strain gauge on the loading beam. 
The signal of the strain gauge is amplified by a Picas amplifier [43] located at a 
few meters from the MR scanner. The connecting cable has been shielded to avoid 
damage to the amplifier due to peak signals as a result of MR activity. 

Pilot experiments suggested that the magnetic field in the MR scanner had a 
significant effect on the measured forces. Section E.2 describes experiments that have 
been performed to quantify this effect. In section E.3 we investigate the recorded 
force as function of the applied indentation. 

E.2 Measuring force inside the MR scanner 

E.2.1 Pilot experiments 

The strain gauge and amplifier are calibrated outside the MR scanner. When the 
indenter unit is placed inside the MR scanner, we noticed that the signal seems 
to drop. Therefore, experiments were performed to either confirm or reject the 
hypotheses that in the indentation experiments, there is no difference in measured 
force inside or outside the MR scanner. 

To achieve this, the standard protocol for the preparation of 4 mm indentation 
tagging MR measurements was followed, i.e. a rat was sedated, its leg was cast in 

I ,-,I I 
~ · - - · - · - - -

strain gauge n 
I loading beam Opivot . I 
~spring 

indenter 

Figure E.l: Schematic view of the indenter unit. The loading beam is pushed against 
a rotating cam (see also figure E .3a) at the left by a spring. Indentation is applied 
at the right by the indenter and forces are measured with the strain gauge on top 
of the loading beam near the indenter. 

47 



Appendix E - Indenter force 

4..---.-------~-----., 

3 

~ 
-~:::-::~.::: ... ::::. __ :--_ ---·---·-···--·-2 

1~----------------

o~------~----~----~ 
0 1 2 3 

Time [s] 
(a) Means of farces reearcled inside the MR 

(dashed) and outside the MR (solid). The 
dots at a force of 1 N show where Ho is re
jected. 

48 

0.8 

0.2 

0 50 100 150 
Time [s] 

(b) Example offorce measured force when slid
ing in and out of the MR. The black lines 
show the time span and mean of the signa! 
used for further analysis. 

Figure E.2: Outcome of pilot experiments (left) and an example of results for the 
controlled load experiments ( right). 

plaster, the animal was put into the MR-compatible loading device and the indenter 
unit was put in place. 

Next, the 4 mm indentation was applied as in the tagging experiments three 
times with the loading device inside and three times with the loading device outside 
the MR scanner. The force signal was sampled by the amplifier with a frequency 
of -500Hz and the analog output of the amplifier was recorded with a frequency of 
100Hz with a standard PC running Labview. 

The means of the three force signals inside and outside the MR scanner were 
tested fora significant difference with a two sicled z-test (a:= 0.05). The outcome 
was that the null hypotheses H0 : tbe results of tbe measurements outside tbe MR 
scanner witb tbeir standard deviation can have a true mean tbat equals tbe mean 
of tbe results of tbe measurements inside tbe MR scanner had to be rejected, see 
figure E.2a. 

E.2.2 Controlled load experiments 

Because the pilot experiments suggested an infiuence of the MR scanner on the 
measured force, experiments were clone with a controlled load to quantify this in
fiuence. 

The loading device was repeatedly slided in and out the bore of the MR scanner 
with leaden weights (207 g, n = 29; 90 g, n = 13; and 30 g, n = 13) attached to the 
indenter position. Forces where recorded as described above and the means of the 
measured forces inside and outside the MR were calculated for further analysis, see 
figure E.2b. 

This analysis showed that there was no difference in behavior for sliding into 
the bore and sliding out of the bore and that the difference in measured force was 
independent of the applied load. The mean ± standard deviation of the difference 
in force for all sliding moments was 37.1 · 10- 3 N ± 11.9 · 10- 3 N (n = 55). 
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E.3 Force as a function of indentation 

The design of the cam is sketched in figure E.3a. It consists of two concentric circles 
with radii R1 and R3 with their center at the pivoting point p and a third circle 
with radius R2 at a distance d from the pivoting point. The radii as a function of 
indentation depth x are given by [11]: 

R
2 

= R1 +R3 
2 

(E.l) 

The cam radius as a function of angle, going clockwise and starting at the top of 
the cam in figure E.3a, is given by 

0 ::; a < ~7r 
l7r < a < !17r 2 - 2 

~7r ::; a < 21r 

This radius is shown in figure E.3b in its dimensionless form R: 

R(a) = R(a)- R1 
x 

(E.2) 

(E.3) 

Because of the design of the indenter unit, figure E.3b also represents the dimen
sionless indentation depth 

I= I(a) 
x 

(E.4) 

as a function of rotation angle, or time, in the experiments. 
In the tagging MR experiments, the cam is rotated at a constant speed and this 

enables us correlate the recorded forces when the indenter is lifted from the leg, 

x 

(a) Design of cam with p the pivoting (b) Dimensionless cam radius R as a function of angle or 
point , two concentric circles with dimensionless indentation I in as a function of rotation 
radii R1 and R3, and a circle with angle. 
radius R2 at a distance d from p. 

Figure E.3: Camdesign (left) and resulting indentation as a function of angle (right). 
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with the conesponding indentation depth, see figure E.4a. Figure E.4b shows the 
recorded force, gray in figure E.4a, as a function of the dirnensionless indentation 
depth, black in figure E.4a. 
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(a) Recorded force (gray) and an impression of (b) Force as a function of dimensionless inden-

theindenter movement (solid black line). tation. 

Figure E.4: Measured indenter force (left) and measured indenter force as a function 
of indentation ( right). 

We see in figure E.4b that the force as a function of indentation shows astrong 
non linear, almost exponential behavior; and we would like this behavior to be 
correctly modeled by the numerical model. 
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Appendix F 

Comparison of 20 and 30 meshes 

F.l Introduetion 

The purpose of the finite element model is to evaluate damage criteria for muscle 
tissue and initially an attempt was made to run the simulations of the indentation 
experiment with a 3D mesh that realistically modeled the entire 3D muscle contours 
over a length of 6 mm [30]. Because of meshing problems and convergence problems 
early in the simulation, the mesh was finally modeled with a constant muscle contour 
over the entire length, the contour of the mid plane under the indenter [16]. Also, 
to save computation time only half of a transverse slice of the leg was modeled, see 
figure F.l. 

But these simulations with a simplified geometry still run into convergence prob
lems at an indentation of :::::: 2 mm, while a :::::: 4 mm indentation is applied in the in 
vivo experiments. This indentation is needed because no muscle damage is observed 
with 2 mm indentation experiments. The fact that the model cannot reach higher 
indentation depths is a major drawback for the development of damage criteria. 

The solution to this problem lies in remeshing. However, developing a 3D remesh
ing procedure will be a challenging task with a considerate demand on man hours. 
We therefore had a good reason to convert the simulation to a two dimensional 
problem: we wanted to see if aremeshing procedure could be implemented with a 
2D mesh first. 

Of course, we need to know to what extend the relevant parameters for the 
development of damage criteria are influenced by the simulation of the actual 3D 
problem with a 2D model. In order to assess this influence a comparison was made 
between the original 3D meshes and the new 2D meshes. 

Figure F.1: Rotated view ofthe original 
problem, adapted from [16]. In the sim
ulation, the transverse cutting planes 
are in the xy plane and the mesh is ro
tated such that the indenter has its axis 
along the y direction and coming from 
above, travels in the -y direction. 
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F.2 Methods 

F.2.1 Simulation 

The data for the geometries of the meshes was retrieved from the first in vivo tagging 
indentation experiments. Contours, indenter position and indenter angle therefore 
coincide for all five meshes. 

The cutting plane in the 3D meshes and cutting line in the 2D meshes are fixed 
in all directions, as well as the contour modeling the tibia bone. The remaining 
muscle contour is covered with plane contact elements for the 3D meshes and line 
contact elements for the 2D meshes. 

For de body or muscle of the meshes, element group 201 was used. This is 
depending on the dimension of the elements a non-linear solid element or a plane 
strain element [40]. For contact, element group 211 was used, see [16]. 

For comparison of the results, we look at the principal Green-Lagrange strains 
in the plane of symmetry, with E1 > E2 > E3 for the 3D meshes and E1 > E2 for the 
2D meshes; and at the maximum shear strain 1'max = ~(E1 - E3) for the 3D meshes 
and 1'max =~(El- E2) for the 2D meshes. 

F.2.2 3D meshes 

Three simulations were clone with 3D meshes. For these, the original files and meth
ods were used that were implemented by Martijn Cox [16] and Marcel Lourens [30]. 
The differences between the three simulations lie in the height and number of ele
ments in the third dimension or z direction for the three meshes. 

The first mesh, mesb31, has a height of 6 mm and 28 elements in z direction. 
Mesb32 has a height of 3 mm and 14 elements in z direction. And finally, mesb33 
has a height of 3 mm and 28 elements in z direction. 

The 3D meshes have quadratic hexahedron elements (element shape 14, see also 
table F.1 and [40]) for the muscle, and quadratic quadrilateral contact elements on 
the muscle contour (element shape 6). 

F.2.3 2D meshes 

In the generation of the 3D mesh the first step is to describe the mid plane or 
plane of symmetry and the 2D element distri bution in this plane. N ext, this plane 
is copied and translated in z direction and the cr~ated volume is filled with bricks. 

For the generation of a 2D mesh, this routine is stripped off anything relating 
to the third dimension, such that we now only fill the plane of symmetry with 2D 
elements. Looking at the xy plane, the obtained element distribution is nearly equal 
between the 3D and 2D meshes, see also figures F.2a and F.2b. 

Two 2D meshes were generated, both used the same geometry data as with the 
3D meshes. Mesbll has quadratic quadrilateral elements (element type 6) for the 
muscle, and quadratic line contact elements on the muscle contour (element type 2). 
Mesb21 has extended quadratic triangle elements (element type 7) for the muscle, 
and also quadratic line contact elements on the muscle contour (element type 2). 

F.3 Results 

Table F.1 provides details on the five different meshes that were used in this appen
dix, as well as the maximum indentation that was reached in the simulation. In this 
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(a) The plane of symmetry in 

the 3D mesh with height 
6mm. 
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0 

-5 
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(b) The 2D mesh with 

quadratic quadrilateral 
elements. 
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5 

0 

-5 

0 5 10 
(c) The 2D mesh with ex

tended quadratic triangle 
elements. 

Figure F.2: Three of the five meshes used for the simulations. The axis are in x and 
y direction an show units in mm. 

Mesh body el- contact ele- number of number of indentation 
ement ment shape elements nodes reached 
shape 

Meshll 6 2 321 1190 1.6mm 
Mesh21 7 2 862 2540 1.6mm 
Mesh31 14 6 8904 67830 1.8mm 
Mesh32 14 6 4452 34510 1.6mm 
Mesh33 14 6 8904 67830 1.4mm 

Table F.1: Details of the five different meshes presented in this appendix. Element 
type 2 is a quadratic line element; element type 6 is a quadratic quadrilateral; 
element type 7 is an extended quadratic triangle; and element type 14 is a quadratic 
hexahedron. Mesh31 is a 3D mesh with a height of 6 mm, Mesh32 and Mesh33 have 
a height of 3 mm. Mesh31 and Mesh33 have 28 elements in z direction and Mesh32 
has 14 elements in z direction. 

table, we can see that the use of different elements does not result in significant dif
ferences in reached indentation depths. Figure F .3 shows the strain distributions for 
meshll and mesh31. There is no notable difference in strain distribution between 
the two 2D meshes and between the 3D meshes with equal height. Results for these 
meshes are therefore not shown and figure F.3 can heseen as a comparison between 
2D and 3D meshes per se. 

The two parameters with the most relevanee for the development of damage 
criteria are the first principal strain E1 and the maximum shear strain 'l'max· We 
see in figure F.3 that the strain distributions of <::1 (F.3a and F.3e) and 'l'max (F.3d 
and F.3g) show little or no difference. And when we look at the minimum principal 
strain, t:3 for the 3D mesh (figure F.3c) and t:2 for the 2D mesh (figure F.3f) we also 
see a great similarity in the strain distribution. 

However, it must also he noted that the absolute values of the strains do differ 
between 2D and 3D meshes, in particular for E1 . This difference is also present 
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0.2 0.4 0.6 
(a) First priucipal straiu for mesh31. 

-0.4 -0.3 -0.2 -0.1 
(c) Third priucipal straiu for mesh31. 

0 0.5 1 1.5 
(e) First priucipal straiu for meshll. 

-0.4 -0.3 -0.2 -0.1 0 
(f) Secoud priucipal straiu for meshll . 
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0 0.1 0.2 0.3 0.4 0.5 
(b) Secoud priucipal straiu for mesh31. 

0.1 0.2 0.3 0.4 0.5 
(d) Maximum shear straiu for mesh31. 

0.2 0.4 0.6 0.8 
(g) Maximum shear straiu for meshll. 

Figure F .3: Strain distributions for the 2D and 3D meshes at 1.6 mm indentation. 
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between the 3D meshes with different height (not shown): the strain distributions 
look equal, but the first and second principal strain have lower values in the mesh 
with the greatest height. 

F.4 Discussion and condusion 

To investigate the infiuence of the conversion of the 3D simulation as presented here 
to a 2D simulation, two 2d and three 3D simulations of the same problem were run. 

The results indicate that a conversion to 2D simulation increases the absolute 
value of the principal strains, but that the 2 dimensional strain distribution differs 
little from that found in the plane of symmetry of the 3D meshes when we look 
at the maximum and minimum principal strain or at the maximum shear strain. 
Also, this behavior, i.e. an equal strain distribution with different values, can be 
simulated with a decrease in mesh height in the third dimension in the 3D meshes. 

The implemented material behavior is incompressible, and this can explain the 
differences. Since the deformations are displacement driven and since the 3D meshes 
have more material with more freedom to move, displacements can more easily be 
distributed in the 3D meshes and this has the described effect on the strains in the 
materiaL This effect that is also illustrated by the meshes with a 3 mm height, that 
show smaller maximum strains than the mesh with a 6 mm height. 

This raises the question of validity of the observed values in the simulation. These 
values indeed differ between the 2D and 3D meshes, but they also differ between 
different 3D meshes. When the strain values are correlated to the incompressible 
behavior as described above, it is likely that the fact only half of a transverse slice is 
modeled also has an effect on the observed strains. A 'full' mesh would allow more 
material more movement and one would expect lower strain values as a result. 

We therefore find that the 2D model is qualitatively comparable to the 3D model 
for the assessment of damage criteria. The validity of the observed values however, 
needs to be further investigated; and this is true for both models, because the 3D 
model will also result in different strain values when the boundary conditions, for 
instanee the height of the mesh, are changed. 
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lnfluence of boundary conditions 

G.l Introduetion 

With the conversion of the numerical simulation of the indentation experiments to 
a 2D problem (see chapter 2 and appendix F), the main argument for the cutting 
plane in the meshes, an excess amount of computation time, is no longer valid. It 
was therefore decided to mesh a full 2D slice as obtained from MR images. 

Of course, this raised the question of possible differences between the results for 
the different meshes. Next to that, the question of appropriate boundary conditions, 
i.e. how much and what part of the contour of the full mesh is fixed, becomes more 
important. In the original meshes, the cutting plane was fixed to simulate that the 
leg is cast in plaster. But with the in vivo experiments, the outer contour of the leg 
is not really fixated at it's initial position by the plaster, and correctly modeling 
this may be a tricky task. 

To assess the influence of the boundary conditions on the results, six different 
simulations were run of the same problem. This appendix shows the results of these 
simulations, and comments on them. 

G.2 Methods 

For all meshes, the same data was used for the process of mesh generation. There is 
no difference between the full meshes except for which contour elements have been 
assigned to be fixed and which are assigned to be contact elements, see also figure 
G.l. 

The first simulation is that of meshll, as described in appendix F. This is a 
2D version of the original problem as it existed at the start of this project, see also 
figure G.la. For the second simulation, mesh41 the contour ofthe mesh is fixed such 
that contact contours of meshll and mesh41 coincide, see also figure G.lb. In the 
third simulation, mesh51, an attempt was made to give the material more freedom 
to move by restricting a smaller part of the lower contour, see figure G.lc. In the 
fourth simulation, mesh61, the part of the contour of the muscle that is restricted 
in movement by the plaster cast was actually fixed, see figure G.ld. 

Finally two simulations were run in which an attempt was made to model the 
plaster cast as 'supportive' in varying degree, i.e. only a part of the bottorn of the 
mesh is restricted from movement. See mesh91 and mesh92 in figures G.le and 
G.lf. 

G.3 Results 

G.3.1 Strains 

Figure G.2 shows the strain distribution ofthe first principal strain ofthe six meshes 
at increment 20 ( the last increment reached by meshll). The order of the presen-
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..... + 

o··. 
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(a) meshll. (b) mesh41. (c) mesh51. (d) mesh61. (e) mesh91. (f) mesh92. 

Figure G.l: Contours ofthe six meshes. Nodes on solid lines are fixed in all directions 
and the dotted lines represent the contact contour. The indenter moves downward 
and the tip of the indenter is located at the cross above the meshes. 

tation of results is such that from left to right, a smaller part of the contour has 
been restricted. 

When we look at the top row of figure G .2, we see that in the distri bution of the 
first principal strain, regions of higher strain seem to shift a little towards the tibia 
bone when lesser material has been restricted from movement. We also see that this 
effect comes with a decrease in strain values. 

The bottorn row of figure G.2 shows the results of the three least restricted 
meshes, i.e. mesh51 (G.lc and G.2d), mesh91 (G.le and G.2e) and mesh92 (G.lf and 
G.2f). These figures show that the regions of higher strain have shifted even more 
towards the tibia bone and also that the strain values have decreased, compared 
to the more restricted meshes. However, these figures also show that between these 
three meshes, no significant difference can be seen in strain distribution or in strain 
val u es. 

The results for the second principal strain and for the maximum shear strain 
show the same qualitative and quantitative differences, and are therefore not shown. 

G.3.2 Indenter force 

In these simulations, the force on the indenter has been calculated by integration 
of the contact pressure over the contact contour: 

F= j piids 

!1 

(G.l) 

The results are plotted in figure G.3, together with the results for mesh21, which is 
meshll filled with extended triaugles instead of quadrilaterals. 

This figure shows that also the calculated force is subject to change depending 
on the boundary conditions. Again we see decreasing values up to a certain point 
of contour restriction, beyond which values no longer seem to decrease; and as with 
the strain values discussed in the previous section, mesh51, mesh91 and mesh92 lie 
beyond that point. 

Finally note that the most restricted mesh, meshll, stopped at the lowest in
crement: 20. Mesh41 reached increment 22, mesh61 reached increment 23, and the 
least restricted meshes reached increment 28, mesh91 and mesh92, and increment 
30, mesh51. 
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0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 
(a) First principal strain for (b) First principal strain for (c) First principal strain for 

meshll. mesh41. mesh61. 

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 
( d) First principal strain for ( e) First principal strain for ( f) First principal strain for 

mesh51 . mesh91. mesh92. 

Figure G.2: First principal strain for six meshes with different boundary conditions. 

0.6 

1;::., - meshll 
- - mesh21 .s · · · · mesb41 <J.) 0.4 u -- mesh51 ..... 

& • mesh61 
· - · mesh91 

0.2 
----*- mesh92 

Contact increment 

Figure G.3: Force on indenter in y direction for 7 different meshes. 
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G.4 Discussion and condusion 

The results show that strain values as well as the calculated force increase when the 
material has lesser freedom to move, although these values do follow same pattem 
in time. As with the comparison between 2D and 3D meshes, this effect can be 
explained by the incompressible materiallaw (see section FA, p. 55). 

The results also show that restrietion of material movement can influence the 
strain distribution in the region of interest, the TA. Local strains become higher 
and the region with higher strains tends to move more towards the edge of contour 
restriction, towards the left in the figures, away from the tibia bone. This effect 
becomes more pronounced at greater indentation depths (not shown). 

Finally, the results seem to indicate that beyond a certain point of material 
restriction, these effects can no longer be seen. The strain values, strain distributions 
and calculated force do not differ significantly between the three least restricted 
meshes. 

In the in vivo experiments, there is some space between the plaster cast and 
the rat leg. The cast does restriet the movement of the tibia bone and fixates the 
knee and ankle of the rat, but particularly when no indentation is applied we find 
that the cast more seems to support the tissue rather than that it actually restricts 
movement of the tissue contours. 

We strongly feel that in the simulation the material between the indenter and 
tibia bone should have ample freedom to move, to simulate the in vivo conditions 
for this region of interest best. This situation is not satisfactory simulated with the 
plaster cast modeled as restrictive as in mesh41 or mesh61. 

When we look at the three lesser restricted meshes, we find that we can see no 
differences, while we think that the in vivo conditions for the region of interest are 
simulated best with these meshes. 

We conclude that with the plaster cast modeled as a support against the indenter 
movement, i.e. with only a part of the bottorn of the mesh restricted from movement 
(e.g. mesh91 or mesh92), the in vivo situation in the region of interest is simulated 
best. 

We also find that the exact amount of restrietion has no significant influence on 
the results beyond a certain point. It is therefore recommended to take mesh92 as 
a reference for the modeling of contour restrictions, and to ensure that this certain 
point has been passed for different geometries. 

An additional advantage of this approach is that higher indentations can be 
reached in the model when lesser material is restricted. 
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Constitutive material law 

H.l Introduetion 

Preliminary simulations showed an extreme concentration of strains and strain gra
dients around the edges of the indenter. It was suggested that implementation of a 
non-linear constitutive materiallaw could help to distribute the highest strains [16]. 
This should lead to a smaller chance at element degeneration which at the moment 
is the cause for the simulation to stop at a certain increment. 

Also, the analysis in section E.3 showed that a clearly non-linear force as a 
function of indentation seems more realistic than the results found with the linear 
model, as shown for instanee in figure G.3. 

In this appendix, the effect of three constitutive laws on the strain distri bution 
is investigated, as well as the influence on the indenter force that results from the 
simulation. 

H.2 Methods 

In total, seven simulations were run with mesh51 and mesh61 presented in appendix 
G. The difference between the two meshes is the amount of the muscle contour that 
has been fixed. The first simulation used the Neo-Hookean law from the original 
simulations 

u = -pi + G (B - I) (H.1) 

Thus, the actual simulations with mesh51 and mesh61 presentedinappendix G. 
The next three simulations used a non-linear constitutive law: 

(
trB)n u = -pi + G -

2
- (B - I) (H.2) 

For mesh52 n = 1 was used, for mesh53 we used n = 2 and for mesh54, n was set 
to 5 (likewise for mesh61, mesh62, mesh6x ... ) . 

The last three simulations used a different non-linear constitutive law: 

u= -pi+ G (trB- 2t (B-I) (H.3) 

For mesh55 n = 1 was used, for mesh56 we used n = 2 and for mesh57 we used 
n = 5. G is set to unity in all simulations. The force on the indenter was calculated 
in each simulation as described earlier (see equation G.1). 
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Mesh indentation reached Mesh indentation reached material law 
Mesb51 2.5mm Mesb61 1.7mm eq. H.l 
Mesb52 3.1mm Mesb62 1.7mm eq. H.2, n = 1 
Mesb53 3.lmm Mesb63 1.8mm eq. H.2, n = 2 
Mesb54 3.lmm Mesb64 1.9mm eq. H.2, n = 5 
Mesb55 3.lmm Mesb65 1.8mm eq. H.3, n = 1 
Mesb56 3.2mm Mesb66 1.8mm eq. H.3, n = 2 
Mesb57 2.5mm Mesb67 1.8mm eq. H.3, n = 5 

Table H.1: Indentation reached in the different simulations. 

H.3 Results 

Table H.l presents details on the indentation reached in the simulations for both 
meshes. In the remainder of this section, only the results for mesb5x are shown. 
The results for mesb6x are qualitatively equal, unless stated otherwise. 

Figure H.l shows the results for the first principal strain for the seven simula
tions. In this figure, we see that the effect of the non-linear G lies most in softerring 
the highest strains and strain gradients, without changing the strain distribution. 
This figure is also representative for the results for the second principal strain and 
the maximum shear strain. 

When we look at figure H.2, we see that the calculated forces for the non linear 
constitutive materiallaws, show the expected non linear behavior. We can also see 
that equation H.2 is the most sensitive for the value of n that is used, and that this 
equation prediets higher forces than the other two models at small indentations 
before the non linear behavior starts to play a serious role. 

H.4 Discussion and condusion 

From the results, we learn that implementation of a non linear constitutive material 
law decreases the highest principal strains, even at a modest level of non linearity 
(i.e. with n = 1), while maintaining the overallstrain distribution. Also we see that 
with an increase in non linearityin G, an increase in the non linear behavior of the 
calculated force as a function of indentation can be found. And that this increase 
in calculated force comes with even lower strain values. 

A visual comparison of figure H.2 with the curve shown in figure E.4b indicates 
that equation H.3 with n = 1 simulates the non linear behavior of the recorded 
force best, with H.2 with n = 2 as a runner up. However, we have seen that if we 
choose to implement a non linear materiallaw, that we will find lower strain values. 

Since muscle tissue does behave as a non linear material, we feel that a non linear 
material is preferred, and we find that this is supported by force measurements and 
simulations. We have also seen that the conversion of the model to a 2D simulation 
has resulted in higher strains in the 2D simulation than in the 3D simulation and 
therefore the lower strain values do not appear to be major negative side effect in 
the non linear simulations. 

We feel that the qualitative value of the model increases with a non linear mate
rial law because of the more realistic force results. The quantitative value of the 
model does not decrease per se, since in fact we do not know which strain values 
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0 0.2 0.4 0.6 0.8 
(a) First pr incipal strain for 

mesh51. Yalues range be
tween -0.0190 and 2.1501. 

0 0.2 0.4 0.6 0.8 
(b) First principal st ra in for 

mesh52. Values ra nge be
tween -0.0124 a nd 1.5782. 

0 0.2 0.4 0.6 0.8 
(e) First princ ipa l strain for 

mesh55. Values range be
tween -0.0005 and 1.2890. 

0 0.2 0.4 0.6 0.8 
( c) First principal strain for 

mesh53. Values range be
tween -0.0030 a nd 1.2892. 

0 0.2 0.4 0.6 0.8 
(f) First principal strain for 

m esh56. Values ra nge be
tween 0.0001 a nd 1.0586. 
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0 0.2 0.4 0.6 0.8 
(d) First principal st ra in for 

mesh54 . Values range be
tween -0.0049 a nd 0.9585. 

0 0.2 0.4 0.6 0.8 
(g) F irst principal st rain for 

mesh57. Values ra nge be
tween -0.0105 and 0.8949. 

Figure H.l: First principal strain at 2.5 mm indentation for mesh51 wit h 7 different 
constitut ive laws. T he colors have been scaled to display values between -0.0125 and 
0.9. 

are the most accurate between t he 3D, 2D, linear and non linear simulations. We 
t herefore decided to use the non linear model that shows the best behavier in force 
in comparison with the force measurements, i.e. 

u = -pi + G (tr B - 2) (B - I ) (H.4) 

Also, we recognize t hat this models yields smaller strain values than the linear 2D 
model, which in turn yields higher strain values compared with a 3D model. 
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-eq.H.1 
- - eq. H.2, n = 1 
· · · · eq. H.2, n = 2 
-- eq. H.2, n = 5 

• eq. H.3, n = 1 
· - · eq. H.3, n = 2 
-*- eq. H.3, n = 5 

Figure H.2: Force on indenter in iJ direction for 7 different constitutive laws. The 
force for mesh54, eq. H.2 with n = 5, goes of scale to a value of 14 at contact 
increment 31. 
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Appendix I 

Deformation gradient method 

1.1 Briefdescription of the theory 

In summary, this method starts with a point Pt at time t with position x0 in the 
reference state and position Xt in the deformed state. The deformation tensor of 
this point is given by 

( )
c OXt 

F = 'VoXt =-
8x0 

(1.1) 

Next, the position of a neighboring point Qt with position x 0 + ~xo in the reference 
state and position Xt + ~Xt in the deformed state is written as 

(1.2) 

with 

(1.3) 

the quadratic term added by Geers, De Borst and Brekelmans [20] to the original 
method developed by Peters [36] and a a theoretica! discretization error. 

The left hand side of equation 1.2 is rewritten for k neighboring points Qi, 
resulting in k equations, one for each pair of (Pt, QtJ· The right hand side of these 
equations equals di: 

di= F · ~Xo; + 3 G: ~xo;~xo;- a with iE [1, 2, ... , kJ (1.4) 

The veetors di represent the sum of the mean discretization error and a constant 
systemic measurement error and are assumed to be not correlated and normally 
distributed around the null vector. Finally, the method of maximum likelihood is 
used to estimate F, 3 G and a by maximizing the probability density function 

(1.5) 

with respect to afore mentioned variables. 

1.2 Calculated strain and estimated strain 

One of the advantages of the deformation gradient method over the linear method, 
is that this second order method is suitable for an unequal grid spacing [20]. It is 
noted however, that the amount of grid spacing does influence the results. 

This is demonstrated in figure 1.1. In this figure, and indeed throughout this 
report, strains have been calculated form the deformation tensors as found with 
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0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 
(a) Strains calculated from the Sepran output (b) Strains calculated from the Sepran output 

for mesh61. for mesh71. 

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 
(c) Strains calculated with the deformation gra- (d) Strains calculated with t he deformation gra-

dient method for mesh61. dient method for mesh71. 

Figure I.l: First principal strain for mesh61 and a more refined mesh, mesh71, for 
the strains of the Sepran output and for the strains estimated with the deformation 
gradient method. 

the finite element program Sepran or as estimated with the deformation gradient 
method, i.e. estimated from displacements of surrounding points. 

In this figure , we see that the deformation gradient method misses some details 
on the highest strains, and that more details or higher strain values are missed with 
a more coarse grid or mesh. 

We also see that with the more refined mesh, the deformation gradient method 
becomes quite accurate, and this suggests that with the grid spacing that we have 
in the tagging data, the results will also be accurate. 

1.3 Number of points 

For application of the deformation gradient method , displacement data on at least 
six neighboring points needs to be taken into account for each point, in order to 
solve the set of six equations that result from the method this point. 
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It is noted in the article, that an increase in the number of neighboring points 
that are taken into consideration for each point, will not lead to more or better 
accuracy. Figure 1.2 illustrates this for the tagging data. 

If we use the minimum of 6 neighboring points, we find convergence problems in 
the minimalization problem, resulting in erroneous values (infinity or 'not a num
ber '). Figure 1.2 shows that if we increase the number of points from 9 to 15 to 30, 
more detail on the highest strains is lost in the estimation process. For the presen
tation of data in this report, the number of neighboring points was therefore set to 
9. 
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0 0.5 1 1.5 
(a) First principal strain cal-

culated from the tagging 
data with 9 surrounding 
pixels. 
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(d ) First principal strain cal-

culated from t he tagging 
data with 15 surrounding 
pixels. 
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(g) First principal strain cal-
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pixels. 
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calculated from the tag
ging data with 9 surround
ing pixels. 
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0.2 0.4 0.6 0.8 1 
(c) Maximum shear strain cal-

culated from the tagging 
data with 9 surrounding 
pixels. 

0.2 0.4 0.6 0.8 
(f) Maximum shear strain cal-

culated from t he tagging 
data with 15 surrounding 
pixels. 

0.2 0.4 0.6 
(i) Maximum shear strain cal-

culated from t he tagging 
data with 30 surrounding 
pixels. 

Figure 1.2: Strains calculated with the deformation gradient method for the tagging 
data of t he second experiment, with from top to bottorn an increasing number of 
neighboring points that was used for the estimation of strains. 
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lnfluence of geometry 

In the discussion on page 25, it was mentioned that small differences in geometry 
can yield significant differences in results. T his is illustrated here in figure J .1. 

F igure J .1a shows the geometry that was used in chapter 2 for the validation 
of t he second experiment (figure 2.5). F igure J. l b shows a slight ly different geom
etry t hat was used in pilot simulations. Both geometries were in the same manner 
manually detected from the same MR image. 

F igures J. 1c and J.l d, show that small differences made in t he detection process, 
can have a consequences for t he result ing strain fields in the simulation. 

10 

5 

0 

-5 

-10 -5 0 5 10 -5 0 5 10 15 
(a) Detected geometry for final simulation. (b) Detected geometry for pilot simulation. 

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 
(c) q for geometry for fi na l simulat ion . (d ) q for geometry for pilot simulation. 

Figure J.l: Results for the second MR tagging experiment with different geometries. 
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Appendix K 

Pilot simulation with moving tibia 

All simulations presented in this report, and also the simulations that preceded 
this work [16, 30], had the tibia bone modeled as a hole with fixed contours in all 
directions. This was because the animalleg is cast in plaster and the tibia bone was 
therefore assumed to be firmly fixed. 

When we look at figures 2.4a-c and 2.5a-c that show the results for the strains 
in two MR tagging experiments, we cannot discriminate between the tibia and the 
surrounding tissue by strain pattern. When we look at the displacement data for 
these experiments, we find the same. 

The above suggests that the tibia bone is not as firmly fixed in the experiments 
as we thought. A possible explanation may lie in some bending of the tibia bone 
due to the pressure of the indenter. To get a first impression of the influence of a 
moving tibia in the simulations, we ran the two simulations presented in chapter 2 
again. This time, we prescribed a displacement of the tibia contour of 0.01 mm in y 
direction per increment. Reeall that the indenter travels in the same direction with 
0.1 mm per increment. 

The results are shown figure K.1, together with the results of the original sim
ulation. From this figure we learn that with the tibia moving slowly downward in 
sync with the indenter, the first principal strain increases and the region of high 
strain seems to shift towards the left edge of the bone. 

This is a pilot study. We do not suggest that the described displacements of the 
tibia in the simulations presented here actually apply to the in vivo situation. As a 
matter of fact, we are not even sure yet if the tibia bone moves significantly at all, 
let alone that we know by how much and under which conditions. 

However, if it is found that the tibia bone in the plane of the indenter is subject 
to displacement, these results suggest that it might be wise to assess the impact of 
this movement on the strain distributions found in the simulations. 
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0.2 0.4 0.6 0.8 1 1.2 0.5 1 1.5 

(a) q. F irst simulat ion with t ib ia fixed . (b) q. First simulat ion wit h moving t ibia. 

0.2 0.4 0.6 0.2 0.4 0.6 0.8 
( c) q . Second simulat ion wit h t ibia fix ed. (d) q . Second simulation wit h moving t ibia. 

Figure K.1 : Results for the first indentation experiment , top two rows, see also figure 
2.4 and the second indentation experiment , bottorn two rows, see also figure 2.5, 
with a fixed an a moving tibia bone. 
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