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Abstract

The compressive properties o f skeletal muscle are of prime interest in applications where 

muscle tissue is submitted to com pressive loads; e.g., to im prove the design of protective 

equipm ent for vehicular occupants, to improve the biofidelity of simulation tools for surgical 

procedures or to investigate pressure sore formation. However, little data is available to 

characterise muscle tissue in compression. The aim of this study was therefore to advance 

the knowledge of passive skeletal muscle compressive behaviour using a combined 

experimental and theoretical approach.

Uniaxial unconfined compression experiments were conducted on animal skeletal muscle in 

order to characterise the elastic and viscoelastic properties of the tissue. The experimental 

protocol consisted of quasi-static ramps, stress-relaxation and cyclic compression tests 

performed at various rates and various orientations of the muscle fibres.

Results from the tests performed at a quasi-static rate showed that skeletal muscle has 

nonlinear, transversely isotropic elastic properties. A transversely isotropic model including 

strain dependent Y oung’s moduli (SYM model) was developed to represent this behaviour. 

The SYM model successfully fitted experimental data and also yielded good prediction of 

muscle behaviour in various orientations o f the muscle fibres.

Results from relaxation tests demonstrated that muscle viscoelastic behaviour is also 

anisotropic; the viscoelastic com ponent being more influential in directions closer to the 

muscle fibres. Stiffening of the tissue was also observed with an increase in compression 

rate.

Using a quasi-linear viscoelastic approach, the SYM model was extended with Prony series 

to account for the tissue viscoelastic properties. This model successfully fitted and predicted 

the behaviour observed at various rates and orientations of the muscle fibres.



Finally, during low amplitude cyclic tests muscle tissue displayed a linear viscoelastic 

behaviour and good agreement was obtained between model predictions and experimental 

results. During higher amplitude tests however, nonlinearity was observed in the tissue 

behaviour and a nonlinear viscoelastic formulation was required to fit the experimental data. 

These results represent a unique set of data on skeletal muscle elastic and viscoelastic 

properties under compressive loading. The model and the parameters proposed provide a 

powerful tool to improve the biofidelity of future numerical models of the human body.
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1.1 Rationale for the study

In the last decade, virtual modelling has become a widely used tool in various biomechanical 

fields. Finite element models of the human body are used in impact biomechanics to assess 

traum a occurring to the body during road accidents and to improve the design and optimise 

the effectiveness of safety devices for vehicular occupants (Forbes et al., 2005 ; van Rooij et 

a l ,  2003; Verver et al., 2004; W ard et al., 2005). In rehabilitation engineering, human body 

models are used to improve the design of orthopaedic walking casts or soft tissue support 

devices for patients with amputation; to investigate pressure sore formation (Oomens et al., 

2001) and to improve seat cushion and mattress design for wheelchair or bedridden patients. 

Virtual environments are also used to model surgical procedures and develop teleoperated 

systems for surgery (Guccione et al., 2001; Keeve et al., 1998).

The models used in these various applications require both a description of hard and soft 

tissue geometries as well as the determination of their material properties under large 

deformations. Powerful imaging techniques have been developed to generate accurate 

geometries. However, the fundamental mechanical properties o f soft tissues remain poorly 

described in the literature, especially when com pressive loading is considered. This 

observation has also been made by various authors, e.g. Bosboom et al. (2001b), Van 

Sligtenhorst et al. (2006). In 1997, the HUMOS project (HUman MOdel for Safety) was 

launched to develop more accurate mathematical models o f the human being for road safety; 

one of the main difficulties encountered in the model development was to find data (in terms 

of properties and behaviour) for the different biological tissues of the human body.

In this thesis, focus is upon skeletal muscle, which is the most abundant soft tissue in the 

human body. It is responsible for the relative motion of the bones and also provides strength 

and protection to the skeleton by distributing loads and absorbing shocks, both functions of 

particular interest in the applications mentioned earlier. Coming from the Latin musculus 

"little mouse", the term muscle refers to muscles like the biceps which pop up as though a 

mouse were scurrying about under the skin. Already in the 17th century scientific research
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was aimed at skeletal muscle (Borelli, 1681; Stensen, 1667). Numerous investigations have 

been conducted to determine muscle structure and function. Experimental studies have also 

been performed to determine muscle mechanical properties. However, in most experimental 

studies, muscle has been considered as a force actuator and existing data are mainly limited 

to the tensile, longitudinal behaviour of the tissue (Davis et a i,  2003; Gareis, 1992; Hawkins 

and Bey, 1994, 1997; Muhl, 1982; Woittiez et a i,  1984). The literature review presented in 

chapter 2 of this thesis shows that information on muscle compressive behaviour is quite 

sparse; Bosboom et al. (2001b) point out that additional information is needed on the 

transverse mechanical properties of the tissue.

As with most biological soft tissue, muscle presents complex properties; it displays 

viscoelastic behaviour and has anisotropic properties due to its fibre oriented structure. It is 

subject to large deformations in vivo and the stress state in a given muscle is the result of 

passive and active contributions. Furthermore, parameters such as age, gender and species 

are also influential. One-dimensional models have been developed to reproduce muscle 

global mechanical behaviour observed in the experiments. Most of these models (see for 

example Best et al., 1994; Cole et al., 1996; de Jager, 2000) are based on the famous 

mechanistic model proposed by Hill (1938).

Three dimensional constitutive models of nonlinear anisotropic tissue exist (see Humphrey et 

al., 1990; Li et a l ,  2001; Limbert et a i ,  2004; Weiss et al. 1996). They have been developed 

to reproduce the tensile behaviour of soft tissues with fibre-oriented structure such as cardiac 

muscle, tendons and ligaments. In their review of models used to represent soft tissue 

behaviour, Maurel et al. (1998) pointed out that passive skeletal muscles have rarely been 

investigated in the biomechanics literature from a constitutive modelling point of view; only 

a few uniaxial relations are available. However, for three-dimensional modelling, they 

suggest using one of the strain energy functions developed for ventricles (Humphrey et al., 

1990), though skeletal muscles may have slightly different mechanical behaviour in 

structure, strength and stiffness. The model proposed by Humphrey et al. (1990) has been 

used to reproduce muscle behaviour (Martins et al., 1998); however, the paucity of
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experimental data does not permit one to determine the validity of the model. This problem  

was also outlined by Bosboom et al. (2001b) who stated that a problem in formulating 

constitutive equations to describe the passive behaviour of skeletal muscle is the limited 

availability of experimental data.

1.2 Objectives of the study

Data concerning skeletal muscle behaviour are clearly missing in applications where muscle 

tissue is submitted to compressive loads, i.e. impact biomechanics, rehabilitation 

engineering, etc. This study aimed to provide additional information on muscle properties 

that could be used to improve the biofidelity of finite element models of the human body. 

Focus was placed on muscle compressive behaviour which is the relevant deformation mode 

in human/machine impacts or in seated postures. The stress state of a given muscle results 

from the passive and active contributions; only the passive properties of muscle tissue were 

however considered in this thesis. It represents a first, fundamental step in the study of this 

material with such complex structure and physiological behaviour. Also, during impacts, the 

time scale of the event does not allow sufficient time for muscles to be activated and so the 

stress state is mainly due to the passive properties of the tissue.

M ore specifically, the objectives of the study were to provide an experimental as well as a 

mathematical characterisation of passive skeletal muscle properties under compressive 

loading. Elastic and viscoelastic properties of the tissue had to be investigated. For muscle 

elastic behaviour, the main tasks were to characterise the nonlinearity and the dependency to 

the fibre orientation, i.e. to characterise muscle anisotropy. For muscle viscoelastic 

behaviour, the influence of fibre orientation and deformation rate had to be investigated.

From a modelling point of view, the objectives were to provide a three-dimensional model 

that could appropriately fit the observed experimental data and also had good predictive 

capabilities concerning m uscle behaviour under various loading conditions. Emphasis was 

placed on simplicity and ease of parameters determination.



1.3 Outline of the thesis

After this introductive chapter, chapter 2 presents a literature review of experimental and 

theoretical studies conducted on skeletal muscle. Information on muscle structure and 

composition is provided; experimental data on the tissue mechanical behaviour are 

summarised and mathematical models relevant to skeletal muscle are also presented.

The approach followed in this study is similar to the approach described by Quaglini (2000); 

a series of experiments were first conducted to obtain a general knowledge of the tissue 

mechanical behaviour under compressive loading. The mathematical framework in which a 

constitutive model representing muscle properties was then set. Finally, further experiments 

were performed to identify values o f the model parameters which are specific to muscle 

tissue.

Chapter 3 concerns the experimental and theoretical investigation of muscle elastic 

properties conducted in the study. Results from quasi-static compression experiments 

performed on animal muscle tissue at various orientations of the muscle fibres are presented; 

the suitability of two non-linear anisotropic models to reproduce skeletal muscle elastic 

behaviour in compression is investigated and the results obtained are then discussed.

Chapter 4 focuses on muscle viscoelastic properties. Results from relaxation and cyclic 

compression experiments conducted on animal muscle tissue at various rates and various 

orientations of the muscle fibres are presented; the suitability o f a quasi-linear and a non

linear viscoelastic model to reproduce skeletal muscle viscoelastic behaviour is investigated 

and the results obtained are discussed.

Finally, chapter 5 provides a summary of the results obtained, suggests guidelines for further 

investigation of skeletal muscle mechanical behaviour and concludes the thesis.
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2.1 Introduction

As mentioned in tiie general introduction, skeletal muscle structure, function and mechanical 

properties have already been extensively investigated in the past. The usefulness of a new 

study on muscle mechanical behaviour can therefore be questioned. However, this chapter 

presents a literature review of experimental and theoretical studies conducted on muscle 

tissue and will demonstrate that our understanding of skeletal muscle under compressive 

loading is poor.

A brief description of muscle structure is first presented, as understanding the structure of a 

material is fundamental to the study o f its mechanical properties. The second section of the 

chapter provides a summary of experimental data available in the literature on muscle 

mechanical behaviour. Finally, the theoretical framework and mathematical developments 

relevant to the modelling of muscle tissue are presented in the third section of this chapter; 

elastic and viscoelastic models are considered.

2.2 Skeletal muscle structure and function

Along with cardiac and smooth muscles, skeletal muscle is one of the three types of muscles 

contained in the human body. It represents the most abundant soft tissue of the body as it 

accounts for 40% to 45% of its total weight. The term soft tissue refers to tissues that 

connect, support, or surround other structures and organs. In particular, skeletal m uscle’s 

function is to produce force and ensure relative motion between bones, it also provides 

strength and protection to the skeleton by distributing loads and absorbing shocks. Structure, 

which is a fundamental aspect in the study of materials’ mechanical properties, is closely 

related to the function biological tissues assume in the body. Skeletal muscle presents a fibre 

oriented structure in order to fulfil its force producing function. Each muscle is composed of 

fascicles containing bundles of fibres, themselves composed of parallel bundles of myofibrils 

(Figure 2-1).
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Figure 2-1: General structure of skeletal muscle

Reproduced from  http://jan.ucc.nau.edu/~jrcl/exs%20490/EXS%20490%20MusSkRevl .pdf

A myofibril is the basic fibre o f the muscle; it consists of series of contractile units, named 

sarcomeres, composed of arrays o f actin and myosin myofilaments. No further details will be 

provided here on a m uscle’s contractile mechanism as the present work concerns muscle 

passive properties. For further details, the reader can refer to Huxley (1980), Squire (1990) 

or Herzog (2000) to name but a few.

Fibrous connective tissues are supporting tissues, composed mainly of collagenous fibres 

that surround other tissues and organs. In skeletal muscle, they can be divided into three 

structural entities: the epimysium which surrounds the whole muscle, the perimysium which 

surrounds the bundles of muscle fibres and the endomysium which surrounds each muscle 

fibre individually. The ensemble o f these tissue sheaths, called the fascia, encloses the 

muscles, groups or separates them into layers, and ultimately connects them at their ends to 

the tendons. Epimysium, perimysium and endomysium are represented schematically in 

Figure 2-1. Figure 2-2 illustrates their arrangement for bovine muscle tissue after removal of 

the muscle proteins.
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Figure 2-2: Bovine semitendinosus muscle - Extracellular network shown by scanning 

electron micrographs after removal of the muscle proteins

(EP) epimysium, (P) perimysium and (E) endomysium. The top right picture shows the 

endomysium surrounding one individual muscle fibre. Reproduced from  Kja’r, 2004.

About 80% of skeletal muscle mass is made of water, 2 to 3% is made of fatty tissues and 

collagenous connective tissues account for 1-10%  of the muscle mass. These are bulk 

figures which vary from muscle to muscle and between individuals. Diseases will also affect 

these values as illustrated in Table 2-1 which presents experimental data by Vignos et al. 

(1959). In this study, muscle fat, collagen and water composition was compared in skeletal 

muscles of control patients and patients with progressive m uscular dystrophy. The most 

significant difference between the two groups appears to be collagen content which 

corresponds to an increase in connective tissues as a result of muscle degeneration.
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Table 2-1: Comparison of muscle fat, collagen and water contents in control patients 

and patients with progressive muscular distrophy (from Vignos et a l ,  1959)

Fat
(as % of wet weight)

Collagen
(collagen nitrogen as % of total nitrogen)

Water 
(as % of wet weight)

Normal
controls

Juvenile
dystrophy

Normal
controls

Juvenile
dystrophy

Normal
controls

Juvenile
dystrophy

1 1.4 - 5.0 32.7 80.1 66.4
2 2.1 1.4 4.2 19.4 80.7 77.4
3 2.9 2.0 5.6 15.1 79.7 -

4 2.5 1.7 7.4 26.3 83.1 78.0
5 1.6 6.3 10.2 22.7 83.1 77.7
6 6.2 2.3 5.9 27.5 77.3 78.4
7 0.6 4.5 4.9 31.5 80.5 76.3
8 1.2 5.1 4.6 36.8 81.9 79.5
9 0.6 2.0 5.0 28.4 81.6 77.9
10 1.8 5.7 4.9 14.4 84.3 77.0
11 - 5.1 - 25.6 - 77.2
12 - 4.2 - 24.7 - 77.9

Mean 2.1 3.7 5.8 26.4 81.2 76.7

From a modelling point of view, the passive properties of skeletal muscle are often assumed 

to be similar to those of other soft tissues such as tendons and ligaments, which also present 

a hierarchical fibre oriented structure. However, tendons are made of densely packed 

collagen fibres (Figure 2-3), which account approximately for 86% of their dry weight.

Figure 2-3: Electron micrograph of a cross section through a tendon from the finger of 

the squirrel monkey, 13000X.

Reproduced from  http://www.visualhistology.com/Visual_Histology_Atlas, chapter 3.

Collagen fibres are highly stable and have high mechanical properties. However, due to their 

high slenderness (length to diam eter ratio about 200) collagen fibres, and so tendons, can not 

withstand compressive forces (Quaglini, 2000).
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This brief comparison between skeletal muscle and tendon structures, along with the results 

o f tests that are presented later in the thesis, will help the reader to understand why models 

developed to represent tendon or ligament properties might not be best suited to describe 

muscle compressive behaviour; even though they all present a fibre oriented structure.
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2.3 Published data on skeletal muscle mechanical properties

Experimental investigation is a fundamental step in the study o f a material’s mechanical 

properties. However, experimental characterisation o f biological soft tissues may be 

considered as a challenge. Their complex structure often leads to anisotropic properties; their 

sensitivity to external parameters such as hydration, temperature, time after death requires in 

vivo testing in order to obtain data representative of the living state; they are often subject to 

large deformations in vivo. Skeletal muscle presents particular difficulties due to its force 

producing capabilities; the stress state in a given muscle is the result of passive and active 

contributions. Furthermore, parameters such as age, gender and species are also influential. 

Researchers have tried to overcome these difficulties over the years and a significant amount 

of experimental investigations on skeletal muscle properties is available in the literature. 

Most of them are however interested in the force producing capability of the tissue and 

present uniaxial tensile tests performed along the tissue fibre direction (see section 2.3.1). 

Very few studies have investigated muscle compressive properties, data of particular interest 

when m uscle’s protective role to the skeleton is considered (see section 2.3.2). In vitro and in 

vivo studies were conducted. However, the use of invasive techniques has limited in vivo 

tests to animal subjects only. A number of studies have investigated the use of non-invasive 

techniques (elastography and indentation tests) for in vivo measurement of human muscle 

properties (see section 2.3.3).

2.3.1 Muscle tensile properties

When skeletal muscle is considered as a unidirectional actuator, the total force (or tension) 

that can be developed is considered as the sum of two terms: passive and active tension 

(Figure 2-4). Passive tension is the tension muscle develops at length greater than its resting 

length, due to its elastic properties. Active tension is developed when muscle is voluntarily 

activated. The passive length-tension curve is obtained by stretching the tissue in the absence
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of active stimulation. The active curve is usually obtained by subtracting the passive from 

the total tension muscle develops when activated.

1
passive
active
total

0.8

0.6

0.4

0.2

0
0.5 1.5

L /L „m mO

Figure 2-4: Theoretical normalised force-length curves of skeletal muscle.

F„„ current muscle force; F,„o, maximum isometric muscle force: L,„, current muscle length; 

L,„(j, muscle rest length.

In most published studies, force-length and/or force-velocity relationships are presented. 

These are respectively determined by performing static isometric tests and dynamic isotonic 

tests. In isometric tests, muscle contracts without change in overall length. In isotonic tests, 

mu.scle shortens against a constant load. A comparison has been established between 

published data. This task is complicated by the non-uniformity present in the data generation 

and presentation: use of different specimens and different experimental protocols, different 

presentation o f the results and lack o f information to transform them. Figure 2-5 presents (a) 

passive and (b) active force-length curves obtained by experiments conducted variously on 

rat, cat or rabbit muscles. These results represent only a small selection within published 

data; they were however chosen because they were amongst the only studies providing 

sufficient information to establish a comparison. In Figure 2-5 forces are normalised with 

respect to the maximum isometric force (F„,o) generated by each muscle and lengths are 

normalised with respect to the muscle rest length (L,„o). Even with this geometrical 

normalisation o f the data significant differences are present. W hen the maximum isometric 

stress generated by the muscle is chosen for comparison, values ranging from 0.05 to 

0.35M Pa can be found for rat, cat or rabbit muscles (Close, 1972; Hawkins and Bey, 1994;
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Herzorg, 1992; Woittiez, 1984). These large differences due to the use of different animals, 

different muscles, different experimental protocols, etc. illustrate the variation that is 

fundamental to biological systems and the difficulty in obtaining a uniform set o f data 

characterising muscle properties.

2.5

^ 1 5

1

0.5

%

Mulh Rabbit /

Woittiez Rat 1
—  Gareis Cat /
——  Hawkins 1994 Rat /

■ Hawkins 1997 Rat /
.......Davis Rabbit

iky
0.75 1.25

(a)

1.5

0.8

0.6

0.4

0.2

0.75 1.25

m mO(b)

Figure 2-5: Comparison of published passive (a) and active (b) muscle force-length 

characteristics.

F„, current muscle force; F,„o, maximum isometric muscle force; L,„, current muscle length;

muscle rest length. These observations are based on: Davis et al.,2003; Gareis et 

al.,1992; Hawkins and Bey, 1994 and 1997; Muhl,1982; Woittiez et al., 1984.

The studies listed previously considered only muscle elastic behaviour. Best et al. (1994) 

measured the tensile viscoelastic response of live, innervated rabbit skeletal muscles (tibialis 

anterior (TA) and extensor digitorum longus (EDL) muscles). The experimental protocol 

applied to each specimen consisted of one relaxation test (ramp with strain rate of 667%s '; 

hold for 300s) and six constant velocity tests at rates ranging from 0.01 to 2Hz. Large
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differences were observed between the elastic behaviour of TA and EDL muscles, even after 

geometric normalisation. This led the authors to suggest that the elastic function of a muscle 

depends not only on external dimensions but also on internal structure and fibre orientation. 

Both muscles showed however similar relaxation behaviour; an initial rapid decay followed 

by a decreasing rate of decay to an asymptotic value. The force-time history exhibited rate 

sensitivity; peak forces varied by as much as 60% between low- and high-rate tests. 

Hysteresis was also observed but it appeared to be rate-insensitive.

2.3.2 Muscle compressive properties -  invasive techniques

Literature on muscle compressive properties is rather sparse. In a study published in 1988, 

Grieve and Armstrong performed in vitro  measurements of porcine adipose and muscle 

tissues compressive properties. Small uniform specimens of tissue were submitted to 

confined and unconfined uniaxial compression tests. Figure 2-6 presents stress-strain curves 

obtained during unconfined compression of muscle specimen at various strain rates (ranging 

from 0.005 to 2.5%str.s ').

M uscle unconfined

Strain rate
  0-025
 -  0-005
  0-0005
  0-00005

i  10 -
CO

OT
Strom

Figure 2-6: Stress-strain curves obtained during unconfined compression of porcine 

muscle tissue (reproduced from Grieve and Armstrong, 1988).

As expected, skeletal muscle presents a nonlinear behaviour under compressive loading. 

Stiffening of the tissue is also observed when loading speed is increased. It has to be noted
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that specimens were frozen on the day of slaughter and thawed prior to testing; according to 

the authors, this did not affect the results. Also, no mention is made of fibre orientation with 

respect to loading direction.

Bosboom et al. conducted in vitro (2001a) and in vivo (2001b) compression tests on rat 

tibialis anterior muscles (TAs) in the transverse direction. In both types of tests, muscles 

with intact geometry were used. For in vitro tests, TAs were excised and placed in a box 

containing Ringers solution at 37°C. For in vivo experiments, the TAs was bilaterally 

exposed from the proximal aponeuroses to the distal tendons; sutures were used to preserve 

m uscle’s in vivo length. Subsequently, the rat was positioned in a mechanical testing device 

and the muscle was compressed between two plates. Each TA were compressed following a 

ramp and hold function, with a ramp speed of 0.25mm.s'" and a hold phase of 20s. A series 

of experiments with increasing levels of compression were conducted. Tests were separated 

by three minutes to allow for relaxation and each series was repeated three times. Results 

from the experiments are provided by means of force relaxation curves (Figure 2-7).

2.5
—  series 1 
■ - series 2
- - series 3

LL

0.5

30
(b) t[s](a) t[s]

Figure 2-7: Results of compression tests on rat muscle tissue (Bosboom et al,  2001b).

(a) Protocol consisting o f  fo u r  levels o f  compression, repeated three times; (b) Indentation 

fo rces as a function o f  time.

Due to the non-uniform geometry of the muscle tested, stress-strain curves can not be 

obtained and the comparison with previously published data is not directly possible. 

However, Bosboom et al. fitted their experimental data with a viscoelastic hyperelastic
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model; from the values provided for the model parameters, the theoretical results can be 

reproduced and used as a means o f comparison. This is described in section 2.4.2 and 

graphically compared to other experimental data in Figure 2-10.

Aimedieu et al. (2003) quantified the mechanical properties of the muscles of the buttock 

using dynamic compression (5-30Hz). Tests were conducted in vitro on porcine muscles, 

using a lever arm device, which applied a dynamic load onto cylindrical samples. Results are 

presented using a two-parameter mechanical model, which offers limited information. The 

average stiffness curve showed a monotonous increase: 5 Hz, 8.5 kN/m - 30 Hz, 347 kN/m. 

M uscle compressive properties at very high strain rates have been investigated in a few 

studies. In 1966, M cElhaney used an air gun-type testing machine to test the dynamic 

response of bone and muscle tissue. Cylindrical specimens of bovine muscle were 

compressed up to 75% strain at rates ranging from 0.001 to 1000s‘‘. Nonlinearity and rate 

sensitivity, characteristic of muscle response, were observed during the tests. The maximum 

compressive stress measure at 75% strain is multiplied by 2.6 from tests performed at 0.001 

to lOOOstr.s '. M uscle fibre orientation during testing is not addressed in this study, nor is the 

influence of time of death but testing was completed within three days after sacrifice o f the 

animal. Results obtained by M cElhaney at 1000 str.s'' are presented in Figure 2-8 along with 

results obtained in a more recent publication by Van Sligtenhorst et al. (2006). In this study, 

a polymeric split Hopkinson pressure bar (SHPB) apparatus was used to measure the very 

high strain rate compressive properties of bovine muscle tissue. Cylindrical samples of 

bovine muscle tissue were submitted to com pressive strains up to 80% at rates ranging from 

0.1 to 2300s''. The main direction of testing is the fibre direction. The authors comment that 

stress-strain curves were found to be strain rate-sensitive and concave upward, as is typical 

o f muscle tissues; however. Figure 2-8 shows seemingly linear stress-strain curves. The 

influence of time of test after death was investigated by the authors. It is observed that rigor 

mortis had a significant impact on the material properties between 5 and 24h post mortem. 

At longer times however, properties returned essentially to their pre-rigor values. The 

authors point out that their study presents some of the first published high rate properties of
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m uscle tissue data that are urgently needed for advanced modelling of the human body and 

for evaluation of safety systems for the human body.

3.0
— 0.01 s-1 

♦ — IOOOs-1 

♦ —  1700S-1 

itr— 2300s-1 

—  IOOOs-1 {McElhaney 1966)

~  2.5 -

Q .

0.5

0,0
0.40.0 0.2 0.6 0.8

True Compressive Strain {m/m)

Figure 2-8: Typical results from compression tests performed on bovine muscle tissue 

at various strain rates (reproduced from Van Sligtenhorst et al., 2006)

Finally, the most recent publication on muscle compressive response has is a study by Song 

et al. (article in press). In this paper, a modified SHPB was used to investigate the 

com pressive stress-strain behaviour of porcine muscle tissue along and perpendicular to the 

m uscle fibre direction at strain rates of 540, 1900 and 3700s''. Tests were also performed on 

a hydraulically driven machine at strain rates of 7.10"^ and 6.10'^s '. Figure 2-9 presents 

results obtained perpendicular to the muscle fibre direction. The authors comment that 

m uscle compressive properties are nonlinear and strongly strain-rate sensitive in both 

directions considered. They also point out that the strain-rate sensitivity is more significant 

in the cross-fibre than in the fibre direction.
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Figure 2-9: Results from compression tests performed on porcine muscle at various 

strain rates, in the cross-fibre direction (reproduced from Song et al.. Article in press).

2,3.3 Non-invasive muscle characterisation

Non-invasive techniques, namely transient elastography and magnetic resonance 

elastography, have recently been used to investigate skeletal muscle properties. These 

techniques respectively use ultrasound acquisition and phase contrast MRI method to 

measure the speed of externally applied shear waves propagating in the tissue. Tissue 

stiffness is then obtained from shear wave speed through shear or elastic modulus 

calculation. The techniques offer the advantage o f human in vivo investigation. However, 

only limited information is obtained on muscle properties. Linear elasticity is assumed and 

authors usually report values of shear stiffness (or modulus) measured at rest or under static 

loading. Discrepancies appear between published values: Gennisson et al. (2005) report a 

mean value of 0.92kPa for biceps brachii shear modulus measured at rest. Bensamoun et al. 

(2006) report values of 3.73kPa, 3.91kPa and 7.53kPa for shear moduli measured at rest in 

the vastus lateralis, vastus medialis and sartorius muscles respectively. Dresner et al. (2001) 

report values o f shear stiffness at rest for human biceps brachii ranging from 15.6 to 

39.2kPa. These authors however agree that muscle stiffness increases with mechanical 

loading.
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As mentioned in the introduction, particular interest is placed on soft tissue compressive 

properties in areas of rehabilitation engineering where soft tissues are supporting loads. An 

interesting review of numerical and experimental analyses conducted to improve the design 

of prosthetic sockets for persons with lower limb amputation has been published by Silver- 

Thom  et al. (1996). A number of studies in the field present results of in vivo indentation 

tests performed on human bulk muscular tissues, i.e. tissues surrounding bones and including 

skin, fat and muscle tissue (Krouskop et al. 1987, Reynolds, 1988, Mak et al. 1994, Vannah 

et al., 1996). In these experiments, local indentation tests o f subjects limbs are performed 

perpendicular to the skin surface; indentation displacements and corresponding forces are 

recorded. In most studies, bulk muscular tissue is considered as isotropic linear elastic and 

values of Young’s modulus are reported (see Table 2-2 for a sample of published values).

Table 2-2: Values of Young’s modulus used in residual limb models for relaxed bulk 

muscular tissues

Reference Young’s modulus

Steege et al. (1987) 60kPa

Krouskop eta l. (1987) 6.2kPa

Reynolds (1988) 50 to 145kPa

Mak et al. (1994) 21 to 130kPa

As illustrated in Table 2-2, the range of published values is again quite large. This reflects 

biological variations present between subjects but also variations between test sites selected 

on the body. Values reported represent relaxed muscle stiffness. Activation state could 

however also be of influence as levels o f muscle activity are usually only qualitatively 

determined (relaxed state, mild activation or maximum activation).

The nonlinearity o f muscular bulk tissue under compressive loading has been considered by 

some authors. Vannah et al. (1996) conducted in vivo indentation tests on the calf o f human 

subjects; Silver-Thorn (1999) performed similar tests on the residual limbs of subjects with 

trans-tibial amputation and the calf of non-amputees. Zheng et al. (1999) performed 

indentation tests on human forearm in vivo using an ultrasound indentation system with a
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pen-size hand-held probe. Figure 2-10 presents typical stress-stretch curves calculated from 

the data published by Vannah et al. (1996) and Zheng et al. (1999). These are compared with 

the in vitro data obtained by Grieve and Armstrong (1988) on bovine muscle tissue, as well 

as with the theoretical curves based on in vitro and in vivo compression of rat muscles 

(Bosboom et al., 2001a, b). Relaxed muscle state is considered in the in vivo tests; however 

muscle activity was only assessed qualitatively as mentioned previously.

ni ̂ -10
(A
(A
V

(A
-15

u -203
(0
O

Grieve and Armstrong 
Vannah et al.
Zheng et al.
Bosboom  et al. in vivo 
Bosboom  et al. in vitro

-25

0.75 0.8 0.85 
Stretch ratio

0.9 0.95

Figure 2-10: Comparison of muscle compressive properties published in the literature.

The following are represented: experimental results from  in vitro compression tests on 

bovine muscle tissues (Grieve and Armstrong, 1988), theoretical curves based on in vivo 

indentation o f  human bulk muscular tissues (Vannah et al., 1996, Zheng et al., 1999); 

theoretical curves based on in vitro and in vivo compression o f rat TA muscle (Bosboom et 

al., 2001a and b).

Data from Vannah et al. (1996) correspond to quasi-static measurements. Zheng et al. used 

indentation speeds ranging from 0.75 to 7.5mm.s ', corresponding to strain rates ranging 

approximately from 4 to 40%s '. They report however that the tissue properties appeared to 

be rate-insensitive in the range tested. Grieve & Armstrong data were obtained at a rate of 

0.05%str.s '. Results from Bosboom et al. correspond to the long term elastic response of the 

tissue (see section 2.4.3.3 for details).
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Relaxation behaviour was also considered by Silver-Thom et al. (1999). They reported that 

limb bulk soft tissues undergo substantial relaxation; after indenting the tissue at 5mm.s'', 

55% and 95% relaxation were observed on average respectively for amputee subjects and for 

non-amputees. The majority of this relaxation (35% for amputees, 85% for non-amputees) 

occurred within the first five seconds after indentation. Equilibrium was typically reached in 

less than 60s.

2.3.4 General comment

This review of experimental studies published on skeletal muscle properties, shows that large 

variations are present in the type of investigations conducted as well as in the experimental 

results obtained.

Muscle tensile properties have widely been brought under scrutiny. The experimental 

knowledge of skeletal muscle compressive behaviour remains however unsatisfactory.
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2.4 Theoretical framework

2.4.1 Basics of continuum mechanics

This section gives a brief overview  o f continuum mechanics concepts; this sets the 

framework and notations used in subsequent sections. For more details, the reader is invited 

to consuh Ogden (1984), Maurel et al. (1998) or Holzapfel (2000).

A. Algebra of vectors and tensors

In the follow ing developm ents, a three-dimensional Euclidean vector space E  will be 

considered; E  is a real vector space for which the dot product is defined as:

v.w = Ivlw lcos^ (2-1)

G is the angle between vectors v and w  when their origins coincide; |v| = (v ■ is the

length o f vector v. The dot product gives a scalar quantity.

It is often necessary to refer vectors to a basis and express their com ponents (or coordinates) 

relative to a given basis. An orthonormal basis is introduced as a set o f three mutually 

orthogonal vectors e j , e 2 ,e^ o f  unit length so that e j - e 2 = e j - e ^ = e 2 - e ^ = 0

and Bj ■ 6j  = ^ 2  ‘ ^2  ' ^ 3  •

Any vector v in the three-dimensional Euclidean space is represented uniquely by a linear 

combination o f the basis vectors:

v = vjej+v2e2+v^e^  (2-2)

where the real numbers Vj , V2 .Vs com ponents o f  vector v along the directions

€ j , e 2 .e^ respectively. U sing index notation, expression (2-2) can be written as

3
V = '^Vj€ i  or in abbreviated form:

1=1

V = Vjej,  i =  1,2,3 (2-3)
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where the summation convention, invented by Einstein, has been adopted; whenever an 

index is repeated in the same term, a summation over the range of this index is implied 

unless otherwise indicated.

A second order tensor A  may be thought of mathematically as a linear operator that acts on a 

vector V to generate another vector w:

w = Av  (2-4)

The tensor product or the dyad of the vectors v and w is denoted by v ® w . A second-order 

tensor may be expressed as a linear combination of dyads formed by the basis {e,}:

(2-5)

A  is called a Cartesian tensor of order tv^o as it is resolved along basis vectors that are 

orthonormal.

The matrix notation of tensor A  is obtained using the nine Cartesian components of A  with 

respect to {e,}, represented by A ij :

A,

A=Aij6i ®ej

A j j  A j2

A 2 1

13

A 2 2  A 2 3

31 ^ 3 2  ^ 3 3

(2-6)

The components of v 0  w' may be written as: 

(v ® w),.. =
V j W j V j W 2 V/W'j

V2 \ w j  W 2  W j ]  = V2 WI V2 W2 V 2 W ^

V j W j VjW’2 V j W ^

(2-7)

A tensor of order n may be expressed in the form:

A=A:,:^ ; 6,-. 0  6;, 0 . . . 0 e (2-8)
'I '2

It has 3" components . In particular, a tensor of order 0 has 3° = 1 component and is

simply a scalar; a tensor of order 1 characterises a vector and has 3 components; a tensor of 

order 2 has 9 components.
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B. Deformation gradient tensor

In the continuum approach, a body Q  is imagined as being the composition of a set of 

particles (or material points) P (Figure 2-11).

Figure 2-11: Continuum homogeneous deformation.

Q  is embedded in the three-dimensional Euclidean space at a given instant of time t. A  

reference frame of rectangular coordinate axis is introduced at a fixed origin 0, with basis

defined at time to = 0 (reference configuration, named Lagrangian configuration) and any 

subsequent configuration R„ defined at time t (current configuration, named Eulerian 

configuration). X  and x are the position vectors of any point P belonging to Q, defined 

respectively with respect to the Lagrangian and Eulerian configurations. The motion of a 

point P is described by:

T im e tg = 0 T im e t

vectors {e,}. The continuous medium is in motion between an initial configuration Ro,

x  = x ( X , t )  or X j = X i ( X , t ) (2-9)

Differentiating with respect to the Lagrangian coordinates leads to;

dx = F d X  or (2 - 10)

where F  = is the deformation gradient tensor, which transforms any elementary

segment dX  of Q  (defined with respect to the reference configuration) into a segment dx



(defined with respect to the current configuration). Similarly, the reverse deformation 

gradient tensor may be defined as F  = D =

The elem entary volume in the current configuration dv = dxj dx 2 dx^ ,  can be expressed as a 

function of the elementary volume in the reference configuration d V  = d X , d X 2 dX ^  as:

dv = JdV  (2-11)

where J  = d e t(F ) represents the Jacobian of the deformation gradient tensor.

Similarly, the elementary surface in the current configuration ds can be expressed as a 

function of the elementary surface in the reference configuration dS  as:

nds = JD'^NdS  (2-12)

where n and N  are the unit vectors, normal to the surface elements ds  and dS  respectively.

C. Strain tensors

The squared lengths of both segments dx  and dX  may be developed as follows;

dx^ = dx'^ dx = dX'^ F'^ FdX  and d X ^  = d x ' ^ d x  = dx'^ d '̂  Ddx  (2-13)

The tensorial product C -  F  F  is defined as the right Cauchy-Green dilatation tensor. 

Similarly, the left Cauchy-Green dilatation tensor is defined as B = F F ^  .

This allows definition of the Cauchy strain tensor as c = D D ^  = { F F ^ y ^  = B ~ ’ .

The squared length variation of the segments dX  and dx  may be expressed in Lagrangian 

coordinates as

dx^ - d X ^  = dX '^ {C  - I ) d X  =dX'^  2E d X  (2-14)

where E  = ^ { C  - 1) is the Green-Lagrange (Lagrangian) strain tensor.

The squared variation may be expressed in Eulerian coordinates as:

dx-  - d X ^  = dx '^ ( I  - c ) d x  = dx'^2edx  (2-15)

where e = — ( I  -  c)  is the Eulerian strain tensor.
2
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The extension ratios A, are related to the principal strain components C„ and Eu by:

£ , = i a f - l )  / = U ,3  (2-16)

C, B, c, E  and e are all second-order symmetric strain tensors. C and E  allow the calculation 

of the length variation of any segment dX known in the reference configuration, whereas c 

and e allow the calculation of the length variation of any segment dx  known in the current 

configuration.

In practice, the trajectory function of any point of the continuum is unknown; the notion of 

displacement is thus preferably used. The elementary displacement variation may be defined 

as:

du = d x - d X  ^ ( F  - I ) d X  = ( I - D ) d x  (2-17)

In terms of displacement gradient tensor, this may be expressed as:

du = VudX  i.e.: dUj = — '-dX , (2-18)
./■

The Green-Lagrange strain tensor is finally expressed as:

E  = ^ { V i i  + V u ^ + V i / V u )  (2-19)

When strains are small, the Lagrangian and Eulerian strain tensors are close enough to allow 

the linear approximation:

E  =e = E ^ - { ' ^ u + V u ' ^ )  (2-20)
2

= (Aj - 1) correspond to infinitesimal strains, used when the deformations are small.

Some authors call ln (i) the “true” strain. This is another useful strain measure defined 

considering the sum of small incremental deformations.

D. Stress tensors

The continuous medium Q  is assumed to be deforming passively under external loads, from

the initial unstressed and undeformed reference state. For continuity reasons, the current
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internal stress vector f  (acting along the surface normal n of Q) is related to the external load 

L* applied on ds by:

dL'
t (x ,n) = lim (2-21)

di-»o ds

According to Cauchy’s theorem, the internal stress vector f  is related to an internal second 

order stress tensor, corresponding to the physically true stress in the material and named 

Cauchy stress tensor:

f*(x, n) = <T^n (2-22)

In matrix notation, the columns of a can be identified as the components of traction vectors 

acting on planes normal to the coordinate directions:

h

1

o - ;2 (^13

h = ^ 2 1 ( T 2 2 ^ 2 3

I

b
1 ^ 3 2 ^ 3 3

ei

^2 (2-23)

(Ty represent the stress components of the Cauchy stress tensor. There are six independent

stress components acting at a certain point of a body as the Cauchy stress tensor is 

symmetrical for equilibrium reasons; <7/j =<yji for i j . Figure 2-12 offers a graphical

representation.

i
O n1 '3

«12

Figure 2-12: Stress components acting on a cube.

Cauchy (true) stress, <7,corresponds to the force per unit area on the current configuration 

(Eulerian). When the stress is expressed with respect to the known initial configuration
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(L agrangian), reference is m ade to  the P io la-K irchhoff first stress tensor or Lagrange stress 

tensor,

T =  J D a  (2-24)

w hich corresponds to  the in ternal stress tensor that w ould be obtained by applying the 

current external load onto  the initial undeform ed configuration . The lagrange stress tensor is 

not sym m etric and so in practice  the  sym m etric second P io la-K irchhoff stress tensor is 

preferable;

S = T D ^ = J D a D ^  (2-25)

S  corresponds to  the stress tenso r in the initial configuration , equivalent to  the stress tensor

in the current configuration , i.e. it takes into account all geom etrical changes betw een initial

and current configurations.

U niaxial defin itions o f  com m only used stresses are sum m arised  in F igure 2-13.

f
Cauchy stress: Oj ,  =  —

Lagrange stress: Tjj  =  —  = Oj ,
^ 0  ^ 0

Second P iola-K irchhoff stress:

c -  f o  _r r  0̂
O  7 ;  — ----------- “  ■* /  /  ---------------- ^  11 ----------------

^ 0  I, Aol,

eu
f,

Figure 2-13: Uniaxial definition of commonly used stresses.

E. Elasticity

T he defin itions and form ulae presen ted  in the previous section are valid  fo r every continuous 

m edium , irrespective o f  its physical properties. T he specific  deform ation  response o f  a 

m aterial under stress may be described  by its constitu tive relationsh ip  in the form  o f a 

function involv ing  the state variables. T he theory o f  e lasticity  states that the stress at any
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time t depends upon only the local deformation at that time and not upon the history of the 

deformation (Oden, 1972).

Hyperelasticity

The nonlinear theory of elasticity constitutes the theoretical basis for the study of 

hyperelastic materials such as elastomers. It includes nonlinearities in material properties and 

takes into account large deformations. A homogeneous continuous material is considered 

hyperelastic if the Lagrange stress tensor T is derived from an internal strain energy function 

W(F)  as:

T = ^ 3 1 1  (2-26)
dF

In terms of the second Piola-Kirchhoff stress, this can be written;

5  = 2 ^ ^ (^ )  (2-27)
dC

If the material is isotropic, W may be expressed in terms of the three invariants of C only:

W{C)  = W { I , , I 2 J 3 )  (2-28)

I j = [ r C  /2 = l / 2 [ ( t r C ) ^ - t r C “ ] / j = d e t C = y -  (2-29)

Various forms of W have been developed to account for specific materials behaviour. The 

Neo-Hookean, Mooney-Rivlin or else Ogden models figure among the most famous (consult 

Holzapfel, 2000 for further details).

Linear elasticity

When a material presents linear properties and only small deformations are considered 

(Lagrangian and Eulerian configurations are considered equivalent), the relationship between 

stress and strain may be expressed in terms of the generalised Hooke’s law.
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In a form introducing engineering constants, Hooke’s law may be expressed as:

' \ - v V V 0 0 0

^22 V l - v V 0 0 0 2̂2
(̂ 33 E V V l - v 0 0 0 3̂3
a ,2 “ (l+v^Xl--2v) 0 0 0 ( \-2v)/2 0 0 1̂2
<̂ 13 0 0 0 0 (l-2v)/2 0 1̂3

P23^ 0 0 0 0 0 (l-2v)/2 .̂ 23 _

with E, the Young’s modulus and v, Poisson’s ratio.

2.4.2 Modelling of muscle elastic properties 

2.4.2.1 One-dimensional macroscopic models

A review of skeletal muscle modelling would not be com plete without mentioning the 

famous one-dimensional active muscle model developed by A.V. Hill (1938). Hill 

represented the muscle actuator as composed of three elements (Figure 2-14):

■ a contractile element (CE), which models the active part of the muscle, freely extensible 

at rest but capable of shortening when activated;

■ a series elastic element (SE), a nonlinear spring arranged in series with the contractile 

element, which allows a rapid change of the muscle state from inactive to active and 

provides an energy storing mechanism;

■ a parallel elastic element (PE), a nonlinear spring arranged in parallel with the two 

previous elements, which is responsible for the passive behavior of the muscle when it is 

stretched, even when the contractile element is not activated.

CE SE
—

— sAA/V^—
PE

Figure 2-14: Hill's functional muscle model; parallel elastic element (PE), contractile 

element (CE), series elastic element (SE).
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This model leads to the force-length relationships illustrated on Figure 2-4. It has been 

extensively used in modelling of muscle mechanics and is the basis of most models used for 

gait analysis (see MADYMO User’s Manuals (2001), de Jager (2000), Deng and Goldsmith 

(1987), Winters and Stark (1988), Winters (1990), Hof and Van den Berg (1981), Cole et al. 

(1996), Forcinito et al. (1998), Zajac (1989), Delp et al. (1990), Brown et al. (1996) for 

example). The most challenging and limiting aspect of these authors use of the Hill model is 

parameter estimation and only a few studies present specific parameter values. Moreover, 

differences appear between the values of these parameters as their determination is based on 

published experimental data, amongst which variation is present (see Section 2.3.1).

2A.2.2 Three-dimensional transversely isotropic models

Due to its fibre-oriented structure, skeletal muscle is often considered as a fibre-reinforced 

composite, consisting of parallel fibres embedded in a matrix (see Figure 2-15 for 

illustration). Unidirectional composites are transversely isotropic; they possess one axis of 

rotational symmetry parallel to the fibre direction (L). All properties are the same in planes 

perpendicular to the fibre direction, i.e. planes T T  are planes of isotropy. However, applying 

material science technology to biological material is not without difficulty due to the 

complexity of biological structures. Huijing (1999), describes muscle tissue as a composite 

consisting of an extracellular matrix with triple reinforcement by fibrous material. The 

reinforcement is obtained by (1) an active component (myofibres) able to generate force and 

bear loads actively. The load bearing capacity is shared, but only passively, by (2) the basal 

lamina (coating the myofibres on one side and interfacing with collagen fibres of the 

endomysium on its other side) and (3) the passive fascial apparatus of the organ. Only 

muscle passive properties are considered in the present work. The reader will nonetheless 

appreciate the difficulties and limitations of the idealized representation consisting of a 

unidirectional composite with nonlinear, transversely isotropic properties.
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Figure 2-15: Representation of a unidirectional composite.

Direction L is the fibre or longitudinal direction. T & T ’ are directions perpendicular to 

fibres (transverse directions). Properties are identical in the plane T T ’.

A. Hyperelastic approach

The most popular models developed to characterise nonlinear transverse isotropy are based 

on the theory developed by Spencer (1984) for fibre-reinforced composites. Spencer 

developed a constitutive hyperelastic model in which the strain energy function depends on a 

vector representing the material preferred direction (fly). The strain energy function is 

defined in terms of five scalar invariants:

W(C, ao)= W i l j ( C ) , l 2 i C) , l 3 ( C ) , l 4 i C , a o ) , I s i C , a o ) )  (2-31)

I j = t r C  /2  = l / 2 [ ( t r C) “ - t r C - ]  I j = d e t C  = J^  
with (2-32)

14  = ag . C . Oq I^ = Uq . C"  . aQ 

Ii_ I2  and I3 , are the standard invariants of the right Cauchy-Green deformation tensor and are 

the complete set of invariants associated with isotropic material behaviour. The invariants I4 , 

and I5  arise directly from the anisotropy introduced by the reinforcing fibre. These invariants 

represent contributions to the strain energy from the properties of the fibres and their 

interaction with the other material constituents; I4  for instance, is the square of the stretch 

along the fibre direction.

Others further developed Spencer’s theory to determine particular forms of the strain energy 

function to accommodate soft tissues with transversely isotropic properties such as tendons 

and ligaments (Weiss et ai ,  1996), arterial walls (Holzapfel et a i ,  2002), cardiac muscle
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tissue (Humphrey et al., 1990) to name a few. A common approach to capture the material 

anisotropy considering a fibre reinforced structure is to formulate the strain energy function 

as the sum of two terms:

fibres (2-33)

the first term represents the behaviour of the isotropic ground matrix; the second term 

represents the behaviour of the fibres embedded in the matrix. Humphrey et al. (1987) 

determined a constitutive relation for passive myocardium with a strain energy function (W) 

depending upon only two invariant measures of the finite deformation, W = W ( I  j , a ) :

W = c,{exp{c2 {li  - 3 ) ) - l )  + C j(e x p (c 4 (o r- l)^ )- l)  (2-34)

where a  is the stretch ratio along the fibre direction and Ij is the invariant defined in equation 

(2-32). C], C2 , C3 , and q  are parameters of the model. This form was established from biaxial 

experiments on passive myocardium and the assumption of incompressibility {I3  -  0) and 

transverse isotropy were made. The Cauchy stress derived from W then takes the form:

W  T
a = - p i  + 2 W , B  + - ^ F a o ® a o h  (2-35)

a

where p  is a Lagrange multiplier enforcing incompressibility, Wj = d W / d I j ,

= d W  / d a . Parameters for this type of model are usually obtained from biaxial 

experiments as analytical developments become complicated when uniaxial tests are 

considered.

Hum phrey’s model has been used successfully to model cardiac muscle behaviour in tension 

(Novak et al., 1994; Sacks and Chuong, 1993). M artins et al. (2006) also used this 

formulation to fit data from in vitro tensile tests performed on porcine m uscular tissues in the 

muscle fibre direction. A quasi-incompressible generalisation of Humphrey’s model had

been developed earlier by M artins et al. (1998) to include muscle active properties; the

model was made compatible with a 1-D mechanical model of the Hill type (Figure 2-14). In 

this model, the fibres do not bear any load in compression; parameters C; and C2 , 

corresponding to the behaviour of the isotropic matrix, were obtained by fitting to in vitro
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compression tests on porcine muscle tissues published by Grieve and Arm strong (1988) (see 

section 2.3.2 for details). M artins et al. (1998) considered that these data correspond to tests 

performed in the muscle fibre direction; fibre orientation during the tests is however not 

specified in the paper published by Grieve and Armstrong. This reflects the paucity of data 

available to characterise muscle compressive behaviour. Values of parameters published in 

Martins et al. (1998) and M artins et al. (2006) respectively for muscle compressive and 

tensile behaviour are presented in Table 2-3.

Table 2-3: Parameters for Martins’ model representing the tensile and compressive 

behaviour of passive porcine muscle tissue.

Deformation type c/(kPa) C2 cj(kPa) C4

Compression -  Martins (1998) 0.82 1.79 - -

Tension -  Martins (2006) -0.22 0.54 0.43 0.79

Figure 2-16 presents theoretical curves obtained with M artins model for passive porcine 

muscle during tension and compression in the fibre direction. M athematical developments 

are presented in section 2.3.1, along with application of the model to compression in the 

muscle transverse direction.

Overall, good fits are obtained with M artins’ model; a correlation coefficient > 0.99 is 

reported in M artins et al. (2006) for fitting to muscle tensile data. Figure 2-16 shows 

however that the model predicts unrealistic behaviour in the region of small tensile stretches 

(negative values of stress are observed). Also, the parameters of the model have no physical 

means.
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Figure 2-16: Theoretical behaviour of passive porcine muscle under tension and 

compression along the fibre direction.

Compressive behaviour calculated from Martins et al. (1998); tensile behaviour calculated 

from  Martins et al. (2006).

B. Strain dependent Young’s moduli approach

Li et al. (2001) used another approach to model nonlinear transverse isotropy in porcine 

aortic heart valves: they adapted the general theory of linear elasticity for transversely 

isotropic bodies and introduced nonlinearity by means of strain dependent Young’s moduli. 

For a linear elastic, transversely isotropic material with the L direction as the axis of 

transverse isotropy (see Figure 2-15), the relationship between stress (<t) and strain (e) can be 

expressed in the following form:

(2-36)

(^L

£ r (J t

S j '
=  K

(T -j"

^ L T ^ L T

^L T ' a  IT '

e-jT ' a j T '

with K =

\ /E ^ VtJ  Et VtJ  Et 0 0 0
-Vu-I E l M E t '̂rv ̂ 0 0 0

- V l t ' E l M E t 0 0 0
0 0 0 0 0
0 0 0 0 l/(G,r) 0
0 0 0 0 0 2 * (1 + Vjy

(2-37)
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The compHance matrix, K, has five independent elastic constants: two Young’s moduU {Ei 

and E t), two Poisson’s ratio {vrr and v^r) and one shear modulus {Glt)- Index L denotes the 

longitudinal direction, indices T  and T ’ denote the two transverse directions.

As described by Lemaitre et al. (1990), the five characteristic coefficients can be obtained by 

uniaxial tension or compression tests on specimens cut out along (Figure 2-17):

■ the cross-fibre direction: need to measure oj, Sj, Sr  ; can determine Ej, vrr

■ the fibre direction: need to measure cr̂ , El, st ; can determine E^, Vlt

■ at 45° from the fibre direction: need to measure 0 4 5 , E4 5  ; can determine G lt

T
t I Def iDef

Cross-fibre Fibre 45“

Figure 2-17: Specimens used to characterise linear elastic, transversely isotropic 

materials.

L is the longitudinal direction. T  & T ’ are the transverse directions. D represents the 

applied defonnation.

Soft tissues usually present a nonlinear relationship between stress and strain and undergo 

large deformations in vivo. To introduce nonlinearity in the model, strain dependent moduli 

have been introduced by Li et al. (2001):

exp(^2 ’̂) and E j - = k j  exp(k^e)  (2-38)

where k/, k2 , kj, k4  are the model parameters.

2.4.3 Modelling of viscoelastic properties

When a body is suddenly strained and the strain is maintained constant afterwards, the 

corresponding stresses induced in the body decrease with time: this phenomenon is called
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stress relaxation. If the body is suddenly stressed and then the stress is maintained constant 

afterwards, the body continues to deform: this phenomenon is called creep. If the body is 

subjected to a cyclic loading, the stress-strain relationship in the loading process is usually 

somewhat different from that in the unloading process, and the phenomenon is known as 

hysteresis. These three features are part of the behaviour of many materials; they are the 

manifestation of a phenomenon called viscoelasticity (Fung, 1993).

Almost all biological soft tissues are viscoelastic. Quaglini (2000) points out that the 

presence of water within the ground substance of soft tissues is very important for their 

mechanical properties as the mobility o f the fluid affects their viscous properties. In 

particular, the response of skeletal muscle to tensile load has long been recognised as 

nonlinear, time-dependent, and viscoelastic (Butchal, 1951).

Numerous models have been developed to represent the viscoelastic properties of 

engineering and biological materials. In the following sections, three types of approaches 

commonly used are reviewed: linear, quasi-linear and nonlinear viscoelastic models; focus is 

placed on models used to characterise soft tissue behaviour.

2.4.3.1 Linear viscoelastic models

The superposition principle proposed by Boltzmann in 1874 is usually used to formulate 

linear viscoelasticity. It states that the total effect of applying several deformations is the 

sum o f the effects of applying each one separately:

where G/(0 is the relaxation modulus.

Although the convolution integral expressed in equation (2-39) represents a constitutive 

relation for a linear viscoelastic material, it does not allow by itself an explicit analytical 

form of the material function, G/(r), to be found. Another classical approach to represent 

linear viscoelasticity uses mechanical models consisting of linear springs and dashpots such 

as the Maxwell and Kelvin models (Figure 2-18).

(2-39)
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(a) (c)

AAA/ a A A /V a

^ v W -
rj2 Es2

(b)

A / W

Figure 2-18: (a) Maxwell model, (b) Kelvin model, (c) Generalised Maxwell model.

An ideal linear spring produces instantaneously a deformation proportional to the load. An 

ideal dashpot produces a velocity proportional to the load at any instant. Different global 

behaviours are obtained with different arrangements of springs and dashpots. We assume 

that the devices of Figure 2-18 have unit area and unit length so that force and elongation can 

be identified with stress and strain respectively.

Considering the Kelvin model (Figure 2 -18b), c/ and e' are respectively the total stress and 

strain applied to the device, a '  and e'’ are defined as the stress and strain acting on the 

dashpot. E s x  and E s  are the springs’ constants and rj is the viscosity o f the dashpot. The 

following developments are taken from Simo (1998). The constitutive equation 

characterising the stress response of the model takes the form:

where E ^ o  =  E ^ o o  +  E ^  , T j = r i l E s  and the internal variab le ,e '’, satisfies the evolution 

equation:

a '  = E s ^ e '  + E s { e '  - e ' ' )  = Eso£‘ - E s S ^ (2-40)

(2-41)
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By elim inating  the internal variable from  the constitu tive equation  (2-40), the stress response 

o f  the  device can also be form ulated  by the fo llow ing convolu tion  integral, equivalent to 

equation  (2-39):

w here G ,(?) =  e x p ( -? / T j ) , the relaxation function associated  w ith the device.

T his e lem entary  m odel can easily  be generalised  to include an arbitrary num ber o f M axw ell 

e lem ents arranged  in parallel (F igure 2 -18c). This w ould leads to  a continuous relaxation 

spectrum  if  the  num ber o f elem ents w as infinite. For this m odel, the stress response is 

defined  by:

w here Es^,, Es, and r^are all positive constan ts denoting respectively  the equilibrium  m odulus, 

re laxation  m oduli, and relaxation tim es. T he series expression in equation (2-45) is often 

referred  to as P rony series. It is a m onotonically  decreasing function w hich assum es that the 

m aterial depends m ore on the recent h istory  than on earlie r events.

2.4.3.2 Quasi-linear theory of viscoelasticity

A s outlined by Fung (1972), it is reasonable to expect that for oscillations o f  sm all am plitude 

about the equilibrium  state, the theory  o f  linear v iscoelasticity  should apply fo r soft tissues. 

F or fin ite  deform ations, how ever, the nonlinear stress-strain  characteristics o f the tissues

(2-42)

n

(2-43)
1=1

N

w here E ^ q = E ^ ^  +  ^  E ^ i , r ,  =  7 , /  £ 5/ »  T he internal variable satisfies

(2-44)
3 r  f; r,-

T he relaxation  function  derived from  the generalized M axw ell m odel is given by:

n

(2-45)
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must be accounted for. In order to account for these nonhnearities, Fung (1972) developed 

the quasi-linear theory o f viscoelasticity (QLV theory) which describes the deformation- and 

time-dependent stress within a tissue by the following convolution:

to an instantaneous input of stretch (from A = l t o A ) .  G(t) is the reduced relaxation function 

that represents the time-dependent stress response o f the tissue normalised by the peak stress 

following a step input of stretch.

To describe a non-instantaneous deformation history, the Boltzmann superposition principle 

is applied and the stress at time t, a{t ) ,  is given by:

The stress at any time t is the sum of contributions o f all the past changes, each governed by 

the same relaxation function, G(t). This is a generalisation o f the linear theory of

viscoelasticity, where the instantaneous stress response (j^[A.{t)] plays the role assumed by

the strain £ in equation (2-39). I f  the motion starts at t=0, equation (2-47) reduces to

i f  da^ I dr,  dG{T) /d r  are continuous in 0 < r < .

Thus the tensile stress at any time t is equal to the instantaneous stress response cr^[/l(f)] 

decreased by an amount depending on the past history, because 9 G (r ) /3 r  is generally of 

negative value.

CTit) = G{t)*CT^{A) (2-46)

where {A) is the elastic response, a nonlinear function describing the stress in response

(2-47)

a{t )  = or  ̂(0+)G(0 + j c ( r  -  r)  (2-48)
0

and G(t) is referred to as the reduced relaxation function.

For a simple interpretation, this can also be written as

(2-49)
0
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As shown by the following non-exhaustive list, the QLV model is probably the most 

extensively used model to represent soft tissues viscoelasticity: modelling of artery (Tanaka 

and Fung, 1974), modelling of tendons and ligaments (Lanir, 1980, W oo et a l ,  1981, Lyon 

et al., 1988, Kwan et a i ,  1993, Puso and W eiss, 1998, Abramowitch et a i ,  2004), modelling 

of mature myocardium (Pinto and Patitucci, 1980), modelling of cartilage (Mow et a/., 1980), 

m odelling of porcine aortic valve tissues (Rousseau et al., 1983, Sauren et al., 1983, 

Doehring et a i ,  2004), modelling of rabbit skeletal muscle (Best et a i ,  1994).

Numerous forms have been used for the elastic response within the context of the QLV 

theory, depending on the underlying material symmetry and the modes of deformation of 

interest. For the reduced relaxation function, the most common form was designed by Fung 

(1972) and describes a constant spectrum of relaxation:

where v̂ . is a parameter reflecting the amount of viscoelastic content of the tissue, tj and T2 

are time constants that regulate the short and long term material responses respectively. 

Expression (2-50) corresponds to a generalisation of the mechanistic Kelvin model; it 

com bines a large number of Kelvin units in which the sizes of the springs and dampers are 

varied so that the characteristic frequencies of the successive units form an almost 

continuous spectrum.

This form for G(t) was developed from observations made by Fung on rabbit mesentery 

showing that the hysteresis loop in the tissue response is almost independent of the strain rate 

over several orders of magnitude.

Best et al. (1994) modelled with success skeletal muscle tensile viscoelastic behaviour using 

the QLV theory. They adopted a fourth-order polynomial form for the elastic response of the 

tissue and equation (2-50) was used for the relaxation function.

However, one of the difficulties in the use of the QLV theory is parameters estimation; they 

have often been estimated by separately fitting an elastic function to the stress-strain data

^  l + y j L ( f / r , ) - L ( f / r ; ) ] J  =  -
T

(2-50)
1 + c \x\ {T2 t Z j )
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from the loading phase of a stress-relaxation test, and a reduced relaxation function to the 

normalised stress-time data from the relaxation phase (Sauren et ai,  1983; Dortmans et ai,  

1984). Ideally, an instantaneous step displacement should be applied to completely separate 

the nonlinear elastic and time-dependent viscoelastic behavior. This is however impossible 

to achieve in practice, since real world stress-relaxation experiments are limited to finite time 

ramp displacements, leading to erroneous parameter estimates and limitations in model 

performances (Nigul and Nigul, 1987, Myers et ai ,  1991, Abramowitch and Woo, 2004). 

Moreover, the use of a continuous spectrum of relaxation makes the QLV theory memory 

inefficient for finite element implementation.

Equation (2-48) corresponds to a uniaxial state of stress. In a three-dimensional framework, 

the following tensor equation applies:

where S(t) is the second Piola-Kirchhoff stress tensor, S‘[E] is the instantaneaous elastic 

response of the material and G(t) is the tensorial reduced relaxation function. Considering 

the lack of experimental data to fully determine the terms of the tensorial relaxation function, 

a scalar form is commonly used (Maurel et ai,  1998).

2.4.3.3 Discretised QLV theory

A discretised form of the QLV theory, using a Prony series formulation for the relaxation 

function has been adopted by some authors to represent soft tissues behaviour: modelling of 

brain tissue in tension and compression (Miller, 1999; Miller and Chinzei, 2002), modelling 

of kidney in compression (Snedeker et ai,  2005), modelling of skeletal muscle in 

compression (Bosboom et ai,  2001a, 2001b).

The formulation used by these authors takes the general form:

(2-51)
0

0
(2-52)
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This leads to

S (0  = p<^S^(£(r)) + | p ,  exp 
i=l 0

 ̂  ̂ /-rlas"[£(r)]3E
V y

^  r t \  ■ \ h A T \  \ r i h
dr  (2-53)

dE d r

with = l - ^ p j  . The first term in equation (2-53) represents the long term elastic
i = i

contribution; the second term is the sum of viscoelastic components.

Bosboom et al. (2001a and b) conducted in vitro and in vivo experiments on rat tibialis 

anterior muscles (see section 2.3.2). They used an isotropic formulation -  incompressible

Ogden model (Ogden, 1984) -  to describe passive muscle elastic behaviour and implemented

viscoelasticity by means of a single term Prony series expansion. The strain energy function 

W in single mode incompressible Ogden model takes the form

W = ^ ^  ;iP2 ^  _  3) (2-54)
Ml

jU] and 1U2 are the material parameters, A,, the principal stretch ratios. Considering a uniaxial 

compression test, the Cauchy stress characterising the long term elastic response of the 

material can be expressed as

C7 =  ( l - +^(-A2/2)J (2-55)

with /  representing the stretch ratio in the direction of testing.

Due to inhomogeneous stress and strain distribution in the muscle a two-dimensional plane 

stress approach was used for parameter estimation. Table 2-4 presents values of parameters 

obtained for the in vivo and the in vitro tests.

Table 2-4: Parameters for the Ogden viscoelastic model representing passive rat muscle 

behaviour in compression (Bosboom et a l ,  2001a, b)

Type of test (kPa) f*2 Si riis)

in vitro -  Bosboom et al. (2001a) 13.5 5 0.7 2.7

in vivo -  Bosboom et al. (2001a) 15.6 21.4 0.549 6.01
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Using these parameters, the theoretical curves presented in Figure 2-10 were generated. 

These results are compared to experimental data on muscle compressive properties published 

by various authors.

Goh et al. (2004) presented a simple formulation for computing the strain and the time 

dependent constants for viscoelastic materials which exhibit separable strain and time 

dependent behaviours. Their method is based on a recurrence numerical algorithm proposed 

by Taylor et al. (1970). The convolution integral is divided into recursive parts; this allows 

an incremental formulation and integration for the current stress state from the history 

variables stored at the previous time step, and the current time and strain increments.

For the time interval {t„, the time step Ar is given as A/ = - 1„. The exponential

expression in equation (2.52), exp(- ), can be split into:

exp ' n + 7
- A

V
■ exp exp

■ Ar
(2-56)

Using a uniaxial formulation for simplicity of notations, the Cauchy stress can be expressed

as;

ft

cr(0 = Poo<7^(0 + X  
/=1 0 
n

or a{t) = p ^ ( r \ t )  + Y^Si
i=\

d(T"[e(T)\

dr
d r

(2-57)

The stress term 5, at t„+i can be separated into two components. The first corresponds to the 

deformation history during the period 0<T<t „  while the second relates to the time 

period < r  < . Thus,

' n + l
‘ n+l 3<t ^(t)

dr
d r (2-58)

5; (?„+/) =  exp
>n+I

I  /’/exp tn + I -  ^ da^iT)
d r

d r (2-59)
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The differential coefficient,
da^ir)

dr
, can be expressed in terms of discrete time steps,

d(7^(T)
= lim

Aa^ir)
= lim (2-60)

d r  A r ^ o  A t a / - » o At 

Substituting equation (2-60) into equation (2-59) and solving the integral analytically leads 

to the recursive formula for updating the stress (J(t„^j):

= (?„+/) + £ exp
f  A AAt

1 -  exp
 ̂ At^

V At
(2-61)

This recursive approach greatly minimizes the storage required to perform the constitutive 

integration. The formulation will be used in chapter 4 to fit a quasi-linear viscoelastic model 

to experimental data obtained on skeletal muscle.

2.4.3.4 Strain rate effect

A limitation of the QLV theory is that it does not explicitly take into account the loading rate 

which, according to some authors, influences the viscoelastic behaviour of soft tissues 

(Chiba and Komatsu, 1993; Pioletti et ai,  1998; Ticker et ai,  1996). The QLV model has 

been modified to incorporate the strain-rate dependency (Haut and Little, 1972; Woo et ai,  

1981). As reported by Pioletti et al. (1998), this gives good results at low strain rates (0.06- 

0.75%s‘') but gives inaccurate results for higher strain rates (up to 10%s’'). Pioletti et al. 

(2000) proposed a model in which stress-relaxation and the strain rate effect are 

discriminated according to the time scale of their effects: the stress relaxation corresponds to 

the long time memory while the strain rate dependence corresponds to the short time 

memory. In the proposed constitutive law, the second Piola-Kirchhoff stress tensor is 

separated into three parts (equation 2-62).

- 4 7 -



S (r)= 5 ^ [c ( r) ]  + S '' C{t},C{t)  + 3 “ ^ { G (r-r ) ;C (r)} (2-62)

where is the immediate contribution (elastic behaviour) as it supports the contribution of

the deform ation at the actual time t. S ' ’ represents the almost immediate contribution 

(viscous behaviour), i.e. the short time memory. Finally, the third term represents the 

delayed contribution (relaxation behaviour), i.e. the long time memory. 3  is a functional 

representing the history of strain, G{t -  s) = C{t -  r) - C { t ) . The long time memory can be 

described with the quasi-linear viscoelastic theory o f Fung (1993) for example.

Com pared to the QLV theory, the model developed by Pioletti et al. includes explicitly a 

strain rate dependent term, which might be required to represent soft tissues behaviour at 

high strain rates.

2.4.3.S Nonlinear viscoelastic model

Some m aterials present nonlinearity not only in their elastic but also in their viscoelastic 

behaviour. To account for this, Schapery (1969) derived a nonlinear viscoelastic formulation 

from therm odynamic principles. The constitutive equations developed have a single-integral 

form, which is very similar to the Boltzmann superposition principle used in linear 

viscoelastic theory (equation 2-39). W hen strain is treated as the independent state variable 

and uniaxial loading is considered, Schapery’s theory takes the form;

The term s he, hi, h2 , and are strain-dependent material properties; they introduce 

nonlinearities in the elastic (he and h 2 ) and in the viscoelastic (hj and aj) behaviour. Thermal

(2-63)
0

with the reduced time, p,  defined as

1 . 1 T

and (2-64)

-48  -



effects can also be included in â , these are not taken into account in the following 

developments.

As a means o f illustrating the type o f behaviour described by these equations, the form 

relevant to a relaxation (constant strain) test is considered. Substituting a constant strain, e,

into equation (2-63), and recognizing that
dh2£

dt
= 0 is zero except at r = 0, yields

|*AG(/7- d r  = AG( p)  = AG
J d r  i  d r

t

0 0 

The nonlinear relaxation modulus, G„(t), is then defined as:

(2-65)

G „ { t ) ^ -  = h,G^+hjli2AG 
£

(2-66)

with G ^=G „(oo ), equilibrium or final value o f the modulus and AG(r) = G e x p ( - r / r ) ,  

transient component o f the modulus. The long term elastic stress is thus multiplied by the 

strain dependent term he\ the transient stress is multiplied by hi and hj and the time constant 

charaterising the transient decay is multiplied by a,.

Poon et al. (1998) extended Shapery’ s nonlinear model to a three-dimensional anisotropic 

formulation. A method to perform the integration and implement the model into a finite 

element analysis is also provided in this paper. Their method is based on a judicious choice 

o f state variables and a stable backward Euler integration step.

Three-dimensional anisotropic linear viscoelasticity can be formulated as:

k I
d r (2-67)

where G,^/ are the equilibrium moduli, AGy^;(r) the transient decay.

Following Schapery’ s one-dimensional pattern given in equation (2-63), nonlinearity is 

introduced into the constitutive relation o f equation (2-67), resulting in

d
0 : A t )  =  h^

k I

+ h El
0 k I d f

dt' (2-68)
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The scalar functions he, hi, h2 are dependent on the strain tensor. The reduced time is 

influenced by the mechanical strain via

^ijki |-
dt

a.UEit')) (2-69)
0

Using a single term Prony series to describe the stress relaxation 

behaviour (4-̂ ./) = G ^ i + ex p (- 4-^, / T./,/), equation (2-68) becomes:

CTi:{t) = h ,
k I

G ,^,;exp(- (2-70)
‘■yyt/

Defining the following state variable,

D
1

'ijkl ~  l ^ i j k l 1 -  exp
'-ijkl dt

(2-71)

and developing a special differentiation formula to derive an evolution law for Dy*/, the 

following recursive formula is obtained for the stress during the time period t „ < r <

—n + 1  1 n + ]<7ij = h. I I
n+;Gljk,eki

k I k I

with r)"+^ — 
‘̂ i jk !  -

1 1
 1---

'^ ijk l^ ijk l j
n+1

V

^ i j k l   ̂ ^  i jk l '^2

At

'ki
^n+l

^ i jk l^ i jk l

(2-73)

This recursive formulation will be used in chapter 4 to test the suitability of a nonlinear 

viscoelastic model to represent skeletal muscle properties.
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2.5 Concluding remarks

It should now be clear to the reader that past scientific research on skeletal muscle has 

mainly considered the tissue as a force actuator and has been centred on its force producing 

capabilities. The recent advancements of virtual modelling in impact biomechanics, 

rehabilitation engineering, etc. led to the observation that experimental data on muscle load 

bearing capabilities are missing. The literature on muscle compressive properties remains 

quite sparse. A few in vivo studies have been carried out on animal muscle tissues; however, 

different experimental protocols have been used in these studies (different species, samples, 

strain rates, etc.) and large variations are noticed between the data published. Non-invasive 

techniques have also been used to measure human muscle properties; however, linear 

elasticity is often assumed and only limited information is obtained on muscle properties.

As a result of this, muscle tissue has also been poorly characterised from a modelling point 

of view; most models suitable to represent muscle properties have been developed for other 

soft tissues with fibre oriented structure, such as tendons and ligaments.

This study aims to further advance the knowledge on the mechanical properties of this 

fundamental but structurally complex constituent of the human body. Elastic and viscoelastic 

behaviour of the tissue have been brought under scrutiny; for both types of properties, an 

experimental investigation has first been conducted and this was followed by a theoretical 

approach.
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3.1 Introduction

The first step undertaken in this study to investigate skeletal muscle compressive behaviour 

was the measurement of the tissue long term elastic properties. Given the fibre oriented 

structure of muscle tissue, compression tests were performed at various orientations of the 

m uscle fibres. Results from theses tests, perform ed at a low compression rate (0.05% .s ') on 

animal muscle tissues, are presented in this chapter.

In view of the results obtained, the hypothesis of transverse isotropy was formulated and the 

applicability of two nonlinear transversely isotropic models was investigated to 

mathem atically represent skeletal m uscle compressive behaviour.

3.2 Materials and methods

Uniaxial unconfined compression experim ents were conducted on porcine, bovine and ovine 

muscle samples. The bovine and a first set of porcine samples were obtained from a local 

butcher and had therefore been bled and hung after slaughtering. No control over age, 

gender, time of death or methods o f storage was available for these samples and they will be 

referred to as “aged” samples. In contrast, the ovine and the second set of porcine samples 

were obtained immediately after death from unbled animals. The ovine samples were excised 

from the thoracic limb of male sheep aged 10 months. The porcine fresh samples were 

excised from the pelvic limb of male pigs aged 3 months. These will be referred to as fresh 

samples. Aged tissues have the advantage that they are readily available; they were used to 

conduct preliminary experiments and obtain a general idea of skeletal muscle behaviour 

under compressive loading. The experimental protocol used to characterise muscle properties 

in three-dim ensions was then established from these tests. However, most results were 

obtained from tests performed on fresh porcine tissues - tests conducted after death of the 

animal show a significant influence of time o f death on muscle mechanical properties as 

detailed later in this chapter.
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C ubic specim ens o f  characteristic  length betw een  5 and 10mm w ere used for testing. 

Sam ples w ith regular shape w ere chosen in o rder to determ ine m ore easily and m ore 

accurately  their d im ensions as well as the stress distribution; this will lead to m ore 

repeatability  in the results. Tests specim ens w ere m ainly  cut out along the cross-fibre, the 

fibre and at 45° from  the fibre direction (F igure 3-1). As discussed in the theoretical section 

(section 2.3.2), tests perform ed in these three d irections are sufficient to  determ ine the five 

coeffic ien ts characteristic o f transversely  iso tropic m aterials. Sam ples used for com pression 

in the  fibre direction had a sm aller height than the tw o other types o f sam ples. T his w as 

adopted  in order to  dim inish buckling o f  the m uscle fibres that w as observed in sam ples 

com pressed  in the fibre direction. Sam ples w ith a ratio (height/transverse dim ension) 

approxim ating Vi w ere used.

M uscle tissue is quite m obile and m anual cu tting  leads to  specim ens w ith inconsistent 

geom etry  and orientation, increasing scatter and erro r in subsequent calculations of 

m echanical properties. T herefore a cutting  bench  was developed in order to im prove the 

cu tting  process and increase repeatability  in sam ples preparation (Figure 3-2).

T

Cross-fibre Fibre 45“

Figure 3-1: Schematic of specimens used for testing.

L is the longitudinal direction. T & T ’ are the transverse directions. D ef represents the 

applied deformation.



Figure 3-2: Custom made cutting bench.

(A) Blade; (B) Support fence; (C) Rotary table.

The bench is equipped with a cutting blade (disposable single edge razor blade) mounted 

perpendicular to a stainless steel rotary table, on which samples are held in place by 

superficial freezing (Peltier Effect device mounted on the obverse of the table). Rotation of 

the table allows control o f the relative orientation of the cuts that need to be performed in 

order to obtain a cubic specimen. A support 'fence' positioned against the sample reduces its 

mobility which is exacerbated during cutting. Using the device, a specimen with correct 

geometry and orientation can be obtained in a few steps. It has to be noted that the specimens 

obtained are not perfect cubes in the engineering sense as muscle tissue remains a soft and 

mobile material.

The com pression tests were performed on a uniaxial test machine, Zwick ZOOS (Zwick 

GmbH & Co. Ulm, Germany). A 5N load cell was used for force measurement. Samples
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were positioned on a static platen and deformation was applied via a platen attached to the 

moving crosshead of the machine. To reduce friction between platens and samples, a sheath 

of PTFE was applied on both platens.

Samples were compressed up to 30% of their original length at a rate of 0.05% str.s '. This 

was considered as a good compromise between test duration and the measurement o f truly 

elastic properties. Further comments on this point are made in the discussion section. 

Displacement and force were recorded with a time resolution of 0.05s. Each sample was 

tested once as the high strain level leads to some permanent tissue deformation. Tests were 

performed at room temperature and samples were placed in airtight containers after cutting 

to avoid dehydration. No fluid was seen to express from the specimens during the tests. 

Displacement and force were measured uniaxially; however, biaxial information on 

deformation was obtained by recording the displacement of markers placed on the samples 

with quick drying ink. Images were acquired every second for the duration of the tests using 

a CCD camera. The experimental setup is illustrated in Figure 3-3.

0 100 200 300 400 500 600
Time (s)

Figure 3-3: Experimental setup used for compression tests.
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Finally, to investigate the sensitivity of muscle mechanical properties to time o f test after 

death, repeated low strain tests were also performed on fresh ovine and porcine samples at 

regular intervals after death of the animal. Samples kept at room temperature in airtight 

containers were compressed up to 10% of their original length at regular intervals post 

mortem.
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3.3 Experimental results

Results are presented using Cauchy stress (a) and stretch ratio (A). These were obtained by 

conversion o f the load displacement data acquired during the tests:

with lo, the original length of the sample; /„ its current (measured) length; A q, the original 

area o f the sample; A„ the current (calculated) area;/,, the measured force.

The following colour convention is adopted throughout this chapter: blue for cross-fibre 

direction, red for fibre direction, green for 30° direction, cyan for 45° direction and magenta 

for 60° direction. For clarity of presentation, only mean experimental results are presented. 

Complete data sets from which these mean results are derived are presented in Appendix A. 

Statistical analyses were performed using the Graphpad Prism software.

3.3.1 Aged tissue

Figure 3-4 presents experimental stress-strain curves obtained by compression o f aged 

bovine and aged porcine samples. Tests were performed in the cross-fibre direction, the fibre 

direction and at 45° from the fibre direction. Three and four samples were respectively tested 

in each direction for the bovine and for the porcine tissue. M ean curves with one standard 

deviation are presented. Different scales are adopted on these graphs in order to clearly show 

results in each direction. Results in the three directions of testing are compared in Figure 3-5; 

it shows that for both types of muscle the cross-fibre direction is stiffer than the 45° 

direction, which in turn is stiffer than the fibre direction.

These results clearly illustrate that skeletal muscle presents a nonlinear and anisotropic 

behaviour when submitted to high levels of compressive deformation. Tests show an 

increase in stiffness with an increase in angle from the muscle fibre direction.

A = —  and 
lo

(3-1)
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Figure 3-4; Compression tests on (left) aged bovine and (right) aged porcine samples.

(a) and (d) cross-fibre direction, (b) and (e) fibre direction and (c) and (f) 45° from the fibre  

direction - mean curves with one standard deviation.
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Figure 3-5: Compression tests on (left) aged bovine and (right) aged porcine samples.

Mean cun’e sfo r  the three directions o f testing.

Figure 3-5(a) shows that, within the first 10% of compression, the fibre direction is stiffer 

than the other two directions of testing. No significance was however attributed to this 

observation regarding muscle compressive behaviour. As mentioned previously, numerous 

parameters (hydration, storage of the muscle, age o f the animal, etc.) could not be controlled 

with aged tissue and only a few samples were tested. These tests were conducted to obtain 

preliminary information and globally characterise skeletal muscle compressive behaviour. 

Figure 3-6 illustrates the deformation of a sample during compression.

0% compression 30% compression

XF direction

F direction

Figure 3-6: Illustration of the change in shape during compression of a porcine muscle 

sample in (top) cross-fibre and (bottom) fibre directions.
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Apart from a small amount of barrelling due to friction between samples and compression 

platens, the cuboid appearance of the sample is preserved and markers placed on the samples 

preserve their relative horizontal and vertical arrangement. From these results, the hypothesis 

was made that skeletal muscle is transversely isotropic with the axis of symmetry running 

along the direction o f the muscle fibres.

3.3.2 Fresh tissue

Data obtained from compression tests performed on fresh ovine muscle tissues show a 

markedly different behaviour of the tissue. Figure 3-7 presents results obtained after 

com pression of samples oriented in the cross-fibre, the fibre and at 45° from the fibre 

direction. Anisotropy and nonlinearity still characterise muscle behaviour. The cross-fibre 

direction remains the stiffest of all directions; however the 45° direction is this time the least 

stiff o f all three. Only two samples were tested in each direction and one series of tests was 

performed using ovine muscles due to the impracticality of obtaining tissues quickly enough 

after death of the animal. However, further tests performed on fresh porcine tissues 

confirmed these preliminary data.

- 0.5

- 1.5

£ ' - 2.5

 45°  ■

 XF
- 3.5

0.7 0.75 0.8 0.85 (

Stretch ratio
0.9 0.95

Figure 3-7: Compression tests on fresh ovine samples.

Mean curves fo r  the three directions o f testing.

Figure 3-8 presents experimental stress-strain curves obtained by compression o f fresh 

porcine samples oriented in cross-fibre, fibre, 45°, 30° and 60° from the fibre direction. Tests
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were performed on four pigs, aged 10-12 weeks. 15 samples were tested in each direction 

and mean curves with standard deviation are presented. Tests were started within two hours 

after animal death.
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Figure 3-8: Compression tests on fresh porcine samples.

(a) cross-fibre direction, (b) fibre direction, (c) 30”, (d) 45° and (e) 60° from the fibre  

direction -  mean curves with standard deviation.

- 6 3  -



The amount of variation present in the resuhs increases with the level of compression. Table 

3-1 compares mean stresses and standard deviations obtained after 30% compression in all 

directions of testing.

Table 3-1: Values of stress at 30% compression for fresh porcine samples compressed 

in various flbre orientations - mean ± SD

F o o 45° o o X F

0-jo%(kPa) -0.626 -0.468 -0.467 -0.553 -1.328
±0.137 ±0.119 ±0.145 ±0.142 ±0.419

The variation in cross-fibre results is substantially larger than in any other direction. This is 

due to the presence of three samples with a stiffer response among the 15 samples tested. 

This might be due to the presence of an increased amount of fat or connective tissues in the 

samples, or to human error. Figure 3-9 compares results obtained with the original data set 

and the data set from which the three stiffer samples have been removed (reduced data set). 

The difference between these results appears to be relatively small; the reduced data set is 

however in better agreement with results from relaxation tests performed at a later stage (see 

Chapter 4) and the standard deviation calculated for this data set is closer to values obtained 

in other directions.

XF original XF modified
O-30%(kPa) -1.328±0.419 -1.099±0.170

- 0.2

- 0.8

>.
O  -1 .2

O  -1.4 

- 1.6 original data set 
 modified data set

- 1.8
0.7 0.75 0.8 0.85 

Stretch ratio
0.9 0.95

Figure 3-9: Comparison between original and modified data sets for tests on fresh 

porcine muscle samples in the cross-fibre direction.
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From now on, results presented correspond to the reduced data set. Figure 3-10 compares 

results obtained in the various directions o f testing. It shows that, as for the aged tissue, the 

cross-fibre direction is stiffer than the 45° and the fibre directions. However, the fibre

direction is this time stiffer than the 45° direction.

(a) (b)

- 0.2 - 0.2

e .  -0.4 e .  -0.4

i  -0.6 - 0.6

O  -0 .8 u  -0.8
—  F exp
 30° exp
 45° exp
 60° exp

45°

- 1.20.7 0.75 0.8 0.85 (
Stretch ratio

0.9 0.95 0.7 0.75 0.8 0.85 (
Stretch ratio

0.9 0.95

Figure 3-10: Compression tests on fresh porcine samples.

Mean curves comparing results in all directions o f testing.

Images recorded during the tests help understand these results. Figure 3-11 illustrates the 

deformation of a sample with fibres oriented at 45° from the direction of testing.

0% compression 30% compression

Figure 3-11: Deformation of a porcine sample with fibres oriented at 45° from the 

direction of testing.

Black lines represent fibres orientation and shape o f a sample with perfect geometry.

The black lines superimposed on the image follow the orientation of the muscle fibres during 

compression and represent the change in geometry for a perfectly box shaped sample.
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Shearing is observed between adjacent fibre fascicles leading to a parallelogram-shaped 

sample after deformation. Shearing is not observed when samples are compressed in the 

fibre or cross-fibre direction and this explains why muscle tissue is most compliant at 45° 

from the fibre direction.

Results from the repeated low strain tests are presented in Figure 3 -12(a) and (b) for ovine 

and porcine samples respectively. Significant stiffening of muscle behaviour is noted a few 

hours after death of the subject: the maximum compressive stress measured at 10% 

deformation is increased approximately eight-fold for the ovine samples from 2 to 8.5 hours 

after death. The same type o f behaviour was observed in fresh porcine samples with a 

multiplication factor situated around five between stress values measured after 1 and 16 

hours postmortem. This stiffening, due to rigor mortis, emphasises the need to perform tests 

on fresh tissues.

(a)
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Figure 3-12: Evolution of the maximum compressive stress with time after death for 

fresh ovine (left) and porcine (right) samples.
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3.4 Mathematical modelling

In this section, the ability of two three-dimensional transversely isotropic models to 

reproduce skeletal muscle quasi-static compressive behaviour is investigated. These models 

have been presented in section 2.3.2; the first one is the hyperelastic transversely isotropic 

model developed by Martins et al. (1998) for skeletal muscle tissue; the second one is an 

adaptation of the transversely isotropic, strain dependent Y oung’s moduli (SYM) model 

developed by Li et al. (2001) for aortic heart valves.

3.4.1 Aged tissue

3.4.1.1 Martins’ mode]

M artins et al. (1998) developed a model for skeletal muscle including the passive and active 

properties of the tissue; the active component of the model is however omitted in the 

following developments as only muscle passive behaviour is considered in this thesis. The 

strain energy function of the model is defined by:

with I; representing the first invariant of the right Cauchy-Green deformation tensor and a 

the stretch in the fibre direction. The first term of the sum represents the strain energy stored 

in the isotropic matrix embedding the muscle fibres; the second term represents the strain 

energy stored in the fibres.

Considering incompressibility, the Cauchy stress tensor takes the form:

w = w , [ i , ) + w M (3-2)

I r f 'T '

a  =  - p i  + 2 W j B  +  - ^ F a o ® a o F ^
a

(3-3)

with p,  / ,  Oq and B  defined as before.

Wj = d W  / d l j  =Cj C2 exp(c2(/y  - 3 ) ) (3-4)

and
for a  >]  

for a  < 1
(3-5)
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Parameters C; and C2 correspond to the behaviour o f  the isotropic matrix. Tq is the maximum

steady-state stress that the m uscle can develop under isometric conditions; the m uscle fibres 

are assumed not to bear any load in com pression. To determine the model parameters, 

Martins et al. considered that the tension behaviour o f m uscle tissue was known; expression

(3-5) was taken from Chen et  al. (1992) with Tq =  6 6 8 .8  kPa. Parameters c/, C2 were then

determined to approximate the com pressive passive behaviour o f  skeletal m uscle without 

m odifying, in a meaningful way, the known tensile behaviour o f  the tissue. Data published 

by Grieve and Armstong (1988) from in vitro compression tests on porcine m uscle tissues 

were used to obtain C;, C2 .

In the follow ing developm ents, a reference frame o f  rectangular coordinate axes, with basis 

vectors / - 1 , 2 , 3  is considered. In a uniaxial test, with direction 1 as the direction of 

loading, F  and B  take the follow ing forms:

A; 0 0 "

1

0 0
F  = 0 /12 0 and B  =  F F ^  = 0 4 0

0 0

1

0 0

1

l i  (i - 1 ,2 ,3 )  representing the stretch ratio along direction e,.

If m uscle fibres are aligned with the direction o f testing, the vector defining the fibre 

orientation is = [l 0 O] and the stretch in the fibre direction coincides with the applied 

stretch, a  = A j .

The components o f  stress in the principal directions are obtained as:

W
CTjj =-p-^2,WjAj  -l— —A"]

a

< cj2 2 = 0  = - p  +  2Wi AI (3-7)

cjjj^O = -p + TW'jX]

with / /  =  /i; -I- /I2 +  ^ 3  and ^ 2  as plane 23  is a plane o f isotropy. The incompressibility 

condition also yields 7  = d e t F  = ^ 1 X2 ^ 3  = 1 - ^ X 2  =  . Equation (3-7.2 or 3-7.3)
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leads io p = = 2Wj / A ,. The only non-zero stress component, , is thus completely

defined as a function of a ,c  j ,C2 ,Tq .

When compression is considered, a  < \ , W a = 0 and (Ti, takes the form:

( (  2 2 
exp C2  oc + ------3 (3-8)Oil  = 2 c , cl'-2 a -----

V CCj a

Following the approach by Martins et a i,  parameters C/, C2  were obtained by fitting 

expression (3-8) to the compressive data obtained for aged bovine and aged porcine muscle 

tissue in the fibre direction (experimental results presented in Figure 3-5). Fitting was 

performed using the built in Matlab function Isqnonlin; this function minimises the sum of 

squared differences between model and experimental results using a Levenberg-Marquardt 

algorithm. Values obtained for c/, C2 are presented in Table 3-2 along with correlation 

coefficients, R^, assessing the goodness of fit. Results of the fitting are presented in Figure 

3-14.

Table 3-2: Parameters for Martins’ model fitted to aged bovine and aged porcine data 

(see equation 3-8).

Cl  (kPa) C2

Bovine 0.58 0.77 0.97
±0.05 ±0.05

Porcine 0.68 1.32 0.99
+0.005 ±0.008

When the muscle fibres are aligned with e2 , perpendicular to the direction of loading, 

developments become more complicated. In this configuration, aq = [O I O] and the 

components of stress in directions 7, 2 and 3 are defined as:

a , ,  = - p  +  2W',?i]

(3-9)( J 2 2 = 0  =  - P +  2 W , A ] + ^ A ]
a

a , j = 0 ^ - p  + 2W'iA]
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In this configuration, due to the material anisotropy. From equation (3-9.3),

p  = . Then using the expression for p  from equation (3-9.2) and the incompressibility

condition, a relationship between A/, A, and may be established:

2W,?i] -  2W,A] + = 0  with ^ 2  = 1 /(A, A ,) (3-10)

This expression cannot be solved analytically; it is instead possible to numerically determine 

as a function o f  A /,  once parameters C/, C2  and To are given. The M atlab function fso lve  

was used to solve expression (3-10) and the relationship between A j,A 2  and A^ is presented 

in Figure 3-13.

1.4
 direction 2

direction 3

ra 1.15
£o 
0)

(n 105

0.75 0.8 0.85 0.9
Stretch ratio in dir 1

0.950.7

Figure 3-13: Relationship between stretch ratios in directions 1 ,2  and 3.

Values obtained with M artins’ model fo r  a uniaxial compression test in direction I = cross

fibre direction. Direction 2 = fib re  direction; direction 3 = cross-fibre direction.

During compression in direction 1 (= cross-fibre direction), tensile stretches are observed in 

directions 2 and 3; Figure 3-13 shows that extension in direction 3 (= cross-fibre direction) is 

much more significant than in direction 2 (= fibre direction). This is due to the fact that the 

fibre direction in the model is much stiffer than the cross-fibre direction during extension. 

Results of the fitting are presented in Figure 3-14. The model gives a good fit to data in the 

fibre direction for both muscle types. The model predictions for compression in the cross-
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fibre direction are in good agreement with porcine muscle data but are poor for the data 

obtained for bovine tissue.

(a)

—  fibre

cross-fibre

0.7 0.75 0.8 0.85 (
Stretch ratio

0.9 0.95

(b)

re
Q .

V)
Ui
0)

o
3re
O

0.75 0.8 0.85 I 
Stretch ratio

0.9 0.95

Figure 3-14: Compression tests on (a) aged bovine and (b) aged porcine samples fitted 

with Martins’ model.

Lines denote experimental data, symbols denote model. Symbols in fibre direction (o) 

represent model fitting; symbols in cross-fibre direction (+) represent model predictions.
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T he m atch betw een  experim ental data and theoretical values w as evaluated  using  a 

norm alised  erro r calcu lated  as:

U ) = — =
CTeU)

XlOO (3-11)

w here C7e(^) represents m ean experim ental results; <7, (A) represents theoretical values. 

R esidual errors obtained w ith M artins’ m odel fo r bovine and porcine data are presen ted  in 

F igure 3-15. G raph (b) show s that the error betw een  m odel and experim ental data  is higher 

in the region o f  sm all stretches. This is in agreem ent w ith the report from  O gden er al. (2004) 

w ho investigated  problem s arising  during fitting  o f  hyperelastic  m odels to  experim ental data. 

It is in part due to  the division by sm all values o f  the stress w hen A is close to  1.
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0.95 D.7 0.75 0.8 0.85 0.9
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Figure 3-15: Residual errors between experimental data and Martins’ model for (a) 

aged bovine and (b) aged porcine muscle.

F or porcine data, the error betw een m odel and theoretical values rem ains below  20%  for 

A < 0 .92 in the fibre direction and for X < 0 .88 in the cross-fibre direction.

W hen the m uscle fibres are oriented at 45° from  the d irection  o f  testing,

’V2 V2
ar, = 0
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The components of stress in directions 7, 2 and 3 are defined as:

O'j I — - p ' I W 1 + 0 .5 —
a

.(T22=0 = -p + 2W,A]+0.5 —  AI (3-12)
a

^  =0 = -p + 2W]X]

To obtain the relationship betw een/i;,/I2 a n d , the following expression needs to be 

solved numerically:

- IWjXl - 0 .5 w'^x] = 0  with A2  -  1 /U,Aj ) (3-13)

This leads to a stretch ratio in the fibre direction a  <\~^ = 0 , A- 2  = Xj and the response

of the material with fibres oriented at 45° from the direction of testing is the same as the 

response obtained when fibres are aligned with the direction of testing. This contradicts 

experimental results, which show that the 45° direction (— ) is stiffer than the fibre direction 

(— ) (Figure 3-14).

In view of these developments, the reader can appreciate the mathematical difficulties 

involved with the use of such a model when only uniaxial data are available. Uniaxial 

compression data is not sufficient to fully characterise the material parameters and the 

assumption of known values for muscle tensile properties is made to overcome this 

limitation (see equation (3-5)). For aged bovine data, successful fitting of the model can be 

obtained in the fibre direction; however, the model prediction in the cross-fibre direction 

contradicts experimental results (Figure 3 -14a). The model is in good agreement with the 

behaviour observed experimentally for aged porcine muscle samples in the fibre and the 

cross-fibre directions (Figure 3-14b); however, it does not predict muscle behaviour when 

compression at 45° from the fibre direction is considered.
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3.4.1.2 SYM model

In the strain dependent Young’s moduli (SYM) model the relationship between stress and 

strain tensors is expressed by equations (2-36) and (2-37). When a uniaxial test in direction j  

is considered, the Cauchy stress in this direction can be expressed as:

(3-14)

where Ej is the Young’s modulus in direction j  and Cj = ln(Ay) the logarithmic strain, used 

to account for large deformations.

As mentioned previously, five independent elastic constants have to be determined to fully 

characterise the material, i.e. two Young’s moduli (El and Er), two Poisson’s ratios (vtt' and 

vit) and one shear modulus ( G lt)- (E denotes the longitudinal direction, T  and 7” denote the 

two transverse directions).

To account for material nonlinearities, Li et al. (2001) adopted an exponential form for strain 

dependent Young’s moduli in the fibre direction {Ei} and in the cross-fibre direction {Ej). 

Second order polynomials were chosen in this thesis for El and Ef.

E l -  ^IL ^2L^L ^3L^L E j  = k j j  + k j j E j  + k j j £ j  (3-15)

Parameter kn,  ^2/., k-ti are determined by fitting to the data in the fibre direction, ku, k2T, k^j 

are determined by fitting to the data in the cross-fibre direction. Their values are presented in 

Table 3-3 for aged bovine and porcine muscle tissues respectively.

Table 3-3: Parameters (in kPa) for the SYM model fitted to aged bovine and aged 

porcine data (see equation 3-15) - mean ± standard error.

k i L ^ 2 L k j L k j T k 2 T k j T

Bovine 4.74 20.18 45.76 2.75 8.22 102.90
+0.03 ±0.28 ±0.60 ±0.02 ±0.20 ±0.42

Porcine 3.54 -13.53 -9.08 3.72 -10.82 52.08
±0.02 ±0.16 ±0.34 ±0.02 ±0.19 ±0.40

Values of 0.45 are used for the Poisson’s ratios to account for quasi-incompressibility of the 

tissue.
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The shear modulus is calculated as:

G lt -
E l Et (3-16)

E j  (1 + ) + E

This formula was established for transversely isotropic rocks (Lekhnitskii, 1981) and is 

applied here as a first approximation.

Figure 3-16 presents results of fitting to the experimental data in the fibre and cross-fibre 

directions. Model predictions at 45° from the fibre direction are also represented.
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Figure 3-16: Compression tests on (a) aged bovine and (b) aged porcine samples fitted 

with the SYM model.

Lines denote experimental data, symbols denote model. Symbols in fibre direction (o) and in 

cross fib re  direction (+) represent model fitting; symbols at 45° from the fibre direction fn) 

represent model predictions.
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The SYM model gives a very good fit to the experimental data in both the fibre and cross

fibre directions for the range of deformations considered. The model also yields a good 

prediction of muscle behaviour at 45° from the fibre direction. Residual errors calculated 

using equation (3-11) are presented in Figure 3-17.
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Figure 3-17: Residual error between experimental data and SYM model for (a) aged 

bovine and (b) aged porcine muscle.

As mentioned in the previous section, errors between model and experimental data are 

higher in regions of small stretches. However, when values of A < 0.95 are considered. 

Figure 3-17 shows that the errors remain small across the deformation range considered. 

Correlations coefficients and maximum errors for X < 0.95 are presented in Table 3-4.

Table 3-4: Correlation coefficients and max error (}. <  0.95) for SYM model fitted to 

aged bovine and aged porcine data.

Aged bovine tissue Aged porcine tissue

fibre fitting 0.998 0.999

for cross-fibre fitting 1.000 0.999

Max e% for fibre fitting 9.9 20

Max e% for 45° prediction 12 15.7

Max e% for cross-fibre fitting n.i 20
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3.4.2 Fresh tissue

3.4.2.1 Martins’ model

Using the method described in section 3.4.1.1, M artins’ model was fitted to the data obtained 

from fresh porcine tissue compressed in the fibre direction (equations 3-8). Values obtained 

for c/, C2 are presented in Table 3-5 along with correlation coefficients, R^, assessing the 

goodness of fit. Results of the fitting are presented in Figure 3-18.

Table 3-5: Parameters for Martins’ model fitted to fresh porcine data (equation (3-8)).

Cl  (kPa) C2

Fresh porcine tissue 0.68+0.005 1.32+0.008 0.99

Using these parameters and equations 3-9 and 3-10, the model predictions for compression 

in the cross-fibre direction were calculated.

- 0.2

9: -0.4

«  -0.1

- 0.8

fibre
- 1.2

cross-fibre
-1.4

0.7 0.75 0.85 I 
Stretch ratio

0.9 0.950.8

Figure 3-18: Compression tests on fresh porcine samples fitted with Martins’ model.

Lines denote experimental data, symbols denote model. Symbols in fib re  direction (o) 

represent model fitting; symbols in cross-fibre direction (+) represent model predictions.

Figure 3-18 shows that the model can be successfully fitted to the fibre direction data; the 

model prediction in the cross-fibre direction also remains close to the experimental data.
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Figure 3-19 presents the percentage error between theoretical and experimental values; it 

shows that the error between model and theoretical values remains below 20% for stretch 

ratios below 0.95.

o fibre 
o cross-fibre

i—
o
k _
0>

6 ^
-10

- 20'

-30

0.950.75 0.8 0.85 
Stretch ratio

0.9

Figure 3-19: Residual errors between experimental data and Martins’ model for fresh 

porcine muscle.

When the muscle fibres are aligned at 45° from the direction o f compression, equation 3-13 

has to be solved numerically to obtain the relationship between A/, A2 and /l^ . Then, the 

stress developed can be calculated using equation 3-12. This leads to a stretch ratio in the 

fibre direction a < \ - ^  W q ,= 0 , and the response of the material with fibres

oriented at 45° from the direction of testing is the same as the response obtained when fibres 

are aligned with the direction of testing. This contradicts experimental results, which show 

that the fibre direction (— ) is stiffer than the 45° direction (— ) (Figure 3-18).
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3.4.2.2 SYM model

For the fresh porcine tissues, the displacement of markers placed on the samples was 

recorded during the tests (Figure 3-20). This provides additional information to calculate 

values of Poisson’s ratios characterising the material, i.e.:

• vir and v^r , characterising extension in one of the transverse directions (T or T ’) 

when compression is applied in the longitudinal direction (L); vlt= Vu - as directions 

T  and 7” are assumed to be equivalent;

• Vtt- , characterising extension in one of the transverse directions (7) when 

compression is applied in the other transverse direction (7”);

• vtl and V n  , characterising extension in the longitudinal direction when compression 

is applied in one of the transverse directions {T or 7”); vr^and v^^as T=  7”.

0% str 5% str 10% str 15% str 20% str 25% str 30% str

Figure 3-20: Markers displacements during compression tests.

The various Poisson’s ratios were calculated by measuring the relative horizontal and 

vertical displacements of the markers during tests performed in the cross-fibre and fibre 

directions. Figure 3-21 schematically illustrates the method used. For i,j = L,T or T ,  

Poisson’s ratio Vy is calculated as:

y i j = - (3-17)

with f ,  = ■

f  /
In

V \^on j
+ In

\  ^ 0 i 2  J )
and £ i = — 

 ̂ 2

f  f

In
V  V

h L
^Ojl

-hln
\ \

yj
(3-18)
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and Ej  are the logarithmic strains in direction i and j  respectively; they are calculated as 

the mean of two measurements made on different markers.

0% compression 30% compression

LiOl L j0 2© ©

Figure 3-21: Illustration of the method used to calculate the values of Poisson’s ratios v,y 

( i j  = L,Tor T’).

LiOl Li02 characterise the initial horizontal distances between the markers; Lpi and Ljo2, 

the initial vertical distances. Ln and  L,2 characterise the horizontal distances between the 

markers after compression; Lj, and Lj2 the vertical distances. £■, and £ j are the logarithmic

strains in direction i and j  respectively.

A routine was first developed in M atlab to automatically measure the marker displacements 

during compression; however, due to the poor contrast between markers and samples, this 

technique could not be applied. Therefore, the markers position was evaluated by manually 

picking their centre. Increments o f 5% compression were considered but no significant 

variation was observed in vy values with compression. Table 3-6 summarises the results. 

Data were collected from 8 muscle samples for each value of v,y ; Figure 3-22 shows the 

variation obtained.

Table 3-6: values of Poisson’s ratios - mean + standard deviation

Vl T — Vl T ’ Vxx’ Vt L

0.50 + 0.04 0.65+0.05 0.36+0.07
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Figure 3-22: Box and whiskers plot for Poisson’s ratios of fresh porcine muscle tissue.

To explain the values obtained, muscle anisotropy and incompressibility have to be

considered. During an unconfined compression test performed in the muscle cross-fibre

direction (7^, both the fibre (L) and the other cross-fibre direction (7”) will expand. If the

material was isotropic and incompressible, the amount of expansion would be the same in

the fibre and in the cross-fibre directions and the Poisson’s ratios would all have a value of

0.5. However, for muscle tissue, the fibre direction is stiffer than the cross-fibre direction in

expansion so the material will expand less in the fibre than in the cross-fibre direction.

leading to Vtl < vn- and to a value greater than 0.5  for V7 7 -.

C om pression in cross- C om pression  in
fibre direction (T) fibre direction (L)

/77Z /777
> 0.5 and v.^^<0.5 = 0.5

Figure 3-23: Schematic explaining the values of Poisson’s ratios for muscle tissue in 

compression.

viT -  0.5; v-jr- = 0.65; Vji — 0.36. The dashed arrows represent the extension occurring in 

directions perpendicular to the compression direction.
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As previously, parameters kn, k2t, k}L are determined by fitting to the data in the fibre 

direction. While k,r, kjT, k jj  are determined by fitting to the data in the cross-fibre direction. 

Their values are presented in Table 3-7.

Table 3-7: Parameters (in kPa) for the SYM model fitted on fresh porcine and ovine 

data - mean + standard error.

kiL kiL kiL kiT kiT ksT

porcine 1.306 3.886 14.280 1.681 1.184 14.130
±0.007 ±0.060 ±0.126 ±0.010 ±0.089 ±0.188

ovine 3.460 12.090 41.770 3.914 12.860 92.630
±0.017 ±0.149 ±0.313 ±0.036 ±0.316 ±0.663

Experimental results from tests performed at 45° from the fibre direction show that aged and 

fresh tissues present a different shearing behaviour. For fresh tissues, the 45° orientation is 

the most compliant of all directions due to shearing appearing between adjacent fibre 

fascicles. Expression (3-16), used to calculate the shear modulus of aged muscle tissues, 

leads the fibre direction to be the most compliant direction. This expression is therefore not 

suitable for fresh tissue and a new form has to be established for Glt-

For transversely isotropic materials, the relationship existing between the properties in any 

directions and those in the longitudinal and transverse directions can be expressed as:

E q)
-cos'^ C 0 + 1 2

V ^ L T  J
sin^ fycos^  sin'^^y (3-19)

where O) represents the angle from the longitudinal direction. This expression has been 

obtained by transformation of elastic constants when the coordinate system is rotated (see 

Lekhnitskii, 1981). Now considering uniaxial test at 45° from the fibre direction { ( 0  = 45°), 

equation (3-19) can be rearranged to express G lt  as:

1 (3_20)
^ L T  ^ 4 5

with
^ 4 5  ^ 4 5
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For ease of calculation, an expression similar to E i and Et, was used for £ 4 5 ; i.e. 

^45  -  ^145 + ^ 245^45 + ^ 345^45

Parameter k^s, k2 4s, and /cj4_5 were determined by fitting to the data obtained at 45° from the 

fibre direction. Values obtained for fresh porcine and fresh ovine muscle tissue are presented 

in Table 3-8.

Table 3-8: Parameters (in kPa) resulting from the fltting of fresh porcine and ovine 

data at 45° from the muscle flbre direction - mean ± standard error.

k l4 5 ^ 2 4 5 ^3 4 5

porcine 0.663 2.095 10.730
±0.005 ±0.047 ±0.099

ovine 2.431 6.571 16.590
+0.015 ±0.128 ±0.269

Once Git  is calculated theoretical curves corresponding to uniaxial tests at any angle from 

the fibre direction can be obtained using equation (3-19).

As illustrated in Figure 3-24 for ovine muscle tissue and in Figure 3-25 for porcine muscle, 

this model gives a very good fit to the experimental data in fibre, cross-fibre and at 45° from 

the fibre direction.

-0.5

£ * -2 .5

-3.5
 XF

0.75 0.8 0.85 I 
Stretch ratio

0.9 0.95

Figure 3-24: Compression tests on fresh ovine muscle samples fltted with the SYM 

model.

Lines denote experimental data, symbols denote model fitting.
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Figure 3-25: Compression tests on fresh porcine muscle samples fitted with the SYM 

model.

Lines denote experimental data, symbols denote model fitting.

Figure 3-26 compares model predictions and experimental results for tests performed at 30° 

and 60° from the fibre direction on porcine muscle tissue. It shows that the model also yields 

a good prediction of muscle behaviour at 30° and 60° from the fibre direction.

^  - 0-2
'ta
0.
^  -0.4 
CO [  
CO

S -0 .^
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>. F exp 

30“ exp 
45“ exp 
60“ exp 
30“ mod 
60“ mod

o  -0.8
3
CO
O

- 1.2
0.7 0.75 0.8 0.85 I 

Stretch ratio
0.9 0.95

Figure 3-26: Compression tests on fresh porcine samples - Comparison between 

experimental data and theoretical predictions using the SYM model.

Lines denote experimental data, symbols denote model predictions.

values and residual errors assessing the goodness of the match between experimental and 

theoretical curves are presented in Table 3-9 and Figure 3-27.
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In view of these results, the SYM model is proposed to represent skeletal muscle 

compressive behaviour.

Table 3-9: Correlation coelTicients and maximum error (A < 0.95) for fresh ovine and 

porcine data

Fresh ovine tissue Fresh porcine tissue

fibre fitting 0.999 0.999

for 45° fitting 0.999 0.999

R  ̂for cross-fibre fitting 0.998 0.999

Max e% for fibre fitting 5 3.9

Max e% for 30° prediction - 22.4

Max e% for 45° fitting 5.5 18.3

Max e% for 60° prediction - 12.2

Max e% for cross-fibre fitting 3.5 7.7
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Figure 3-27: Residual error between experimental data and SYM model for fresh 

porcine muscle.

Finally, Figure 3-28 compares the evolution with stretch of shear moduli and Young’s 

moduli (in fibre, cross-fibre and 45° from the fibre direction) calculated with the SYM 

model for aged and fresh porcine muscle tissue.
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Figure 3-28: Evolution with the stretch ratio of the shear modulus and Young’s moduli 

(in fibre, cross-fibre and 45° from the fibre direction) for (a) aged and (b) fresh porcine 

muscle.

It shows that shear and Young’s moduli are all significantly higher for aged than for fresh 

tissue. Properties present a rather linear evolution with stretch ratio for aged tissue; the 

evolution is however nonlinear for fresh muscle. When small deformations are considered, 

aged tissue Young’s moduli pre.sent similar values in the three fibre orientations considered; 

fresh tissues present different properties in the three orientations, even for small 

deformations.

Data published in the literature often consider muscle tissue as a linear elastic material; in 

order to establish a comparison with these data, mean values were calculated for the various 

coefficients represented in Figure 3-28 (see Table 3-10).

Table 3-10: Mean values (± SD) of Young’s and shear moduli calculated for aged and 

fresh porcine muscle tissue (in kPa).

Aged porcine tissue Fresh porcine tissue

E l 5.46+1.07 1.21+0.17

E45 6.27+1.76 0.73+0.20

E j 7.55+3.03 2.03+0.40

G lt 2.06+0.52 0.21+0.06
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3.5 Discussion

3.5.1 General remarks

As described in the literature review, little experimental data is available to characterise 

skeletal muscle tissue in compression and significant variation is observed between 

published data. In this chapter, an in vitro experimental procedure and a three-dimensional 

model are proposed to characterise the elastic behaviour of passive skeletal muscle under 

compressive loading.

Data obtained from aged and fresh animal muscle tissue, tested at various orientations of the 

muscle fibres have been presented. Results from these tests clearly demonstrate the 

anisotropy and nonlinearity o f mammalian skeletal muscle when submitted to compressive 

loading. A significant difference in behaviour is observed between aged and fresh muscle 

tissue, emphasising the need to perform tests on tissues obtained soon after death. From the 

observations on the fibre dependency of muscle properties, the hypothesis o f transverse 

isotropy was formulated and a nonlinear elastic, transversely isotropic model was proposed 

to represent skeletal muscle elastic behaviour. The model developed (SYM) provides a very 

good fit to the data in the cross-fibre direction, the fibre direction and at 45° from the fibre 

direction (/?'=0.99). It also predicts well the behaviour of muscle tissue at 30° and 60° from 

the fibre direction. Skeletal muscle elastic properties can therefore be characterised as 

nonlinear, transversely isotropic with the axis of symmetry running along the direction of the 

muscle fibres; the most compliant properties being observed at 45° from the fibre direction 

due to a small shear modulus value.

3.5.2 Choice of experimental parameters and tissue tested

It has long been recognised that the characterisation o f the mechanical properties of living 

tissues should be accomplished in vivo; the excision o f samples from a tissue or an organ 

causes the loss of the condition o f homeostasis that applies to living tissues and disrupts their
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structural integrity. However, due to the lack o f reliable non-invasive techniques for direct in 

vivo stress and strain measurements, most of the knowledge on living tissue properties has 

been derived from in vitro experiments. As suggested by others (Quaglini, 2000; Brouwer et 

al. 2001), in vivo and in vitro techniques should be considered complementary to each other 

in the measurement o f soft tissue properties; in vivo conditions provide information about the 

tissue behaviour in its physiological state, while in vitro conditions allow better control over 

experimental parameters. The tests considered in this thesis to characterise skeletal muscle 

properties were performed in vitro on samples with a well defined geometry. This was 

considered as a first, fundamental step in the characterisation of muscle mechanical 

behaviour under compressive loading given the lack of available data in the literature. The 

technique developed led to the characterisation o f the tissue properties dependency on fibre 

orientation; it also led to data presenting relatively little scatter (10 to 15% on average for 

fresh porcine muscle tissues). This can be attributed to the use of samples with repeatable 

geometry, coming from animals of the same origin, same gender and same age. The data 

obtained will be used as initial information on muscle compressive behaviour for further in 

vivo research conducted in our group.

Due to the difficulty of obtaining human tissue, animal muscles were used for testing. The 

use o f rodents was first envisaged; the muscles obtained were however too small to provide 

samples large enough for the type o f tests performed. Porcine muscles appeared large 

enough to obtain samples; they also presented fibres large enough to be easily distinguished 

by eye. Besides, pigs share important anatomic and physiologic characteristics with humans 

and are often used as surrogate in research on the mechanical properties o f human soft 

tissues (e.g. ligaments and tendons. W oo et a l ,  2000; kidneys, Snedeker et a l ,  2005; brain 

tissue. M iller and Chinzei, 1997; skin, Bischoff, 2006; aortic heart valve, Doehring et al., 

2004). Young animals (10 to 12 weeks) were chosen for their small size; this might influence 

the results as discussed later on.

Strain rate is a critical issue when performing quasi-static testing of soft tissues. It has to be 

sufficiently low to eliminate viscoelastic effects. However, results show that it is important



to perform tests as quickly as possible after death of the animal to exclude stiffening of the 

tissue due to rigor mortis; lower strain rates lead to longer testing times which reduces the 

amount of samples that can be tested with each animal. In the study of soft tissue 

compressive behaviour, various strain rates have been used in the literature to performed 

quasi-static tests: 0.1 %s ' and 0.01 %s ' used for human calcaneal fat pad (Miller-Young et 

a l ,  2002), 0.64x10 '’ %s ' used for brain tissue (Miller and Chinzei, 1997), O .lxlO ’̂ %s ' used 

for pig skin (Wu et al ,  2004). A strain rate of 0.05% s ' was adopted and considered as a 

good compromise between measurement of truly elastic properties and test duration (600s to 

attain 30% compression). A certain amount of viscoelastic effect was measured this way. 

When deformation is maintained constant after compression and samples are allowed to 

relax, some relaxation is noticed.

Finally, the tests performed were uniaxial; this is a limitation to fully characterise muscle 

behaviour in three-dimensions. Biaxial information was however obtained on sample 

deformation using imaged recorded during the tests.

3,5,3 Comparison of experimental results with published data

As mentioned in the general introduction, particular difficulties are associated with the study 

of soft tissue mechanical properties due to their complex structure; their sensitivity to 

external parameters such as hydration, temperature, time of test after death; the influence of 

parameters such as species, gender and age; and for skeletal muscle, the presence of active 

and passive force components. Along with the type of test performed, all these parameters 

contribute to the variations observed among published data.

This section compares data published in the literature on muscle compressive properties 

(section 2.2.2 of the literature review) and experimental results obtained in this study during 

quasi-static compression of aged and fresh porcine muscle tissue; only results obtained in the 

muscle transverse direction are considered as data in other directions have not been 

published in the literature for compressive loading. Figure 3-29 presents stress-stretch ratio 

curves obtained by various authors.
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Figure 3-29: Elastic properties of skeletal muscle tissue in compression - comparison 

between data obtained in this study and data published in the literature.

The blue and red curves correspond to data from this study obtained respectively from fresh 

and aged porcine tissue; the compression rate was 0.05%.s '. The cyan curve was published 

by Grieve and Armstrong (1988) who performed similar tests on aged porcine samples in 

vitro\ the compression rate was also 0.05%.s '. The magenta and green curves were 

respectively obtained by Vannah et al. (1996) and Zheng et al. (1999); they correspond to in 

vivo indentation tests on human limbs using an ultrasound indentation technique. The yellow 

and black curves were obtained by Bosboom et al. who conducted respectively in vitro 

(2001a) and in vivo (2001b) compression tests on rat tibialis anterior muscles in the 

transverse direction; the curves represented in Figure 3-29 were calculated from the quasi

static part of the model adopted by Bosboom et al. to fit their experimental results (see 

section 2.4.3.3 for details). Finally, the purple curve was obtained by Hawkins and Bey 

(1994) during extension tests performed in vivo on rat tibialis anterior muscles in the fibre 

direction. It is represented to give an idea of the range of values where muscle tensile 

properties are situated.

Globally, the various results presented show nonlinear, concave characteristics for muscle 

compressive behaviour; the main difference between them being the stiffness of the tissue.
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Results from Grieve and Armstrong (1988) are in good agreement with the tests performed 

in this study, approximately situated half way between fresh and aged porcine data (the 

difference between these is addressed in the next section). In vivo indentation data published 

by Vannah et al. (1996) and by Zheng et al. (1999) lead to stiffer muscle characteristics. 

These tests were performed on bulk muscular tissue; therefore, the properties of skin and fat 

surrounding muscle tissue were also included in the measurements. A relaxed muscle state 

was specified for the experiments; however, non-anesthetised human subjects were tested 

and muscle activity was only assessed qualitatively. Deformation rate could also be 

influential: data from Vannah et al. (1996) correspond to quasi-static measurements but 

deformation rate is not specified; Zheng et al. used compression rates ranging approximately 

from 4 to 40% s'', which is 80 to 800 times faster than the tests performed in this study; 

Zheng et al. reported however that the tissue properties appeared to be rate-insensitive in the 

range tested.

In vitro tests by Bosboom et al. agree with the Zheng et al. results. In viva tests by Bosboom 

et al. suggest however a much stiffer behaviour, which leads one to wonder if, although the 

test animal was anesthetised, some involuntary muscle activity was present during the in vivo 

tests.

In in vivo  indentation studies, bulk muscular tissue has often been considered as isotropic 

linear elastic and values of Young’s modulus ranging from 6.2 to 145kPa are reported (see 

Table 2-2). Mean values o f 7.55kPa and 2.03kPa have been obtained in this study 

respectively for aged and fresh porcine muscle tissue.

Using non-invasive ultrasound and MRI techniques and considering linear elastic behaviour 

(see section 2.3.3), values ranging from 0.92kPa to 39.2kPa have been reported for human 

muscle shear modulus, measured at rest. Mean values of 2.06kPa and 0.21kPa have been 

obtained in this study respectively for aged and fresh porcine muscle tissue.

Results obtained in this study with fresh porcine tissue appear thus to be less stiff than other 

published results. This can probably be attributed to the young age -  and therefore small 

fibre size -  of the animals used for the tests.
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3.5.4 Differences observed between the various tissues tested

Even though the same technique was used to perform all the tests in this study, differences 

were observed between the various types of muscle tested. Differences not only in stiffness 

but also in behaviour were observed between post-mortally aged and fresh tissues. These 

differences can be attributed to the young age o f animals used for tests on fresh tissues (10 to 

12 weeks). The difference in behaviour that was observed with fibre orientation between 

aged and fresh tissue might also be explained by the greater amount of fluid present in the 

fresh (unbled) samples, leading to a greater mobility of the connection between the fibres 

and resulting in shearing between adjacent fibre fascicles during compression. Aged 

muscles, where less fluid is present, show an increase in stiffness with an increase o f angle 

from the fibre direction. Fresh tissues show however that the weaker direction is at 45° from 

the fibre direction, where shearing has its most significant contribution. Quaglini, (2000) 

describes soft tissues as composites, constituted of a network of collagen and elastin fibres 

embedded in the water-polysaccharides matrix. The mechanical properties and configuration 

of collagen give the tissue strength and flexibility; in association with proteoglycans, water 

provided the lubrication and spacing that are crucial to the gliding function at the fibre- 

matrix interface. M uscle tissue is made approximately of 80% water (Vignos et a i ,  1959). 

Reports from the meat industry indicate that water loss in the tissue can attain 8.5% of the 

initial muscle weight 0 to 72 hours post mortem (Toldra, 2003).

This difference in behaviour as well as the stiffening noticed soon after death emphasise the 

need to perform tests within a few hours after death of the subject in order to obtain data 

representative of living tissue properties.

Differences were also observed between aged bovine and aged porcine tissues. Cross-fibre 

results are quite similar for both tissues; data obtained in the fibre direction and at 45° from 

the fibre direction appear however to be stiffer for porcine than for bovine tissue. This can 

illustrate a difference in species. However, these were preliminary results and no control 

over age, method of storage etc. was available.
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Finally, the differences in stiffness observed between the fresh porcine and fresh ovine 

tissues can also be attributed to the difference in species, age o f the animal and therefore 

fibre size. It should also be noted that tests performed on ovine tissues were started later after 

death than the porcine tests and rigor mortis could have influenced the results.

This of course leads to question the relationship between animal and human muscle 

properties. No answer can unfortunately be provided from this study. The author believes 

that qualitatively, human and animal muscle tissues behave similarly under compressive 

loading. Quantitative differences are however probably present between both tissues. 

However, it is believed that these quantitative differences can also be observed between the 

various muscles of the same subject and are related to the geometry and composition of the 

tissue, i.e. fibre size, amount of connective and fatty tissues.

3.5.5 Choice of a model

Following the observations made during the experiments, the hypothesis of transverse 

isotropy was formulated to characterise skeletal muscle elastic behaviour. Two nonlinear, 

transversely isotropic models were fitted to the experimental data: a hyperelastic model 

previously applied by Martins et al. for muscle tissue and a strain dependant Young’s moduli 

(SYM) model developed for aortic valves. Particular mathematical difficulties are involved 

with M artins’ model when only uniaxial data are considered. Fitting of the model to aged 

porcine muscle data in the fibre and the cross-fibre directions was successfully achieved; 

however, the model could not predict muscle behaviour when compression at 45° from the 

fibre direction was considered.

In contrast, the SYM model parameters could be determined readily from uniaxial tests 

performed in three orientations of muscle fibres. The model provides a very good fit to the 

data in the cross-fibre direction, the fibre direction and at 45° from the fibre direction 

{R '-0 .99). It also predicts well the behaviour of muscle tissue at 30° and 60° from the fibre 

direction. Moreover, the SYM model uses engineering constants which have a direct 

physical interpretation.
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3.5.6 Tensile behaviour of the tissue

This thesis investigates the mechanical properties o f muscle tissue under compressive 

loading. A transversely isotropic model is proposed, with a set of parameters characterising 

the tissue behaviour in compression. Another set of parameters is however required to 

characterise the tensile behaviour of the tissue as skeletal muscle presents different 

properties in tension and in compression. The main function of skeletal muscle is to act as an 

actuator and produce force along its fibre direction; along this direction, the properties o f the 

tissue will therefore be stiffer in tension than in compression. The other important role of 

muscle tissue is to protect the skeleton by absorbing shocks. These solicitations occur mainly 

in the cross-fibre direction and the tissue presents therefore stiffer characteristics in 

compression than in tension in the cross-fibre direction.

The hypothesis of transverse isotropy and the SYM model are probably adequate to 

characterise the tensile behaviour of the tissue. Further tests are however necessary to derive 

the tensile parameters of the model.
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4.1 Introduction

As discussed in Chapter 2, the viscoelastic properties of skeletal muscle have rarely been 

investigated and most published studies remain limited to muscle relaxation behaviour (Best 

et al., 1994; Bosboom et a i ,  2001a, b). In contrast, ligament and tendon viscoelasticity has 

been studied more extensively (Abramowitch et al., 2004; Bonifasi-Lista et al., 2005; Kwan 

et a i ,  1993; Provenzano et a i ,  2001; Schatzmann et al., 1998; Shibata et al., 2006; Weiss et 

a i ,  2002).

The viscoelastic behaviour of ligaments has widely been recognised as an important factor 

that mediates normal joint functions; understanding the viscoelastic properties of tissue can 

therefore help understand injury and repair processes. Similar mechanisms may apply to 

skeletal muscle and understanding its viscoelastic behaviour presents particular interests to 

prevent injuries to the tissue, such as strain injuries.

Tendons/Ligaments tensile properties show time/history-dependent behaviour resulting from 

complex interactions between collagen, other surrounding proteins and ground substances 

contained in the tissue. Stress relaxation illustrates the time-dependency; the force required 

to maintain a constant deformation on a ligament/tendon reduces with time. Hysteresis 

illustrates the history dependency; during cyclic stretching of ligaments, the nonlinear 

loading and unloading curves follow different paths, called hysteresis. It has also been 

observed that during cyclic elongation, the peak load decreases with an increasing number of 

cycles, which is termed cyclic stress relaxation.

Similarly to tendons/ligaments, skeletal muscle is made of various proportions of collagen, 

muscle proteins and ground substances. It is thus expected that muscle tissue will also 

display time- and history dependent behaviour.

In this chapter, the results of stress-relaxation and cyclic tests performed on porcine muscle 

tissue are presented.
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In both types o f tests, fibre orientation, strain levels and strain rates were varied in order to 

answer the following questions:

■ Is muscle viscoelastic behaviour dependent on fibre orientation?

■ Is muscle time-dependent behaviour (relaxation) strain and/or strain rate dependent?

■ Is muscle history-dependent behaviour (hysteresis) strain rate dependent?

Using the quasi-linear viscoelasticity framework, the SYM formulation presented in the 

previous chapter was extended with Prony series to model muscle viscoelastic behaviour. 

Results from the stress-relaxation tests were used to derive the model parameters; cyclic tests 

were used to check the predictive capabilities of the model. A nonlinear viscoelastic 

approach was also investigated.

4.2 Materials and methods

4,2,1 Relaxation tests

The experimental conditions applied during these tests are very similar to the conditions used 

for quasi-static testing, described in section 3.1. The tissues tested were fresh porcine 

muscles excised from the pelvic limb of male pigs aged 10-12 weeks. From these, cubic 

samples oriented in the fibre direction, the cross-fibre direction, at 45° and 60° from the fibre 

direction were cut. Samples were kept at room temperature in airtight containers prior to 

testing, which started within two hours post-mortem. Uniaxial unconfined compression tests 

were performed on a Z005 Zwick machine (Zwick GmbH & Co. Ulm, Germany), equipped 

with a 5N load cell for force measurement. Samples were compressed up to 30% of their 

original length at deformation rates o f 0.5, 1, 5 and 10%s '; following the ramp, compression 

was held constant for 300s to allow for relaxation. Force and displacement were recorded for 

the duration o f the tests. Similar tests were also performed with compression levels of 10 and 

20% at a rate of l% s '';  the deformation history applied to the samples during these tests is 

illustrated in Figure 4-1.
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Figure 4-1: Deformation history applied to samples during relaxation tests at l%str.s ' 

up to 10, 20 and 30% compression.

4.2.2 Cyclic tests

Low and high amplitude cyclic tests were also performed on the Zwick machine. In the low 

am plitude tests, samples oriented in the fibre and cross-fibre directions were compressed up 

to 25% of their original length at a rate of l% s '; cycles of 2% amplitude were then 

performed at the same rate for a duration of 250s. A frequency of 0.25Hz should be obtained 

in these conditions. However, a small time delay is observed when changes in the direction 

o f the sawtooth deformation waves delivered by the Zwick machine occurred, leading to a 

frequency of 0.22Hz. Tests were also performed in which samples were subjected to a mean 

compression level o f 19% at a rate of 2%s '; cycles of 2% amplitude were then performed at 

the same rate; this resulted in a frequency of 0.4Hz.

In high amplitude tests, samples were submitted to a mean compression level of 25% at 

compression rates o f 5 and 10%s"'; cycles of 10% amplitude were then performed at similar 

rates for 250s. These tests resulted respectively in frequencies of 0.22 and 0.44Hz. Figure 

4-2 illustrates the deformation history applied to the sample during these tests (only the first 

four cycles are shown).

0.65
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Figure 4-2: Deformation history applied to samples during cyclic tests with (a) 2% and 

(b) 10% amplitude.

The sawtooth waves delivered by the Zwick machine are limited to low frequencies. In order 

to investigate muscle behaviour at higher frequencies, a new dynamic testing rig was 

developed (Figure 4-3). In this uniaxial testing device, samples are compressed between two 

stainless steel platens. Sinusoidal displacement waves are provided to the bottom platen by 

an electro-dynamic shaker and various levels o f compression are achieved by displacement 

of the top platen. The device is equipped with a Linear Variable Differential Transformer 

(LVDT) measuring the displacement of the bottom platen; a static load cell (strain gauge 

type transducer) mounted on the top platen measures the force; a dynamic load cell 

(piezoelectric force sensor) is also mounted on the bottom platen in order to account for 

inertial effects. Further details on these measuring devices are provided in Appendix B.

Using this uniaxial device, fresh porcine samples were cyclically tested at frequencies o f 5, 

20 and 80Hz. Cycles o f 10% amplitude were performed around a mean compression level of 

25% for a duration of 250s; this is similar to the deformation applied in high amplitude 

cyclic tests performed at lower frequency (0.44Hz) on the Zwick machine. At these 

frequencies, the compression rates were approximately of 200%s ' at 5Hz, 800%s ' at 20Hz 

and 3200%s ' at 80Hz.
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The mean compression level is applied to the samples by displacement of the top platen. The 

total value of the displacement, which is manually controlled, is recorded; however, its 

history with time is not recorded as the LVDT measures the displacement of the bottom 

platen only. This does not influence the results; it only requires an approximation to be made 

when experimental data are compared to theoretical results (see section 4.4.2).

The analog signals from the displacement and force measuring transducers were acquired on 

a personal computer using a 16-bit data acquisition card (National Instruments PCI 6036E) 

and a custom-written Labview interface. Sampling rates of 500, 20(X) and 8000Hz were used 

for tests performed respectively at 5, 20 and 80Hz; this corresponded to the acquisition of 

100 data points per cycle. The raw data acquired were then digitally filtered in Matlab using 

a first order lowpass Butterworth filter (built-in Matlab functions butter and filtfiIt).

Figure 4-3: Custom built high speed cyclic testing rig.

(A) Top platen; (B) Bottom platen; (C) LVD T transducer; (D) Static load cell; (E) Dynamic 

load cell; (F) Connection with shaker.
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4.2.3 Summary of tests performed

Type of test Test direction
# samples in 

each 
direction

Quasi
static

(chapter3)

Ramp @ 0.05%str.s ' up to 
30% compression F, 30°, 45°, 60°, XF 15

Ramp @ 0.5% str.s ' up to 
30% compression & Hold 
300s

F, 45°, 60°, XF 6

Relaxation

Ramp @ 1% str.s ' up to 10, 
20 and 30% compression & 
Hold 300s

F, 45°, 60°, XF 6

Ramp @ 5% str.s ' up to 30% 
compression & Hold 300s F, 45°, 60°, XF 6

Ramp @ 10% str.s ' up to 30% 
compression & Hold 300s F, 45°, 60°, XF 6

2% amp cycles @ 0.22 and 
0.4Hz F, XF 6

Cyclic
10% amp cycles @ 0.22 and 
0.4Hz F, 45°, 60°, XF 6

10% amp cycles @ 5, 20 and 
80Hz F, 45°, 60°, XF 6
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4.3 Relaxation tests

As in Chapter 3, only mean experimental results are presented in the following sections; 

complete data sets from which these mean results are derived are presented in Appendix C. 

Cauchy stress (cr) and stretch ratio (A) are calculated as previously (equation 3-1).

The deformation applied to samples during relaxation tests consisted of ramp and hold 

functions performed at various rates and strain levels (Figure 4-1). In the following section, 

results from both parts of the deformation history are examined separately. Muscle behaviour 

under compressive ramps performed at various rates is considered first. The stress-relaxation 

behaviour following these compressive ramps is then examined.

In graphs comparing results obtained at various orientations of the muscle fibres, the colour 

convention adopted is as before: red for fibre direction, cyan for 45° direction, magenta for 

60° direction and blue for cross-fibre direction. This convention is however not respected in 

graphs comparing results obtained at various deformation rates for a specific fibre 

orientation.

4.3.1 Experimental results

4.3.1.1 Evolution of muscle compressive behaviour with deformation rate and fibre 

orientation

This section examines the behaviour of muscle tissue during the ramp part of the tests. 

Figure 4-4 presents experimental stress-stretch curves obtained during compression of 

samples at various compression rates (0.05, 0.5, 1, 5 and 10%s ') in all directions of testing 

(fibre = 0°, 45°, 60° and cross-fibre = 90° from the fibre direction). Results at 0.05% str.s'' 

correspond to results from quasi-static tests presented in the previous chapter.
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Figure 4-4: Stress-stretch curves comparing porcine muscle compressive behaviour at 

various rates and various orientations of the muscle flbres.
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As expected, a stiffening effect with compression rate is observed in all directions of testing; 

faster rates give higher peak loads at a given deformation level. The increase in stiffness with 

com pression rate is however more significant in directions closer to the fibre direction. This 

is illustrated in Figure 4-5 which presents the evolution with compression rate of the stress 

reached after 30% compression in the various fibre orientations considered. It shows that 

during quasi-static tests (0.05%str.s '), the cross-fibre direction (blue) is much stiffer than the 

fibre direction (red). However, when compression rate increases, the difference in stiffness 

between both directions diminishes. When a rate of 5%str.s ' is reached the trend is inverted; 

the fibre direction becomes stiffer than the cross-fibre direction.
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The bar chart of Figure 4-5 was constructed from mean values and standard deviations 

presented in Table 4-1.

Table 4-1: Evolution with deformation rate of the stress reached after 30% 

compression in various orientations of the muscle fibres - mean ± SD.

Peak stress at 30% compression ± SD (in kPa)

0.05%str.s' 0.5%str.s' l% str,s' 5% str.s’ 10%str.s*

F -0.63+0.14 -1.44±0.09 -1.51+0.12 -2.32+0.15 -3.09+0.29

45° -0.47+0.15 -0.96+0.05 -1.01+0.03 -1.42+0.07 -1.65+0.06

60° -0.55+0.14 -1.07+0.04 -1.11 ±0.05 -1.50+0.05 -1.80+0.05

XF -1.10+0.17 -1.77+0.09 -1.85+0.07 -2.24+0.13 -2.40+0.19

0.05 0.50 1.00 5.00 10.00

compression rate (%/s)

Figure 4-5: Evolution with deformation rate of the stress reached after 30% 

compression in various orientations of the muscle fibres.

Mean values with standard deviations.

Figure 4-6 compares fibre and cross-fibre results for the complete deformation history 

(Figure 4-5 compared only peak stresses). It shows that at 5%str.s ', the fibre direction (— ) 

becomes stiffer than the cross-fibre direction (— ) only when high levels of deformation are 

reached. At 10%str.s ', the fibre (•••) and the cross-fibre (•••) directions present similar 

properties up to 15% compression; the fibre direction then becomes stiffer at higher 

compression levels.
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Figure 4-6: Stress-stretch curves comparing muscle compression behaviour at 0.05, 5 

and 10%str.s ' in fibre (— ) and cross-fibre (— ) directions.

During a relaxation test, the peak stress reached after the ramp can be considered as the sum 

of a long term elastic and a viscoelastic contribution as illustrated in Figure 4-7.

™ -o.s

to t

\ f

100 150 200 250 300 350
time (s)

Figure 4-7: Typical stress-relaxation curve illustrating the contribution to the total 

stress ( <T,„,) of elastic ( )  and viscoelastic ( <7 ^) components.

The relative contribution of the viscoelastic com ponent to the total stress can be calculated

as:

^ w t  ^ to t
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Table 4-2 presents the ratios {oJo,„ ,) calculated at 30% compression for the various 

deformation rates considered in the experiments. Values for the elastic component were 

taken from quasi-static tests results (maximum stress reached at 30% compression with a rate 

of 0.05%s ') so that cr,, is zero at 0.05%str.s '. Figure 4-8 summarises these results 

graphically. It shows that an increase in compression rate leads to an increase in the 

viscoelastic contribution to the total stress; it also shows that the viscoelastic component has 

a greater influence in directions closer to the muscle fibres.

Table 4-2: Relative contribution of the viscoelastic component to the total stress 

reached at 30% compression at various strain rates and fibre orientations.

Viscoelastic contribution (%)

0.05%str.s‘ 0.5%str.s‘ 1 %str.s‘ 5% str.s’ 10%str.s‘

III o O 0 57 59 73 79 >

45° 0 51 54 67 72

60° 0 48 50 63 69

XF = 90° 0 38 41 51 54

70

O 60

5  50

O 40

O 20
- * - 4 5 "  
— 60° 
- * - X F

>  10

compression rate (%s'^)

Figure 4-8: Relative contribution of the viscoelastic component to the total stress 

reached at 30% compression at various strain rates and fibre orientations.

Values obtained using equation (4-1) with -  quasi-static values.
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Finally, it should be emphasised that the contribution o f the viscoelastic component to 

muscle behaviour is substantial even for very low strain rates; for a rate of 0.5%s ', cr,, 

represents respectively 38% and 57% of the total stress reached in the cross-fibre and fibre 

directions.

4.3.1.2 Evolution of muscle relaxation behaviour with deformation rate and flbre 

orientation

This section considers muscle behaviour when the deformation is held constant after the 

ramp. Figure 4-9 compares mean stress-relaxation curves obtained at various compression 

rates in each direction of testing.

F = 0° 45°

F 0.5%s

10%s

ma

0

-0.5

-1
(A  
W 0)

u
3
01
O

-2

■2.5

-3

150 200 250
time (s)

60°

------ 60“ 0.5%s‘’ ■1
<J

> o e 1%s‘^
------60” 5%s‘'' ■
------60” 10%s'^

50 100 150 200 250
time (s)

C9
Q.

CO
(A0>L -

tf)
>.£u3
(0
O

0

-0.5

-1

-1.5

-2

-2.5

-3

300 350

------ 45” 0.5%s"’ •
------45° 1%S"''
------45° 5%s"'' ■
------ 45° 10% s'’

50 100 150 200 250
time (s)

XF = 90°

300 350

XF 0.5%s

XF 10%s

150 200 250
time (s)

350

Figure 4-9: Stress-relaxation curves obtained at various compression rates and 

orientations of the muscle fibres.
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Results show that a significant amount of stress-relaxation occurs when deformation is held 

constant after a compressive ramp, with the main part of the stress reduction happening 

within the first hundred seconds after the ramp. To quantify this drop, the percentage of 

stress relaxation is defined as the difference between the peak stress reached after the ramp 

and the current value of stress, normalised by the peak stress. Figure 4-10 presents the 

evolution with time of the relaxation amount for each testing direction and strain rate 

considered. Curves were shifted so that time zero corresponds to the beginning of relaxation. 

For each fibre orientation considered, Figure 4-10 shows an increase in the amount of 

relaxation when the compression rate is increased. This behaviour is as expected because 

higher peaks loads are reached during faster ramps, and the tissue needs to relax by a greater 

amount to reach its equilibrium value. Also, analysis of the data shows that over 80% of the 

total relaxation amount occurs within 100s.
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(0 40
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 F 0.5%s‘

 F 1%s'

 45° 10%s' F 107os‘

100 150 
time (s)

200 250 300150
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Figure 4-10: Evolution with time of the amount of stress relaxation. Comparison 

between results obtained at various compression rates.
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Table 4-3 presents total amounts of relaxation observed 300s after the ramp.

Table 4-3: Amount of stress relaxation following compressive ramps at various rates 

and orientations of the muscle fibres -  values taken 300s after the ramp.

Amount of stress relaxation (%)

0.5% str.s‘ l% str.s' 5%str,s’' 10% str.s’

ooIII 63 66 73 75 A
V
OX) 45° 57 65 70 71
c
<

>
60°

f
52 59 67 65

XF = 90° 46 52 58 65

When each compression rate is considered individually, Table 4-3 shows an increase in the 

amount of relaxation for tests performed in directions closer to the muscle fibres.

Table 4-4 reports mean values of stress reached after 300s relaxation for the various rates 

and fibre orientations considered; values of stress reached during quasi-static tests are also 

reported.

Table 4-4: Values of stress at 30% compression in quasi-static and relaxation tests 

(values taken after 300s relaxation)

Relaxed stress at 30% compression + SD (in kPa)

0.05% str.s' 0.5% str.s' l% str .s‘ 5% str.s' 10%str.s' mean

F -0.63+0.14 -0.54+0.04 -0.52+0.04 -0.62+0.06 -0.75+0.12 -0.61+0.11

45° -0.47+0.15 -0.41 ±0.02 -0.35±0.02 -0.42+0.02 -0.48+0.06 -0.42+0.05

60° -0.55+0.14 -0.51+0.04 -0.46+0.03 -0.49+0.06 -0.62+0.03 -0.52+0.07

XF -1.10+0.17 -0.96+0.05 -0.88+0.03 -0.94+0.09 -0.84+0.04 -0.90+0.05

For each fibre orientation, differences are observed between relaxed values reached at 

various rates. No pattern is however seen and this might be attributed to variability present 

between specimens tested. Differences are also noticed between quasi-static and relaxed 

values, relaxed values being smaller than quasi-static values for most tests. A one-way 

analysis of variance was conducted to assess the statistical significance of these differences; 

where significance was detected (p < 0.05), Tukey’s post-hoc test was used for multiple
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comparisons. Figure 4-11 presents a graphical summary of the results; statistically 

significant differences are denoted with a *. For each orientation considered, most relaxed 

values do not appear to be significantly different from each other. In view of this, it is 

reasonable to consider that samples relax to the same equilibrium value independently of the 

compression rate, for each orientation of the muscle fibres considered individually. A mean 

relaxed muscle state is defined as the mean between relaxed values obtained at various rates 

(last column o f Table 4-4).

Comparisons between quasi-static and relaxed values show that significant differences 

appear only in the cross-fibre direction.

o.o5y</s

fibre orientation

Figure 4-11: Comparison between mean values of stress obtained during quasi-static 

tests (■) and relaxed values obtained after compressive ramps performed at various 

rates.

*  denotes pairs o f  values between which a statistical significance is observed (p<0.05). 

Comparisons are established fo r  each fib re  orientation individually.

In Figure 4-12, a comparison is established between muscle relaxation behaviour in various 

orientations o f the muscle fibres, for each compression rate considered (in Figure 4-10 the 

comparison was established between results obtained at various rates, for each orientation 

considered individually). It shows that relative amounts of relaxation increase with an

- Il l  -



increase in angle from the fibre direction, indicating again muscle anisotropic viscoelastic 

behaviour and the greater influence of the viscoelastic component in directions closer to the 

muscle fibres.
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Figure 4-12: Evolution with time of the amount of stress relaxation. Comparison 

between results obtained at various orientations of the muscle fibres

In the previous section, values for the relative viscoelastic stress contribution to the total 

stress were calculated using quasi-static values for the elastic stress (see Figure 4-7, Table 

4-2 and equation (4-1)). These can now be recalculated using the mean values obtained after 

relaxation for the elastic stress. Table 4-5 presents the values obtained; Figure 4-13 offers a 

graphical summary of the results.
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Comments are similar to those made for Figure 4-8 (where was equal to quasi-static 

values); viscoelastic contribution to the total stress increases with compression rate and the 

viscoelastic component has a greater influence in directions closer to the muscle fibres. The 

main difference is the presence here of a relatively minor viscoelastic contribution to the 

stress obtained from quasi-static testing (rate of 0.05%s '). This is due to the differences 

observed between quasi-static and relaxed values (Table 4-4); further comments will be 

made on this point in the discussion section.

Table 4-5: Relative contribution of the viscoelastic component to the total stress 

reached at 30% compression at various strain rates.

Viscoelastic contribution (%)

0.05% str.s' 0.5% str.s' l% str.s' 5%str.s'' 10%str.s'

III o O 2.8 58 60 74 80 i <
45° 10 56 59 71 75 c
60°

f
5.6 51 53 65 71

XF = 90° 18 49 51 60 62

O 40

45'

XF

0.050.5 1
compression rate (%s'^)

Figure 4-13: Relative contribution of the viscoelastic component to the total stress 

reached at 30% compression at various strain rates and fibre orientations.

Values obtained using equation (4-1) with = mean relaxed values
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4.3.1.3 Evolution of muscle relaxation behaviour with compression level

Figure 4-14 presents results of relaxation tests performed in the fibre and cross-fibre 

directions at a compression rate o f l% s ' up to three levels o f compression, i.e. 10, 20 and 

30%.

0 50 100 150 200 250 300 350
time (s)

Figure 4-14: Stress relaxation curves in fibre and cross-fibre directions after 10, 20 and 

30% compression at a rate of l% s ‘.

For clarity in the presentation of the results, curves obtained at 10 and 20% compression 

were shifted on the x-axis. At the rate considered, the cross-fibre direction remains stiffer 

than the fibre direction and a substantial amount of stress relaxation is observed at all 

compression levels as illustrated in Figure 4-15. The amount o f relaxation increases when 

the compression level decreases. For tests performed at finite compression rates, this can be 

explained by the fact that the material relaxes not only during the relaxation phase but also 

during the ramp phase of the test; more time is allowed for relaxation during the ramp when 

a higher level of compression is reached. Results are qualitatively similar in the fibre and 

cross-fibre directions, however it can be seen that, at all levels of compression, the amount of 

relaxation is greater by about 10% in the fibre than in the cross-fibre direction.
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Figure 4-15: Evolution with time of the amount of stress relaxation obtained in the 

fibre and the cross-fibre directions after 10, 20 and 30% compression; compression 

rate of l% s ‘.

W hen stress relaxation curves are plotted using logarithmic scales, a linear relationship is 

observed aside from the initial relaxation response in the first 10 s (Figure 4-16). A power law 

can be u.sed for curve fitting.

<7(/) = exp(a) r"' (4-2)

where a and in are parameters of fit.

F XF

—  0.5“  0.5

0.10.1

 XF 10%
 XF 20%
 XF 30%

 F 10%
 F 20%
 F 30%

0.010.01
100 200 40050 

time (s)
100 200 400

time (s)

Figure 4-16: Stress-relaxation curves on logarithmic scales illustrating the linear trend 

of the stress decay.

Thick lines represent experimental results; thin lines represent power-law fitting.
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Values obtained for parameters a and m at various levels of compression in the fibre and 

cross-fibre directions are presented in Table 4-6. m is the parameter of interest here, it 

represents the slope of the line on a log-log plot and is considered as the rate of relaxation.

Table 4-6: Parameters m  and a for power-law fitting of stress-relaxation curves 

obtained at various levels of compression in fibre and cross-fibre directions.

10% 20% 30%

m F -0.356+0.045 -0.298+0.019 -0.298+0.018

XF -0.252+0.048 -0.217+0.032 -0.208+0.015

a F -1.039+0.214 -0.120+0.079 1.052+0.092

XF -0.855+0.141 -0.103+0.162 1.068+0.084

The rate of relaxation {m) appears to increase when the level of compression decreases. A 

one-way analysis of variance was conducted to assess the statistical significance of the 

differences observed; when significance was detected (p < 0.05), Tukey’s post-hoc test was 

used for multiple comparisons. Figure 4-17 presents a graphical summary of the results; 

statistically significant differences are denoted with a *.

Even though a statistically significant difference appears only in the fibre direction, results 

seem to indicate that muscle relaxation behaviour is dependent on deformation level.

fibre orientation

Figure 4-17: Evolution of the relaxation rate (m) with compression level.

* denotes pairs o f values between which a statistical significance is obsen'ed (p<0.05).
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4.3.2 Mathematical modelling

This section investigates the use of a quasi-iinear viscoelastic model to represent skeletal 

muscle viscoelastic properties. The model proposed is an extension with Prony series of the 

SYM model, which successfully represents muscle elastic properties (Chapter 3).

Results from relaxation tests indicate that skeletal muscle has anisotropic properties, not only 

in its elastic behaviour but also in its viscoelastic behaviour; an anisotropic viscoelastic 

model is thus required. A unidirectional approach is however first investigated; fitting of the 

model is performed individually for each orientation of the muscle fibres considered. 

Viscoelastic anisotropy is then considered and a relationship between fibre orientation and 

viscoelastic properties is established, following a similar approach as for elastic properties.

4.3.2.1 Quasi-Iinear viscoelastic SYM model -  Unidirectional approach

Considering a uniaxial state of stress, the Cauchy stress in direction j  for a quasi-iinear 

viscoelastic material can be expressed as:

d a ) [ £ : ( T ) ]
(7:(t)= G i t - r )—  dv  (4-3)

 ̂ J d r
0

\  BcTyb (r)l
or aj ( t )  = a ] ( 0 + ) G j { t ) + ^ G j ( t - T ) —  d r  (4-4)

0

Gj{ t ) \ s  the reduced relaxation function and crj the instantaneous elastic stress, i.e. the 

maximum stress in response to an instantaneous step input of deformation; Sj  -  ln(/l^) to 

account for large deformations.

Using a Prony series expansion for the reduced relaxation function.

t
Gj  (t) = p^j  + ^  Pij exp( ) leads to:

,=l

C7j{t) = + J p y - e x p

/= ! 0 V d r
d r  (4-5)
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Pij and Ty are parameters characterising the viscoelastic behaviour in direction 7;

N

Pooj — 1 ~  P ij  ■
i= \

The S Y M  formulation was then introduced for the long term elastic stress,

=  Poojf^'j = k j j € j  +  k 2 j £ j  +  ; kj j  , %  and kj j  are the S Y M  parameters

characterising elastic behaviour in the direction considered (Chapter 3).

This model was implemented in the Mathworks software Matlab using the recursive formula 

presented in section 2.3.3.3. Equation (4-5) can be expressed as:

N

(4-6)
(=1

where
( t - T )

dr
d r (4-7)

Now considering the time interval (?,„ r„+/), the stress at time r„+/ can be calculated as:

exp
/  \  

At

V

-exp
f  \

A/

V
A/

(4-8)

with Ar =  r„+/ - r „ .

Individual fitting to relaxation data obtained at various compression rates was first 

performed in order to assess the appropriateness of the model to represent muscle behaviour. 

When parameters obtained from quasi-static testing are used for k/j ,  k2j and k^j, fitting to 

ramp and hold tests could not be achieved successfully. This is due to the fact that the rate 

used for quasi-static tests was not small enough to measure strictly long term elastic 

properties but a small amount of viscoelastic component was also measured during the tests 

(see Figure 4-13). Elastic parameters obtained from quasi-static testing are thus slightly too 

high and were reduced to agree with mean relaxed values obtained in Table 4-4. In order to 

respect the transversely isotropic relationship established in chapter 3, a similar ratio was 

adopted for each fibre orientation.
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A five term Prony series showed the best fitting results and was adopted for the viscoelastic 

formulation. Ten parameters have then to be determined for each orientation considered,

P i j . . . . . 5 j  and T j j  5j .  Fitting was performed using the built in Matlab function Isqnonlin as

before (see Chapter 3). The Matlab code used to perform the fitting is provided in Appendix 

D. Fitting was performed using the complete deformation history as an input; this has been 

shown to provide the best results for parameters estimation when fitting quasi-linear 

viscoelastic models to stress-relaxation data (Doehring el a l ,  2004; Abramowitch and Woo, 

2004). Figure 4-18 shows that individual fitting to relaxation data obtained at the various 

strain rates provides very good results. However, the set of parameters obtained at any 

specific rate has poor predictive capabilities when other deformation rates are considered.

F

-0.5

-1.5

F 0.5% s'
3 -2.5 1%s'

F 10% s'
-3.5

100 150 200 250 300 350
time (s)

XF

-0.5

-1.5

XF 0.5% s' 

XF 1%s'3 -2.5

XF 10% s
-3.5

100 150 200 250 300 350
time (s)

Figure 4-18: Comparison between experimental data and viscoelastic SYM model 

fltting - Individual fitting at each rate.

F, Fibre direction; XF, Cross-fibre direction. Thick lines represent experimental data; thin 

lines represent model fitting.
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Sim ultaneous fitting to data ob tained at various rates w as then perform ed in o rder to obtain  a 

global set o f  param eters represen tative o f m uscle relaxation behaviour.

It is how ever im portant to  understand how the m odel w orks to  appreciate the d ifficulty  

associated  w ith the determ ination  o f  a single set o f  param eters to  provide a good m atch to 

data obtained at various com pression rates.

In the m odel, the total stress is the sum o f a long term  elastic  response and a series o f  

v iscoelastic contributions. The long term  elastic response corresponds to  m uscle response

after relaxation, = k , j £ j  + k 2 j £ j  + ; it is a function o f  the m aterial elastic

response only and is independent o f  the deform ation rate. D ue to  experim ental variability  

how ever, relaxed values o f stress are d ifferent in tests perform ed at d ifferent rates (Table 

4-4).

T he peak stress reached after the ram p is a function o f  the tim e taken to perform  the ram p; it 

increases w ith deform ation rate. This is due to  the fact that the m aterial also relaxes during 

the ram p; less tim e is allow ed for relaxation  in ram ps perform ed at a h igher rate.

T he m axim um  value o f  stress that can  be reached is:

cr} =  ( k , j £ j  + k 2 j i J  +  k j j e j ) /(I -  ^  Pi j ) (4-9)
1=1

It corresponds to  the instantaneous elastic stress reached if  deform ation w as applied at an

infinite rate, cr^ depends on elastic  param eters (ky) and viscoelastic  param eters (pij).

Sim ultaneous fitting to  data ob tained at various rates therefore represen ts a com prom ise to 

m atch peak and relaxed values o f  stress reached at each rate.

Individual fitting show ed that the five tim e constan ts r,y, characterising  m uscle relaxation 

behaviour, ranged from  0.6 to 300s. In order to  reduce the num ber o f  variables during fitting, 

the Ty values w ere therefore fixed at 0.6, 6, 30, 60 and 300s, independently  o f  deform ation 

rate or fibre orientation. 300s corresponds to  the tim e allow ed fo r relaxation  during the 

experim ents; 6, 30 and 60s respectively  correspond to  the duration  o f the ram p in tests 

perform ed at com pression rates o f  5, 1 and 0 .5% s '.
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The only remaining parameters are the five multiplicative factors pij, characterising the 

amplitude of each viscoelastic component; they were obtained by simultaneous fitting to 

experimental data obtained at compression rates of 0.5, 1 and 10%s '.

Figures 4-19 to 4-22 present results of the fitting in the fibre direction, at 45° and 60° from 

the fibre direction and in the cross-fibre direction.
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Figure 4-19: Comparison between experimental stress-relaxation results (—) and 

viscoelastic SYM model fitting (—) in fibre direction.

Simultaneous fitting to data at 0.5, 1 and 10%s '.
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45° from  the fibre direction
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Figure 4-20: Comparison between experimental stress-relaxation results (—) and 

viscoelastic SYM model fitting (—) at 45° from the fibre direction

Simultaneous fitting to data at 0.5, 1 and 10% s'.
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60° from  the fibre direction
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Figure 4-21: Comparison between experimental stress-relaxation results (— ) and 

viscoelastic SYM model fitting (— ) at 60° from the fibre direction.

Simultaneous fitt in g  to data at 0.5, 1 and 10% s'.
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Cross-fibre direction
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Figure 4-22: Comparison between experimental stress-relaxation results (—) and 

viscoelastic SYM model fitting (—) in cross-fibre direction.

Simultaneous fitting to data at 0.5, I and W % s'.
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Bearing in mind that variabihty is observed within experimental data, the model provides a 

good fit to data obtained at a compression rate of 0.5, 1 and 10%s ' as well as a good 

prediction of muscle behaviour at 0.05 and 5%s '.

Figure 4-23 compares experimental and theoretical relaxed values o f stress (measured after 

300s relaxation). Minimum, maximum and median experimental values are presented; it 

illustrates the variability presents within experimental relaxed stresses. As mentioned earlier, 

the model relaxes to a unique value, independently of the compression rate; this value is 

situated in the middle of the range o f relaxed stresses observed experimentally. This explains 

why differences appear between experimental and theoretical relaxed values of stress.
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Figure 4-23: Comparison between experimental and theoretical relaxed stresses.

Box and whiskers correspond to experimental values; Stars represent theoretical values.
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Figure 4-24 compares experimental and theoretical peak stresses. Experimental and 

theoretical values are in good agreement in most cases considered; where differences appear, 

the model generally under-predicts peak stresses limits. Percentage errors between 

experimental and theoretical relaxed stresses are presented in Figure 4-25 (a). It shows that 

the errors remain below 25% at all rates and fibre orientations considered. Percentage errors 

between experimental and theoretical peak stress are presented in Figure 4-25(b). Again, 

errors remain below 25% at all rates and fibre orientations considered.
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^  F model 
—  F exp-0.5

(0

1 -2 .5

-3.5
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compression rate (%s'^)
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Figure 4-24: Comparison between experimental and theoretical peak stresses.

Box and whiskers correspond to experimental values; Stars represent theoretical values.
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Figure 4-25: Percentage errors between experimental and theoretical (a) relaxed 

stresses, (b) peak stresses.

Finally, Figure 4-26 compares experimental and theoretical stress-relaxation behaviour for 

tests performed up to 10, 20 and 30% compression, at a rate of 1% s '. Results obtained in 

the fibre and cross-fibre directions are presented. Logarithmic scales are used to compare the 

rate of decay of stress with time.
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Figure 4-26: Comparison between experimental and theoretical stress-relaxation 

behaviour at 10, 20 and 30% compression.

Continuous cu n ’es represent experimental data; dashed curx’es represent theoretical data.

In the cross-fibre direction, good agreement is obtained between experimental and 

theoretical stress levels. Experimental results show a greater rate of decay at lower 

compression levels; this is however not captured by the model, in which relaxation 

behaviour is independent of deformation level. In the fibre direction, greater discrepancies 

are observed between experimental and theoretical stress values; this is due to the fact that
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the globally fitted model slightly over predicts muscle behaviour at a rate of l% s ' (see 

Figure 4-19).

4.3.2.2 Quasi-linear viscoelastic SYM model -  Introduction of fibre dependency

In the previous section, individual fitting to relaxation data obtained at various orientations 

of the muscle fibres was performed. Identical values were adopted in all directions for the 

time constants T,y, characterising muscle relaxation behaviour. The multiplicative factors p-j

appeared however to be different in all directions; this is due to the anisotropy o f the tissue 

observed in the experiments. Using a similar approach as for muscle elastic properties, it was 

hypothesised that muscle viscoelastic properties are transversely isotropic.

In the SYM formulation, five independent elastic constants have to be determined to fully 

characterise the material, i.e. two Young’s moduli (E^ and Ej),  two Poisson’s ratio (V7 7 - and 

V ir )  and one shear modulus ( G l t ) .  ( L  again denotes the longitudinal direction, T  and T ’ the 

two transverse directions).

El  and E j  were determined by fitting to data obtained respectively in the fibre and in cross- 

the fibre directions.

The shear modulus Glt was calculated using data obtained at 45° from the fibre direction 

and:

Young’s modulus at any angle from the fibre direction was then calculated using the 

following expression:

(4-10)
^ L T  ^ 4 5

f \
2 CJCOS C0 + (4-11)

where O) represents the angle from the longitudinal direction.
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Replacing the instantaneous elastic stress by the long term elastic stress in equation (4-5), the 

stress in direction j  can be expressed as:

j -

E]  and E j  were determined by fitting to stress-relaxation data obtained respectively in the 

fibre and in the cross-fibre directions.

The shear modulus G [ j  was calculated using data obtained at 45° from the fibre direction 

and:

Comparison between experimental results and theoretical values calculated with <i; = 60° are 

presented in Figure 4-27.

(4-12)

or
3 r

(4-13)
0

where E j  = k ] j  + k 2 j £ j  + k j j £ j , represents the elastic Young’ s modulus in direction j  and

, is the viscoelastic Young’s modulus in direction

1 _ 4 I
(4-14)

An expression similar to equation (4-11) was then used to calculate the viscoelastic Young’s

modulus at any angle (0  from the fibre direction:

sin 6;cos (0 + (4-15)
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Figure 4-27: Comparison between experimental stress-relaxation results (—) and 

viscoelastic SYM model predictions (—) at 60° from the fibre direction.
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Figure 4-28 compares experimental and theoretical peak and relaxed stresses; percentage 

errors are presented in Figure 4-29. Results show that model predictions are in good 

agreement with experimental stress-relaxation data obtained at 60° from the fibre direction; 

errors between experimental and theoretical peak and relaxed stresses remain below 25% at 

all rates considered. These results indicate that anisotropy observed in muscle viscoelastic 

behaviour can be captured by the transversely isotropic viscoelastic model developed.
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Figure 4-28: Comparison between experimental and theoretical (a) relaxed stresses, (b) 

peak stresses.

Box and whiskers correspond to experimental values; Stars represent theoretical values.
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Figure 4-29: Percentage errors between experimental and theoretical relaxed and peak 

stresses.
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4.4 Cyclic tests

4.4.1 Experimental results

In this section, results from cyclic compression tests performed at various amplitudes and 

frequencies are presented. These tests were conducted to investigate muscle history- 

dependent behaviour (evolution of hysteresis with frequency). They also provide information 

on muscle tissue at higher strain rates than the ramp and hold tests performed. Finally, results 

from the cyclic tests were used to investigate the predictive capabilities of the QLV model, 

using the parameters derived from relaxation tests (section 4.3.2.1).

Low frequency tests (sections 4.4.1.1 and 4.4.1.2) were performed on the Zwick machine 

(Z005). Due to small variations in the deformation histories delivered by the machine, mean 

curves could not be calculated; the results presented correspond to typical curves taken in the 

range of data observed experimentally. These variations affected the repeatability but not the 

accuracy of the measurements. Complete date sets are provided in Appendix E. For high 

frequency tests, performed on the custom made dynamic rig, mean curves were calculated 

and are presented in section 4.4.1.3.

4.4.1.1 Low amplitude, low frequency tests

Figures 4-30 and 4-31 present results of low amplitude cyclic tests performed on fresh 

porcine muscle samples in the fibre and cross-fibre directions. In a first series o f tests, 

samples were cyclically compressed between 24 and 26% of their original length at a 

frequency o f 0.22Hz (graphs (a) and (c)). In a second series of tests, samples were cyclically 

compressed between 18 and 20% of their original length at a frequency of 0.4Hz (graphs (c) 

and (d)). The frequencies of 0.22 and 0.4Hz respectively correspond to compression rates of 

l% s ' and 2%s ' as explained in the methods section of this chapter (section 4.2.2).

Figure 4-30 (a) and (b) present the deformation history applied to the samples during the 

tests. Figure 4-30 (b) and (d) present stress-time curves; they illustrate the cyclic stress-
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relaxation o f the tissue; i.e. peak and valley stresses decrease with an increasing number of 

cycles. Qualitatively, fibre and cross-fibre results are similar with the cross-fibre direction 

being stiffer than the fibre direction.

2% amplitude - 0.22Hz

0.95

0.85

0.75

(a)

0.95

0.9

0.85

0.8

0.75

0.7
100 150 200 250

time (s)

Q. -0.4

(n
K -0.6

100 150
time (s)

200 250

2% amplitude -  0.4Hz

S '  -0 .6

100 150
time (s)

100 150
time (s)

250

Figure 4-30: (a) and (c) Deformation history applied to porcine samples during low 

amplitude cyclic compression tests performed respectively at 0.22 and 0.4Hz. (b) and 

(d) Corresponding cyclic stress-relaxation curves obtained in fibre and cross-fibre 

directions.

Figure 4-31 present stress-stretch curves obtained in the cross-fibre direction. The complete 

deformation history is represented in graphs (a) and (c); the first two and last twenty cycles 

are represented in graphs (b) and (d). It illustrates the history dependence of the tissue 

(hysteresis), i.e. the loading and unloading curves follow different paths from one cycle to
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another. The area enclosed by the loop represents the mechanical energy absorbed during the 

deformation cycle. The size o f the hysteresis loop decreases when the number of cycles 

increases; during the last twenty cycles hysteresis is constant and relaxation is almost 

completed.
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Figure 4-31: (a) and (c) Stress-stretch curves obtained during low amplitude cyclic 

compression tests of porcine muscle samples performed respectively at 0.22 and 0.4Hz 

(cross-fibre results), (b) and (d) Corresponding plots of the first two and last twenty 

cycles.
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The hysteresis ratio for a typical loading-unloading cycle is defined as:

(4-16)

where At is the area below the load/deformation curve during tissue loading, and is the 

area below the load/deformation curve during unloading (Holzapfel et al., 2004). This is 

graphically illustrated in Figure 4-32. hr represents the ratio of the energy dissipated to the 

energy required to deform the tissue during a cycle.

Figure 4-32: Definition of the hysteresis ratio hr. Ai and represent respectively the 

loading and unloading areas.

Table 4-7 presents values of hysteresis ratio and stress cycle amplitude calculated at the end 

of the test. The areas A) and A„ were calculated using numerical integration. Results show 

that in the fibre direction approximately 18% of the loading energy is dissipated during each 

cycle; only 13% is dissipated in the cross-fibre direction. Values are similar for both 

frequencies considered. The amplitude of the cycles imposed to the samples was the same 

for both frequencies (2% of their original length); however, the mean compression level was 

of 25% for the 0.22Hz tests and of 19% for the 0.4Hz tests. Higher stress cycle amplitudes 

are observed for the 0.22Hz tests (column 4 of Table 4-7); this illustrates again the 

dependency of muscle behaviour on the compression level.

hr=100*(A l-A u)/A l

T 3rao

Au

deformation
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Table 4-7: Hysteresis ratio (hr) and stress cycle amplitude calculated after 240s for low 

amplitude, low frequency tests.

Frequency Test direction Hysteresis (%) Amp + SD (kPa)

F 17.14+1.01 0.38 + 0.04
0.22Hz

XF 13.67 + 0.73 0.48 + 0.02

F 18.59 + 2.68 0.30 + 0.03
0.4Hz

XF 12 .83+ 1 .99 0.29 + 0.01

4.4.1.2 High amplitude, low frequency tests

This section presents results from higher amplitude cyclic tests performed on fresh porcine 

muscle samples at various orientations of the muscle fibres. In these tests, samples were 

cyclically compressed between 20 and 30% o f their original length at frequencies of 0.22Hz 

(Figure 4-33) and 0.44Hz (Figure 4-34). These frequencies correspond respectively to 

compression rates o f 5 and 10%s"'. 0.22Hz tests were performed only in the fibre and cross- 

fibre directions; 0.44Hz tests were also performed at 45° and 60° from the fibre direction. In 

both figures, graph (a) presents the deformation history applied to the samples; the following 

graphs present stress-time curves obtained in the various orientations considered.

Again, cyclic stress-relaxation o f the tissue is observed. Peak stresses decrease gradually 

with an increasing number of cycles; valley stresses however appear to be completely 

relaxed over a small number of cycles. It can also be observed that, within each cycle, the 

amplitude o f the cycle is sufficient to bring the stress back to a value close to zero, even 

though samples are still submitted to a compression level of 20%.
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Figure 4-33: (a) Deformation history applied to fresh porcine samples during high 

amplitude cyclic compression tests performed at 0.22 Hz. (b) and (c) Corresponding 

cyclic stress-relaxation curves obtained in fibre and cross-fibre directions.
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Figure 4-34: (a) Deformation history applied to fresh porcine samples during high 

amplitude cyclic compression tests performed at 0.44 Hz. (b) to (e) Corresponding 

cyclic stress-relaxation curves obtained in fibre and cross-fibre directions.
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Figure 4-35 presents a close-up view of stress-time curves obtained at 0.44Hz at the 

beginning (compression ramp and first few cycles) and at the end of the tests. It shows that 

after the compressive ramp performed at a rate of 10%s ', the fibre direction is the stiffest of 

all directions, then followed by the cross-fibre results; 45° and 60° results appear to be 

almost identical. After cyclic relaxation however, the fibre and cross-fibre results become 

nearly identical and the 45° direction is now the least stiff; therefore a greater amount of 

stress-relaxation has occurred in the fibre and the 45° directions. This can also be 

qualitatively observed comparing Figure 4-34 (b) to (e). It confirms results obtained during 

static stress-relaxation experiments; the viscoelastic component has a greater influence in 

directions closer to the muscle fibres.

10% amplitude - 0.44Hz

Beginning of the tests End of the tests
0.50.5

Q. -0.5-0.5

-1.5

 45“
 60°

45°
60°-2.5 -2.5

246 247 248 249 250!45
time (s) time (s)

Figure 4-35: Close-up comparing stress-time curves at various orientations of the 

muscle fibres for high amplitude, low frequency cyclic tests.

Figure 4-36 presents stress-stretch ratio curves obtained in the cross-fibre direction for both 

frequencies considered. The complete deformation history is represented in graphs (a) and 

(c); the first two and last twenty cycles are represented in graph (b) and (d). As during low 

amplitude tests, the size of the hysteresis loop decreases when the number of cycles 

increases; during the last twenty cycles hysteresis remains constant.
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Figure 4-36: (a) and (c) Stress-stretch curves obtained during high amplitude cyclic 

compression tests of porcine muscle samples performed respectively at 0.22 and 0.44 

Hz (cross-fibre results), (b) and (d) Corresponding plots of the first two and last twenty 

cycles.

Table 4-8 presents values of hysteresis ratio and stress cycle amplitude calculated at the end 

of the test. Results show that in the fibre and 45° directions approximately 34% of the 

loading energy is dissipated during each cycle; approximately 38% is dissipated in the cross

fibre and 60° directions. A one-way analysis of variance showed however that the 

differences observed have no statistical significance. No differences are observed between 

both frequencies considered for the hysteresis; the amplitude of the stress cycles is slightly 

higher at 0.44 than at 0.22Hz.
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Table 4-8: Hysteresis ratio (hr) and cycles amplitude calculated after 240s for high 

amplitude, low frequency tests.

Frequency Test direction Hysteresis (%) Amp + SD (kPa)

F 34.48 ± 1.42 1 .15+ 0 .08

45° _

0.22Hz
60° - -

XF 37.89 ± 6 .1 4 I.1 9 ± 0 .0 1

F 34.76 ± 6.65 1.28 + 0.21

45° 34.69 + 3.15 0.87 + 0.19
0.44Hz

60° 39.37 ± 3.26 1.00 + 0.07

XF 38.05 ± 7.25 1.29 + 0.09

Tests with various cycle amplitudes were performed to further investigate the observations 

showing that the stress reaches a value close to zero during unloading and that only a few 

cycles are sufficient to achieve relaxation. In these tests, samples were compressed up to 

30% of their original length and cycles of 2, 10, 20 and 30% amplitude were performed. The 

deformation applied to the samples is presented in Figure 4-37 (a). Figure 4-37 (b) compares 

the corresponding stress-time curves obtained. Only 10s of the total test duration are 

presented to better visualise the results; results from 2 and 20% amplitude tests are presented 

in Figure 4-37 (c) and (d) for the complete test duration. Figure 4-37 (b) shows that cycles 

with 10% amplitude are sufficient to bring the stress back to almost zero even though 

samples are still under 20% compression; positive (tensile) stresses are observed when 

cycles of 20 and 30% amplitude are performed.

In 2% amplitude tests, relaxation behaviour is similar for loading and unloading; in tests with 

higher amplitudes, the unloading stress relaxes less and faster than the loading stress.
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Figure 4-37: Comparison between cyclic relaxation tests with 2, 10, 20 and 30% 

amplitude.

(a) Deformation history applied to the samples (only 10s represented); (b) Corresponding 

stress-time curves; (c) and (d) Stress-time curve obtained fo r  cycles o f 2 and 20% amplitude 

(complete test duration represented).
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4.4.1.3 High amplitude, high frequency tests

Figures 4-38 to 4-40 present results from high ampHtude cycHc tests performed at 

frequencies o f 5, 20 and 80Hz on porcine muscle samples oriented at 0°, 45°, 60° and 90° 

from the fibre direction. These tests were conducted on the custom made dynamic rig (Figure 

4-3). As in high amplitude, low frequency tests (previous section), samples were cyclically 

compressed between 20% and 30% of their original length; the deformation was however 

applied in these tests using sine waves and not saw tooth waves due to technical constraints. 

The frequencies used correspond approximately to compression rates of 200% s'' at 5Hz, 

800% s‘‘ at 20Hz and 3200% s'' at 80Hz.
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Figure 4-38: Cyclic stress-relaxation curves obtained during high amplitude cyclic 

compression tests performed at 5Hz, at 0°, 45°, 60° and 90° from the fibre direction.
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Figure 4-39: Cyclic stress-relaxation curves obtained during high amplitude cyclic 

compression tests performed at 20Hz, at 0°, 45°, 60° and 90° from the fibre direction.
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Figure 4-40: Cyclic stress-relaxation curves obtained during high amplitude cyclic 

compression tests performed at 80Hz, at 0°, 45°, 60° and 90° from the fibre direction.

Figures 4-38 to 4-40 present signals from which inertia effects have been subtracted. The 

force signal measured by the load cell corresponds indeed to the sum of the force due to the 

sample compression and inertia effects due to the displacement o f the sample. The 

acceleration signal corresponding to each test was calculated by numerical differentiation of 

the displacement signal; the inertia due to the sample displacement was then calculated by 

multiplying the mass of the sample by the acceleration. The inertia obtained was then 

subtracted from the readings o f the load cell. A t 5Hz, inertia effects were negligible 

compared to the force due to the sample compression; the order of magnitude o f these effects 

was o f 0.()5kPa at 20Hz and o f 0.6kPa at 8()Hz.
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Figure 4-41 presents a close-up view of stress-time curves at the beginning and at the end of 

the tests for the three frequencies considered.
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Figure 4-41: Close-up comparing stress-time curves at various orientations of the 

muscle fibres for high amplitude, high frequency cyclic tests.
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Similarly to the tests performed at 0.44Hz, it can be observed that a greater amount of stress- 

relaxation occurs in the fibre and 45° directions. At the beginning of the test (just after the 

com pressive ramp), the fibre direction is the stiffest of all directions. After cyclic relaxation 

however, results in all directions become nearly identical. This can also be qualitatively 

observed in Figures 4-38 to 4-40.

Table 4-9 presents values of hysteresis ratio and stress cycle amplitude calculated at the end 

of the test. Results indicate an increase in the stress cycle amplitude with frequency. The 

cycle amplitude appears to be higher in the fibre direction; however, values are very close 

for the various fibre orientations considered.

The influence of the frequency and fibre orientation on the hysteresis is not clear due to the 

variations observed in the results. These variations are due to noise and vibrations present in 

the system at the high frequency considered (80Hz); the quality of the signal measured is 

thus poorer than at lower frequencies.

Table 4-9: Hysteresis ratio (hr) and stress cycles amplitude calculated after 240s for 

high amplitude, high frequency tests.

Frequency Test direction Hysteresis (%) Amp + SD (kPa)

F 39.33+9.76 2.68+0.17

45° 43.05+7.93 2.21+0.21
5Hz

60° 49.65+7.64 2.13+0.16

XF 46.95+10.46 2.06+0.08

F 44.12±5.15 3.39+0.43

45° 40.94+6.51 3.29+0.09
20Hz

60° 45.83+6.01 3.10+0.15

XF 60.61+4.49 3.25+0.28

F 49.13+9.98 4.88+1.04

45° 49.63+11.03 4.54±0.36
80Hz

60° 46.10+10.41 4.44+0.36

XF 68.92±1.46 4.80+0.35
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4.4.1.4 Evolution of the stress cycles amplitude and hysteresis ratio with frequency

This section compares the results obtained during the 10% amplitude cyclic tests performed 

at 0.22, 0.44, 5, 20 and 80Hz (results presented in sections 4.4.1.2 and 4.4.1.3). Figures 4-42 

and 4-43 present respectively the evolution with frequency o f the stress cycles amplitude and 

of the hysteresis ratio for the various fibre orientations considered. These values were taken 

after 240s of cyclic relaxation.

For each frequency considered individually, Figure 4-42 shows that the amplitude of the 

stress cycles is approximately the same in all orientations of the muscle fibres. At these 

frequencies, the influence of fibre orientation on muscle properties (i.e. the anisotropy) is 

thus reduced when a steady state of the tissue is considered (i.e. after cyclic relaxation).

For each orientation considered, it can also be observed that the amplitude of the stress 

cycles increases with the test frequency; the stress cycles amplitude is multiplied 

approximately five fold from 0.22 to 80Hz.

0.44Hz

F 45° 60° XF
fibre orientation

Figure 4-42: Evolution of the stress cycle amplitude with frequency for 10% amplitude 

cyclic tests performed on fresh porcine muscle samples.

For the hysteresis ratio, the trend in the results is not as clear due to relatively high 

variations. Figure 4-43 indicates however an increase in the hysteresis ratio with frequency.
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Also, hysteresis ratio seems to presents higher values in the cross-fibre direction. This 

observation contradicts other results showing that the viscoelastic component is more 

influential in the fibre direction. Additional investigation is required to comment further on 

this point.

0.22Hz 0.44Hz H B S H z  ■ ■ 1 2 0 H z  ■ ■ 8 0 H z

50

fibre orientation

Figure 4-43: Evolution of the hysteresis with frequency for 10% amplitude cyclic tests 

performed on fresh porcine muscle samples.
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4.4.2 Mathematical modelling

4.4.2.1 Quasi-linear viscoelastic SYM model

In this section, experimental results from cyclic tests are compared to theoretical results 

obtained with the quasi-linear viscoelastic SYM model. This model, which consists of a 

nonlinear transversely isotropic formulation extended with Prony series, has been 

successfully fitted to stress-relaxation data obtained at various rates and orientations of the 

muscle fibres (section 4.3.2). Using the parameters obtained from this fitting, theoretical 

predictions of muscle behaviour were calculated for low and high amplitudes cyclic tests. 

Figures 4-44 and 4-45 compare experimental and theoretical results obtained for 2% 

amplitude cyclic tests performed respectively at 0.22 and 0.4Hz.

Results show that, qualitatively, the model provides a good prediction of muscle cyclic- 

relaxation behaviour for cycles of low amplitude. Quantitatively, it can however be observed 

that the model tends to under-estimate the stress amplitude of the cycles. Nonetheless, the 

match between theory and experimental results can still be qualified as very good, 

accounting for the experimental variability and bearing in mind that the theoretical results 

presented in Figures 4-44 and 4-45 (— ) correspond to predictions made with the model -  i.e. 

using parameters obtained from the fitting to relaxation data (see section 4.3.2.1).
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Figure 4-44: Comparison between experimental results (— ) and viscoelastic SYM 

model predictions (— ) for low amplitude cyclic compression tests performed in (left) 

fibre and (right) cross-fibre directions at 0.22Hz.

(left) Fibre and (right) cross-fibre results are presented; the bottom graphs represent a 

close-up view o f  the results (black box area).
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Figure 4-45: Comparison between experimental results (— ) and viscoelastic SYM 

model predictions (— ) for low amplitude cyclic compression tests performed in (left) 

fibre and (right) cross-fibre directions at 0.4Hz,

(left) Fibre and (right) cross-fibre results are presented; the bottom graphs represent a 

close-up view o f  the results (black box area).

Figure 4-46 compares experimental and theoretical results obtained for 10% amplitude cyclic 

tests performed at 0.44Hz. It shows that the model does not fully predict the behaviour 

observed experimentally for high amplitude cyclic tests. Graphs (c) and (d) show that the 

model predicts relatively well muscle behaviour for the ramp and the first few cycles. The 

difference between theory and experiment increases however when the number of cycles 

increases. The model predicts similar relaxation behaviour during loading and unloading 

leading to cycles of constant amplitude; faster and sm aller relaxation was however observed 

experimentally for the unloading stress.
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Figure 4-46: Comparison between experimental results (—) and viscoelastic SYM 

model predictions (—) for high amplitude cyclic compression tests performed in (left) 

fibre and (right) cross-fibre directions at 0.44Hz.

(left) Fibre and (right) cross-fibre results are presented; the bottom graphs represent a 

close-up view o f  the results (c and d) at the beginning and (e and f) at the end o f  the tests.
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The discrepancies between muscle behaviour and theoretical predictions are more significant 

in the fibre than in the cross-fibre direction; this is due to the fact that a higher peak stress 

and a greater amount of cyclic stress relaxation are observed in the fibre direction.

Figures 4-47 and 4-48 compare experimental and theoretical results obtained for 10% 

amplitude cyclic tests performed at 5 and 20Hz in the fibre and cross-fibre directions. As 

explained previously (section 4.2.2), the mean compression level applied to the samples was 

controlled manually and the displacement history was not recorded during the first few 

second of the tests; it was therefore approximated to calculate the model response.
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F XF

10 -3

XF ex p  
X Fm od

F exp  
F m od

100 150
time (s)

100 150
time (s)

250

 ̂ i

0 A A A A Avwvv Q . /WVV\y V V V V 0 )  - 2  «
0)

«  -3
>s
£
3  -4 
(Q

O

------ F e x p  ' -5 XF ex p
F mod

■ 1 1 1 -6
------ X Fm od

I 1 1 I

149 149.2 149.4 149.6
time (s)

149.8 150 149 149.2 149.4 149.6
time (s)

149.8 150

Figure 4-47: Comparison between experimental results (—) and viscoelastic SYM 

model predictions (—) for high amplitude cyclic compression tests performed in (left) 

fibre and (right) cross-fibre directions at 5Hz.

The bottom graphs represent a close-up view o f  the results around 150s.
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Figure 4-48: Comparison between experimental results (— ) and viscoelastic SYM 

model predictions (— ) for high amplitude cyclic compression tests performed in (left) 

fibre and (right) cross-fibre directions at 20Hz.

The bottom graphs represent a close-up view o f the results around 150s.

Results from cyclic tests (section 4.4.1) showed that the stress cycles amplitude increases 

with frequency for muscle tissue. It was also observed that higher peak stresses are reached 

in the fibre than in the cross-fibre direction after the compressive ramp. A greater amount of 

stress relaxation is however observed in the fibre direction. The amplitude of the stress 

cycles is therefore approximately the same in both directions after cyclic relaxation.

Figure 4-47 shows that the model predicts relatively well results obtained in the cross-fibre 

direction at 5Hz. In the fibre direction however, the model predictions are poor; the peak 

stress observed experimentally cannot be reached.
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Figure 4-48 shows similar results for the tests performed at 20Hz in both directions; the 

model cannot predict the increase in stiffness observed experimentally with frequency.

Nearly identical stress amplitudes are in fact obtained with the model at 5, 20 and 80Hz. At 

these high frequencies, the maximum value o f stress that can be predicted by the model has 

been reached (see equation (4-9)).

This is a limitation o f the model, which has been outlined by previous authors interested in 

the modeling of ligaments viscoelasticity (Pioletti et a i ,  1998; W oo et a l ,  1981). To address 

this limitation of the QLV theory, Pioletti et al. (2000) developed a model in which stress- 

relaxation and the strain rate effect are discriminated according to the time scale of their 

effects (see section 2.4.3.4). The stress relaxation corresponds to the long time memory and 

can be described with the QLV theory for example; the strain rate dependence corresponds 

to the short time memory and requires the introduction of an explicit strain rate dependent 

term. The addition o f such a term in the QLV SYM model proposed could provide an answer 

to the limitation of the model at higher strain rates; further investigations are required on this 

point.

4A.2.2 Nonlinear viscoelastic SYM model

The previous section showed that the quasi-linear viscoelastic approach could not capture the 

nonlinear behaviour observed for muscle tissue during high amplitude cyclic tests. In this 

section, the nonlinear approach developed by Schapery (1969) is considered to represent 

skeletal muscle viscoelasticity. Schapery’s model is here briefly presented, further details are 

provided in the literature review (section 2.4.3.5).

Schapery’s formulation is a nonlinear generalisation of Boltzmann superposition principle:

(4-17)
0

with the reduced time, p, defined as

r
and (4-18)
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G ^ = G „(o o ) represents the equilibrium value of the relaxation modulus and AC{t)  the 

transient component of the modulus. The terms he, hi, h2 , and are strain-dependent 

material properties; they account for nonlinearities of the elastic properties {h,, and /?2 ) and 

the viscoelastic properties {hi and Gj).

Poon et al. (1998) extended Shapery’s one-dimensional model to a three-dimensional 

anisotropic formulation; using the index notation, the stress components are expressed as:

where the scalar functions he, /?/, /?2 are dependent on the strain tensor. The reduced time is 

influenced by the mechanical strain via:

Poon et al. proposed Prony series to describe the stress relaxation behaviour and polynomials 

for the strain dependent expressions he, hi, h2 and â .

In this thesis, the model was adapted to include the S Y M  formulation for the elastic 

behaviour o f muscle tissue. The quasi-linear S Y M  model developed in section 4.3.2.1 

already included nonlinearities for the elastic behaviour o f the tissue -  the S Y M  formulation 

taking the role of he and /jt in equation 4-17. The viscoelastic component was however 

linear; terms hi and were then introduced in equation (4-4) to account for viscoelastic 

nonlinearities {hi and are respectively denoted hj and Oj in the following equations).

The Cauchy stress in direction j  can therefore be expressed as:

_ k I J Q k I <-

(4-20)

(4-21)
0

with
dt

(4-22)
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hj and aj were chosen as (4-23)

hj(£j)=h,je  ̂+h2j£f 

A Prony series expansion is adopted for the reduced relaxation function,

N j
Gj{t) = p ^ j + ' ^ p j j e x p (  ) and the SYM formulation is introduced for the elastic

stress, <Jj =

i=i

k, j£j+k2j£j+kj jef

This leads to;

N  I

(Tj (t) = (0 + hj ( i j ) J  J/7y exp
i=\ 0 dr

d t (4-24)

Poon et al. also developed a method to perform the integration and implemented the model 

into a finite element analysis; using this recursive formula, the model was implemented in 

Matlab. Similar to the QLV approach, a fitting procedure was developed using the built in 

Matlab function lsqnonlin\ the code used to perform the fitting is provided in Appendix F. 

The model was first fitted to the high amplitude (10%), low frequency (0.44Hz) data. Table 

4-10 presents values of the parameters for fibre and cross-fibre data.

Table 4-10: Parameters for the nonlinear viscoelastic SYM model fitted to high 

amplitude cyclic data obtained at 0.44Hz on fresh porcine muscle tissue in fibre (left) 

and cross-fibre (right) directions.

F XF

k i L
(kPa)

f^2L
(kPa)

^3L
(kPa)

■ ” k i T
(kPa)

k i T
(kPa)

k i T
(kPa)

-

1.005 2.989 10.985 1.293 0.911 10.869

P iL P2L PSL P4L PSL P i t PZT PST P4T PST

0.374 0.285 0.077 0.078 0.101 0.097 0.532 0.072 0.000 0.086

T i l  (s ) Ti l  (s ) Ts l  (s ) T4L (S) rsL  (s) T i t  (s ) T2T (s ) T3T (s ) T4t  (s ) Ts t  (s )

0.6 6 30 60 300 0.6 6 30 60 300

h i L h zL O i l d lL - h / T ft2T O/T 02T -

2.337 12.532 2.337 12.532 - 0.858 9.17 \ 0.858 9.11 \ -
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Results of the fitting are presented in Figure 4-49. It shows that the model provides a good fit 

to the experimental data and is able to capture the nonlinear behaviour observed during these 

cyclic tests.
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Figure 4-49: Comparison between experim ental results (— ) and nonlinear viscoelastic 

SYM  model fitting (— ) for high amplitude cyclic com pression tests performed in fibre 

(left) and cross-fibre (right) directions at 0.44Hz.
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The match between experiments and theory is very good overall; discrepancies can however 

be observed during the ramp part of the test. This is due to the multiplication of the 

viscoelastic terms by a second order polynomial {hj in equation 4-21).

When cyclic tests performed at higher frequencies (5 to 80Hz) are considered, this model 

presents similar limitations as the quasi-linear model; it cannot predict the increase in 

stiffness observed with frequency for muscle tissue as illustrated in Figure 4-50 for results 

obtained at 5Hz in the fibre direction.

0 50 100 150 200 250
time (s)

Figure 4-50: Comparison between experimental results (— ) and nonlinear viscoelastic 

SYM model predictions (— ) for high amplitude cyclic compression tests performed in 

the fibre direction at 5Hz.

Figure 4-51 shows the evolution with deformation of hj and aj corresponding to fitting in the 

cross-fibre direction (j=XF). In the model, the amplitude of the viscoelastic terms is 

multiplied by hj and the time constants characterising the relaxation behaviour are multiplied 

by aj. Therefore, Figure 4-51 indicates that the amplitude of the viscoelastic terms is reduced 

at lower compression levels {hxF decreases) and the value of time constants are reduced at 

higher compression levels {uxf decreases).

-  1 6 2 -



1.5

0.5

Q.

 hXF
 aXF

. 0 .5 1----------.------------ ,----------- ,-----------.-----------1----------
0.7 0.75 0.8 0.85 0.9 0.95 1

Stretch ratio

Figure 4-51: Evolution with stretch ratio of expressions hj and aj,j=XF (see equation 4- 

21) obtained from fitting to cyclic data in the cross-fibre direction.

Using the parameters obtained from fitting to the cyclic data, the nonlinear model was then 

used to predict muscle relaxation behaviour. Results obtained are compared to experimental 

data in Figure 4-52. It shows that the response obtained with this nonlinear model is not as 

good as the response obtained with the quasi-linear model for what concerns relaxation 

behaviour. Theoretical and experimental results remain relatively close; however, the model 

relaxes faster than muscle tissue and under-predicts the peak stresses reached after 

compression. This is due to the influence of the nonlinear term aj, which reduces the value of 

the relaxation constants at higher compression levels (see Figure 4-51).
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Figure 4-52: Comparison between experimental stress-relaxation results (—) and 

nonlinear viscoelastic SYM model predictions (-—) in the cross- fibre direction.
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4.5 Discussion

4.5.1 Summary of experimental results

This chapter aimed to investigate the viscoelastic behaviour of skeletal muscle tissue under 

com pressive loading. Uniaxial stress-relaxation and cyclic compression tests were performed 

on fresh porcine muscle tissue in vitro. Samples were tested at various orientations o f the 

muscle fibres, various strain levels and various strain rates in order to investigate if muscle 

viscoelastic behaviour depends on fibre orientation, strain and/or strain rate.

4.5.1.1 Skeletal muscle compressive behaviour

In chapter 3, the long term elastic properties of muscle tissue were investigated by means of 

uniaxial unconfmed compression tests performed at a rate o f 0.05%s '; these tests were 

mainly conducted in the fibre, the cross-fibre and at 45° from the fibre direction. Results 

showed that muscle elastic behaviour is transversely isotropic; the stiffest direction being the 

cross-fibre direction, followed by the fibre and the 45° direction. In this chapter, similar tests 

performed at compression rates ranging from 0.5 to 10%s ' are also described. During these 

tests, a stiffening effect with compression rate was observed in all directions of testing; faster 

rates give higher peak loads at a given deformation level. The increase in stiffness with 

compression rate is however more significant in directions closer to the fibre direction. 

During quasi-static tests (0.05%str.s '), the cross-fibre direction appears to be much stiffer 

than the fibre direction; however, when the compression rate increases, the difference in 

stiffness between both directions diminishes. Figure 4-53 summarises these observations.

The influence of the viscoelastic component is then greater in directions closer to the muscle 

fibres.
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Figure 4-53: Evolution with deformation rate of the stress reached after 30% 

compression in various orientations of the muscle fibres.

Mean values with standard deviations.

To explain this behaviour, muscle tissue can be considered as made of “bags” (fibre 

fascicles) filled with fluid (Figure 4-54). The movement of the fluid component appears to be 

easier along the fibres. When compression takes place in the cross-fibre direction (a), the 

fluid is free to rearrange itself; whereas during compression in the fibre direction (b), the 

fluid is “trapped” between the compression plates and higher stress levels are reached. It has 

to be emphasised that no expulsion of fluid from the specimens was observed during these 

tests.

r

(b)(a)
Figure 4-54: Illustration of the influence of the fluid component on muscle viscoelastic 

behaviour during compression in (a) cross-fibre and (b) fibre directions.
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Skeletal muscle compressive behaviour is thus dependent on fibre orientation (anisotropic) 

and compression rate. Results indicate that above a very small compression rate, the 

viscoelastic component plays a significant role on muscle mechanical properties; this is 

graphically summarised in Figure 4-55.

O 40

O 20

0.050.5 1
compression rate (%s"’)

Figure 4-55: Relative contribution of the viscoelastic component to the total stress 

reached at 30% compression at various strain rates and fibre orientations.

V alues o b ta in ed  using equ a tion  (4 -1 ) w ith  =  m ean re la x ed  va lues

4.5.1.2 Skeletal muscle relaxation behaviour

Following the compressive ramp performed at various rates, deformation was held constant 

for 300s to allow for relaxation of the tissue. Results show that a significant amount of 

stress-relaxation occurs: over 45% and over 60% stress-relaxation are respectively observed 

in the cross-fibre and fibre directions for tests performed at 0.5%s '. The data also show that 

over 80% of the total relaxation amount occurs within 100s after the ramp.

After analysis, it was considered that muscle relaxation behaviour is independent on 

compression rate; samples relax to the same equilibrium value independenUy o f the 

compression rate.
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An increase in the relative amounts o f stress-relaxation was observed with an increase in 

angle from the fibre direction, indicating again muscle anisotropic viscoelastic behaviour and 

the greater influence of the viscoelastic com ponent in directions closer to the muscle fibres. 

Finally, relaxation tests were performed in the fibre and cross-fibre directions up to three 

levels of compression, i.e. 10, 20 and 30%. Results from these tests indicate that the rate of 

relaxation increases when the level of com pression decreases. Even though a statistically 

significant difference appears only in the fibre direction, results seem to indicate that muscle 

relaxation behaviour is dependent on the com pression level.

4.5.1.3 Skeletal muscle cyclic behaviour

In order to investigate muscle dynamic behaviour, cyclic tests were perform ed on fresh 

porcine muscle samples with various cycles amplitudes (2 or 10%) and frequencies (0.22 to 

80Hz, corresponding to compression rates ranging from 1 to 3200%s ').

During the low amplitude (2%), low frequency (0.22Hz and 0.44Hz) tests, muscle tissue 

displayed a linear viscoelastic behaviour. As expected, cyclic relaxation (i.e. a decrease in 

peak stresses with an increasing number of cycles) and hysteresis (i.e. different paths 

followed by the loading and unloading curves) were observed in the results. Qualitatively, 

fibre and cross-fibre results were similar, with the cross-fibre direction being stiffer than the 

fibre direction. In the fibre direction approxim ately 18% of the loading energy was 

dissipated during each cycle; only 13% was dissipated in the cross-fibre direction.

However, during higher am plitude (10%) tests, muscle tissue displayed a nonlinear 

behaviour. Cyclic stress-relaxation of the tissue and hysteresis were again observed. Peak 

stresses decreased gradually with an increasing number of cycles; valley stresses however 

appeared to be completely relaxed over a small number of cycles. Also, the cycle amplitudes 

were sufficient to return the stress to a value close to zero, even though samples were still 

submitted to a compression level of 20%. In 2% amplitude tests, relaxation behaviour was 

identical for loading and unloading; in tests with higher amplitudes, the unloading stress 

relaxed both less and faster than the loading stress.
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Results also show that a greater amount o f cyclic stress-relaxation occurs in the fibre and 45° 

directions. This confirms the observation made during static stress-relaxation experiments; 

the viscoelastic component has a greater influence in directions closer to the muscle fibres. 

For high amplitude tests performed at higher frequencies (5 to 80Hz), results are 

qualitatively similar to results obtained at lower frequencies, the main difference being the 

amplitude of the stress cycles. An increase in the amplitude of the stress cycles is indeed 

observed with the frequency; Figure 4-56 (a) summarises the results obtained in all 

directions of testing. It shows that at the frequencies considered, the amplitude of the stress 

cycles is relatively independent on the fibre orientation (for values measured after cyclic 

relaxation).

The hysteresis ratio, i.e. the energy dissipated per cycle, also increases with the frequency. 

Results obtained at higher frequencies present however higher variability and further tests 

would be required to draw definite conclusions on this point.

Figure 4-56 (b) summarises the findings.

(a) (b)

F 45° 60° XF F 45° 60° XF
fibre orien tation  fibre orien tation

0.22Hz 0.44Hz H i S H z  ■ ■ 120H z ■ ■ 8 0 H z

Figure 4-56: Evolution of (a) the stress cycle amplitude and (b) the hysteresis with 

frequency for 10% amplitude cyclic tests performed on fresh porcine muscle samples.
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4.5.2 Comparison of experimental results with published data

When compressive loading is considered, chapter 1 of this thesis showed that the literature 

on muscle elastic behaviour was sparse; muscle viscoelastic behaviour has even been less 

investigated.

In 2001, Bosboom et al. presented results of compression tests conducted in vivo on rat 

tibialis anterior (TA) muscles in the transverse direction. Each TA was compressed 

following a ramp and hold function, with a ramp speed of 0.25mm.s ' and a hold phase of 

20s only; muscle relaxation behaviour could thus not be fully captured. Due to the non- 

uniform geometry of the muscle tested, stress-strain curves could not be obtained and a 

direct comparison with these experimental data is not possible. Bosboom et al. fitted their 

experimental data with a viscoelastic hyperelastic model. They implemented viscoelasticity 

by means o f a single term Prony series expansion; the multiplication factor of the Prony 

series had a value of 0.549 and the time constant a value of 6.01 s. This corresponds to one of 

the five time constants adopted in this thesis to characterise muscle relaxation behaviour. 

Zheng et al. (1999) performed in vivo indentation tests performed on human bulk muscular 

tissues. They used indentation rates ranging approximately from 4 to 40%s ' and reported 

that the tissue properties appeared to be rate-insensitive in the range tested. This contradicts 

our findings which show a dependency of muscle compressive behaviour to compression 

rate.

Silver-Thorn et al. (1999) also performed in vivo indentation tests performed on human 

m uscular tissues. They reported that limb bulk soft tissues undergo substantial relaxation: 

after indenting the tissue at 5mm.s ', 95% relaxation was observed on average; the majority 

o f this relaxation (85%) occurring within the first five seconds after indentation. Equilibrium 

was typically reached in less than 60 s. These values are higher than the values observed 

during our tests; approximately 50% relaxation was obtained in the cross-fibre direction and 

80% of this amount occurred in 100s.
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As mentioned previously, in vivo indentation tests measure bulk m uscular properties (skin, 

fat and muscle tissue); muscle activity was only assessed qualitatively in the tests. These 

factors could influence the results and explain the differences observed.

Grieve and Armstrong (1988) performed in vitro measurements o f aged porcine muscle 

tissues compressive properties at various strain rates. As mentioned in chapter 3, results 

obtained by Grieve and Armstrong at a quasi-static rate are slighdy stiffer than the results 

obtained in this work on fresh muscle tissue. However, an increase in stiffness with 

compression rate was also observed in their experiments. The stress reached after 30% 

compression is approximately doubled from 0.05 to 2.5%str.s '; this is similar to the 

observations made in this thesis (Figure 4-53).

M cElhaney (1966) and Van Sligtenhorst et al. (2006) also measured muscle compressive 

properties. However, very high compression levels (up to 80%) and very high strain rates (up 

to 2300s ') were considered in these studies and the results are presented in such a way that 

data cannot be read for the deformation levels and compression rates considered in this 

thesis. McElhaney reported that the maximum compressive stress measured at 75% strain is 

multiplied by only 2.6 from tests performed at 0.001 to lOOOstr.s '. In the data published by 

Van Sligtenhorst et al. (2006), a multiplication factor of 4.5 was observed between data 

measured at 1000 and 2300str.s ', at 30% compression.

Finally, Song et al. (Article in Press) also performed in vitro compression tests on porcine 

muscle tissue at strain rates ranging from 0.007 to 3700 s '. Again the very high strain rates 

considered and the presentation of the data does not allow a direct comparison with the data 

obtained in this thesis. Results obtained in the fibre and cross-fibre directions are presented 

in Figure 4-57. Song et al. concluded that porcine muscle compressive response is nonlinear 

and strongly strain-rate sensitive. Figure 4-57 shows however that data obtained at strain 

rates of 0.007s ' and 0.07s ' are identical and the strain-rate effect remains small for strain 

rates below 540s '. This contradicts the findings by Grieve and Armstrong (1988) as well as 

the data obtained in this thesis and leads to question the sensitivity of the tests performed on 

the SHPB apparatus. Song et al. comment that the strain-rate sensitivity appears to be more

-  171  -



significant in the cross-fibre direction. Figure 4-57 indicates however that this observation 

holds only for data obtained at 3700 s ' in the cross-fibre direction; below this strain rate, the 

strain-rate sensitivity appears to be more significant in the fibre direction.
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Figure 4-57: Results from compression tests performed on porcine muscle tissue at 

various strain rates, in fibre and cross-fibre directions (reproduced from Song et al.. 

Article in press).

The studies published confirm the results obtained in this thesis, i.e. skeletal muscle 

compressive properties are dependent on the deformation rate. Quantitative com parisons are 

however difficult to establish due to differences in the experimental protocols used. An 

attempt was however made to globally characterise the increase in stiffness observed with
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compression rate. Three sets o f data were considered; compression tests (single stroke) 

performed in this thesis at rates ranging from 0.05 to 10%s ', 10% amplitude cyclic 

compression tests performed at rates ranging from 5 to 3200%s ' and compression tests 

(single stroke) performed by Song et al. at rates ranging from 7 to 3700.10' %s '. Data 

obtained in the fibre direction were considered. Numerical values are provided in Table 4-11. 

For single stroke tests, the value of stress obtained at 30% compression was taken to 

establish the comparison; for cyclic tests, the amplitude o f the stress cycles was considered 

(Absolute stress in Table 4-11). For each type of test, the value of stress obtained at the 

smaller rate was taken as a reference and the ratios between this value and values obtained at 

higher rates were calculated (Stress ratios by test type in Table 4-11). These ratios were then 

combined to show the increase in stress from a compression rate o f 0.05%s ' (ratio o f 1) to a 

rate of 3700.10' %s ' (Global stress ratios in Table 4-11). Results are graphically presented 

in Figure 4-58 (a logarithmic scale was used to better visualise the results).

Table 4-11: Numerical values used to characterise the increase in stress with 

compression rate for skeletal muscle tissue.

Type of test Compression 
rate (%s ')

Absolute stress 
value (kPa)

Stress ratios by 
test type

Global stress 
ratios

0.05 -0.6 1 1

0.5 -1.4 2.3 2.3
Ramp -  Van

1 -1.5 2.5 2.5Loocke
5 -2.3 3.8 3.8

10 -3.0 5 5

5 -1.2 1 -

10 -1.3 1.1 4.1
Cyclic -  Van 

Loocke 200 -2.7 2.2 8.6

800 -3.4 2.8 10.9

3200 -4.9 4.1 15.7

7 -15.4 1 -

Ramp -  Song 540.10- -52.1 3.4 12.9
eta l. 1900.10“ -155.8 10.1 38.8

3700.10- -339.6 22.1 84.5
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Figure 4-58: Relative increase in stress with compression rate for skeletal muscle tissue.

Values calculated from  tests perform ed in this thesis (compressive ramp —  and cyclic  — j 

and compression tests by Song et al. (In Press) (— ).

Even though different types o f tests were performed, an almost continuous evolution is 

observed in the results. Figure 4-58 indicates that skeletal muscle compressive behaviour 

depends strongly on the rate of deformation applied, more so than the com pression rate 

increases.

The dependency o f the rate of relaxation on the level of deformation, observed during tests 

performed at various compression levels, was also observed for ligaments (Provenzano et al., 

2001). The tests performed on muscle tissue up to 10, 20 and 30% com pression showed a 

decrease in the rate o f relaxation when the level o f compression increases. Provenzano et al. 

(2001), performed tensile tests on medial collateral ligaments and made similar observations. 

Provenzano et al. speculate that the decrease in relaxation rate with increasing strain could 

be the result of larger strains causing greater water loss during the tests. No fluid loss was 

however observed during the tests performed on muscle tissue for this thesis.

Concerning results from the cyclic tests and the observations made on muscle hysteresis, a 

direct comparison cannot be established given the lack of published data.
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Best et al. (1994) performed in vivo tensile tests on rabbits tibialis anterior muscles. The 

experimental protocol consisted of a relaxation test followed by six constant velocity tests at 

rates ranging from 0.01 to 2Hz; details on strain histories are however not provided. A value 

of 39.3 ± 5.4% is reported for the average hysteresis energy, which appears to be insensitive 

to the deformation rate. This value is in good agreement with the values of hysteresis 

measured in the fibre direction for 10% amplitude cyclic tests: 35% at 0.22 and 0.44Hz, and 

39% at 5Hz. The lack of details concerning the tests performed by Best et al. does however 

not allow one to draw further conclusions.

4.5.3 Limitations of the experimental procedure

A critical point in the measurement of a m aterials’ relaxation behaviour is the choice of the 

cut-off time for the experiment. The values of stress reached after 300s were here considered 

as steady-state, relaxed values even though a small amount of relaxation still occurred after 

the end of the tests. Over 80% of the total relaxation amount occurred however within 100s 

after the ramp and the 300s allowed for relaxation was considered as a good compromise 

between measurement of “truly relaxed” muscle properties and test duration. The time 

allowed for testing was limited by rigor mortis appearing in the tissue a few hours after death 

and leading to stiffer mechanical properties.

Small differences were observed between values of stress obtained during quasi-static tests 

and values of stress obtained from ramp and hold tests, after relaxation. These values should 

be similar as they both correspond to the long term elastic properties of the tissue. This is 

probably due to the fact that the compression rate adopted for quasi-static tests was not small 

enough to measure only long term elastic properties. As mentioned in section 3.4, 

0 .05% str.s'' was however chosen as a compromise between test duration and measurement 

of true, long term elastic properties of the tissue.

Comparisons between quasi-static and relaxed values show that significant differences 

appear only in the cross-fibre direction. Even though no expulsion of fluid was noticed 

during the tests, this effect could be explained by the fact that fluid has the possibility to
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freely rearrange itself during tests in the cross-fibre direction and come to the surface of the 

material, reducing the stress in this way.

In tests performed at high frequencies (20 and 80Hz), higher levels of variation were 

observed compared to lower frequencies tests. This is due to vibrations and noise appearing 

in the system at those high frequencies, which diminishes the quality of the signals 

measured. Qualitatively, the results obtained are representative of the behaviour of muscle 

tissue; quantitatively, however, results are not as accurate as tests performed at lower 

frequencies.

4.5.4 Modelling of muscle viscoelastic properties using the QLV theory

The quasi-linear viscoelastic theory developed by Fung remains the most widely used 

approach to represent soft tissue viscoelasticity. The applicability of this model (in a 

discretised form) to represent skeletal muscle viscoelastic properties was therefore 

investigated. The model proposed is an extension with Prony series of the SYM model, 

which successfully represents the nonlinear elastic, transversely isotropic properties of 

muscle tissue (Chapter 3).

A unidirectional approach was first investigated; fitting of the model was performed 

individually for each orientation of the muscle fibres considered. A five term Prony series 

was adopted for the viscoelastic formulation. The viscoelastic time constants were fixed at 

0.6, 6, 30, 60 and 300s; the multiplicative viscoelastic parameters were calculated by 

simultaneous fitting to relaxation data obtained at compression rates of 0.5, 1 and 10%s''. 

Results show that the model provides a good fit to the data considered as well as a good 

prediction of muscle behaviour at rates of 0.05 and 5%s’’.

Anisotropy was then considered and a relationship between fibre orientation and viscoelastic 

properties was established. Using a similar approach as for muscle elastic properties, it was 

hypothesised that muscle viscoelastic properties are transversely isotropic. Parameters of the 

model were obtained by fitting to stress-relaxation data obtained in the fibre, the cross-fibre
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and the 45° direction; the model was then successfully used to predict stress-relaxation 

behaviour at 60° from the fibre direction.

The first limitation of the model appears in the prediction of muscle relaxation behaviour at 

various strain levels. Results from relaxation tests performed at 10, 20 and 30% compression 

indicate that the rate of relaxation increases when the level of compression decreases. This 

cannot be captured by the model; however, the magnitude of the theoretical results remains 

close to experimental data.

When muscle cyclic tests are considered, the quasi-linear viscoelastic model provides good 

predictions of muscle behaviour for cycles o f low amplitude (2%). However, when higher 

amplitude cycles are performed, the model cannot fully capture muscle behaviour which is 

nonlinear.

Finally, when higher strain rates are considered, the model is not adequate to capture the 

increase in stiffness observed for muscle tissue. The maximum value of stress that can be

n

reached with the model is a ^ j =( k j j £ j  + k 2j £ J  + k j j e j ) / ( l - ' ^ P j j ) . Theoretically, it
/ = i

corresponds to the instantaneous elastic stress that would be reached if deformation was 

applied at an infinite rate. In practice however, the deformation rate does not have to be 

infinite to attain this value, the stress reached during tests performed at a rate of 10%s'' is 

close to this maximum value. Therefore, the model cannot fully capture the increase in 

stiffness characteristic of muscle behaviour when higher strain rates are considered.

Further improvement of the model needs to be made to address this limitation. The approach 

by Pioletti et al. (2000) is recommended for future research; an explicit strain-rate dependent 

term should be introduced in the quasi-linear viscoelastic SYM model proposed in order to 

represent adequately muscle behaviour at higher deformation rates. This approach is 

however not straightforward and requires further investigations which fell beyond the 

timeframe of this thesis.
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4,5.5 Modelling of muscle viscoelastic properties using a nonlinear viscoelastic 

model

Finally, a nonlinear viscoelastic approach was envisaged to capture the nonlinearities 

observed during high amplitude cyclic tests. The basis of this formulation remains the 

extension of the SYM formulation with a five terms Prony series. Compared to the quasi- 

linear model, two strain dependent terms were introduced; one acting on the amplitude of the 

viscoelastic components and the other one acting on the value of the viscoelastic time 

constants.

The model provides a good fit to the experimental data and is able to capture the nonlinear 

behaviour observed during high amplitude cyclic tests.

W hen cyclic tests performed at higher frequencies (5 to 80Hz) are considered, this model 

presents similar limitations as the quasi-linear model; it cannot predict the increase in 

stiffness observed with frequency for muscle tissue.

The nonlinear model was then used to predict muscle relaxation behaviour. The response of 

this nonlinear model is not as good as the response obtained with the quasi-linear model. 

Theoretical and experimental results remain relatively close; however, the model relaxes 

faster than muscle tissue and under-predicts the peak stresses reached after compression. 

This is due to the influence of the nonlinear term, which reduces the value of the relaxation 

constants at higher compression levels

The limitation concerning the strain rate dependency is also present with this formulation 

and requires the introduction of an additional strain-rate dependent term at higher 

compression rates.
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5.1 Main experimental results of the thesis

This thesis was aimed to further advance the knowledge of passive skeletal muscle properties 

in compression. The stated objectives (chapter 1) were to provide an experimental as well as 

a mathematical characterisation o f passive skeletal muscle properties under compressive 

loading.

Given the paucity of published data concerning muscle compressive behaviour and the 

complexity of skeletal muscle structure and physiological behaviour, a fundamental 

experimental approach was adopted. Only the passive properties of the tissue were 

considered; tests were performed in vitro using specimens with regular geometry; all 

samples were obtained from animals of the same species, age and gender; the same muscle 

was considered in each subject. These experimental restrictions were addressed in the 

discussion chapters; they brought limitations in the results obtained but also led to reliable 

data, presenting small variations.

The mechanical properties of the tissue were investigated using uniaxial unconfined 

compression tests performed up to 30% deformation, at various orientations of the muscle 

fibres and various compression rates. These parameters were varied to characterise the 

nonlinearity and anisotropy of skeletal muscle elastic and viscoelastic properties in 

compression.

Tests performed at the quasi-static rate of 0.05% s'' showed that the elastic compressive 

behaviour o f muscle tissue is nonlinear, transversely isotropic with the axis of symmetry 

running along the direction of the muscle fibres. The stiffest characteristics are observed in 

the cross-fibre direction of the tissue and the most compliant properties are observed at 45° 

from the fibre direction, due to low shearing properties (Figure 5-1).

Significant differences in stiffness appear between the three orientations considered; muscle 

tissue is strongly anisotropic and it is therefore important to consider this anisotropy when 

modelling muscle elastic properties.
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Figure 5-1: Elastic properties of fresh porcine muscle tissue under compressive loading 

in three orientations of the muscle fibres.

Little data are available in the literature to compare and validate the results obtained in this 

work. Data published on muscle properties appear however to be stiffer than the properties 

measured in this thesis on fresh porcine tissue. Amongst other parameters, this could be 

attributed to the young age of the animals used for the tests and this factor should be further 

investigated in future.

Tests performed at compression rates ranging from 0.05 to 10%s ' answered one o f the 

questions raised at the beginning of this project concerning the significance of deformation 

rate on muscle mechanical properties. During these tests, a stiffening effect with 

compression rate was observed in all directions of testing (Figure 5-2). This stiffening is due 

to the viscoelastic component which plays a significant role on muscle mechanical behaviour 

from a very low compression rate as illustrated in Figure 5-3.

Skeletal muscle viscoelastic properties must therefore be taken into account when modelling 

the tissue behaviour, even in applications where strain rates remain small (e.g. modelling of 

surgical procedures).

Figure 5-3 also illustrates that the influence of the viscoelastic component is greater in 

directions closer to the muscle fibres; skeletal muscle also presents anisotropic viscoelastic 

behaviour.
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Figure 5-2: Evolution with deformation rate of the stress reached after 30% 

compression in various orientations of the muscle fibres.

Mean values with standard deviations.
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Figure 5-3: Relative contribution of the viscoelastic component to the total stress 

reached at 30% compression at various compression rates and fibre orientations.

Muscle relaxation behaviour was also investigated. A substantial amount o f stress-relaxation 

occurred when deformation was held constant after a compressive ramp, with the main 

relaxation happening within the first 100s after the ramp.

Results indicated that muscle relaxation behaviour was independent of compression rate. A 

dependency on compression level was however observed; the rate of relaxation increased



(moderately) when the level of compression decreased; similar behaviour has previously 

been observed for ligaments but no satisfactory explanation has yet been provided.

Under low amplitude, low frequency cyclic deformation, muscle tissue displayed a linear 

viscoelastic behaviour. When higher amplitude cycles and higher frequencies were 

considered, nonlinearity was however observed in the tissue behaviour.

Cyclic stress relaxation and hysteresis characterised the tissue response during these tests. 

An increase in the amplitude of the stress cycles with an increase in frequency was also 

observed during the 10% amplitude tests cyclic tests which were performed at frequencies of 

0.22, 0.44, 5, 20 and 80 Hz, corresponding to compression rates o f 5, 10, 200%s ', 800%s ' 

and 3200%s ‘ (see Figure 5-4).

0.44Hz

F 45° 60° XF
fibre orien tation

Figure 5-4: Evolution of the stress cycle amplitude with frequency for 10% amplitude 

cyclic tests performed on fresh porcine muscle samples (values taken after cyclic 

relaxation).

In order to globally characterise the stress increase observed for muscle tissue with 

compression rate, data obtained in this thesis during single ramp and cyclic compression 

tests, as well as data obtained at very high strain rates by Song et al. (at press) were 

considered. The relative increase in stress was calculated, taking the value o f stress obtained 

at the quasi-static rate of 0.05%s ' as a reference (see section 4.5.2 for details). Figure 5-5
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presents the results o f this comparison. Even though different types of tests were performed, 

an almost continuous evolution is observed in the stress increase. Figure 5-5 shows that 

skeletal muscle behaviour depends strongly on the rate of deformation applied; this 

dependency becomes even more significant than the compression rate increases.

100
— ramp Van Loocke 
—♦ —cyclic Van Loocke 
—♦ — ramp Song et al.80

O
(0
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Vi
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0) 40

(/)

20

Compression rate (%s'^)

Figure 5-5: Relative increase in stress with compression rate for skeletal muscle tissue.

Values calculated from  tests perform ed in this thesis (compressive ramp —  and cyclic — ) 

and compression tests by Song et al. (In Press) — .

5.2 Model proposed to represent skeletal muscle behaviour in 

compression

Results obtained during quasi-static tests indicate that skeletal muscle has transversely 

isotropic elastic properties. The model proposed to represent these properties is a nonlinear, 

transversely isotropic model, based on the theory o f linear elasticity for transversely isotropic 

bodies and including strain dependent Young’s moduli (SYM) to account for nonlinearities 

in the tissue.
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T he follow ing equations characterise the SYM  model:
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M odel param eters corresponding to  fresh porcine m uscle tissue are presented in T able 5-1. 

This m odel p rovides a very good fit to the data in the cross-fibre d irection, the fibre direction 

and at 45° from  the fibre direction. It also y ields a very good prediction o f  m uscle behaviour 

at 30° and 60° from  the fibre direction.

Table 5-1: Parameters for the SYM model fitted on fresh porcine data

k j L  (kPa) k 2 L  (kPa) k 3L  (kPa) A:/r(kPa) k 2 T  (kPa) ^iT-(kPa)

1.31 3.89 14.28 1.68 1.18 14.13

k j 4 5  (kPa) k z 4 5  (kPa) k i4 5  (kPa) II>

V t T' V t l

0.66 2.09 10.73 0.50 0.65 0.36

In o rder to account fo r the tissue v iscoelatic properties, a d iscretised  quasi-linear viscoelastic 

approach was adopted and the SY M  m odel w as extended w ith Prony series. U sing a sim ilar 

approach as for m uscle elastic properties, it w as hypothesised  that m uscle viscoelastic 

properties w ere transversely  isotropic.
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The formulation developed is summarised by the equations presented below.

The Cauchy stress in direction j  is defined as:

V 3^,(7)
Oj i t )  = Ej S j  it) + (5-5)

with Ej  = kj j  + k 2 j £j  + k j j e j  (5-6)

5
V P i jEj  = 2 ^  exp

V J

T ^ v  r V

^L T  ^45

(5-7)

(5-8)

P o o ;  = 1 -  X  Pij •

(=1

A five term Prony series was adopted for the viscoelastic formulation. The viscoelatic time 

constants Ty were fixed at 0.6, 6, 30, 60 and 300s and the multiplicative viscoelatic 

parameters ptj were calculated by simultaneous fitting to stress-relaxation data obtained at 

compression rates of 0.5, 1 and 10%s '. Parameters of the fitting corresponding to fresh 

porcine muscle tissue are presented in Table 5-2 for fibre, cross-fibre and 45° data.

Table 5-2: Parameters for the quasi-linear SYM model fitted on fresh porcine data

k,L (kPa) 

1.005

k 2L (kPa)

2.989

k 3L (kPa) 

10.985

P lL

0.465

P2L

0.200

P3L

0.057

P4L

0.066

PSL

0.089

A:yr(kPa)

1.293

A:2r  (kPa) 

0.911

A:jr(kPa)

10.869

P i t

0.467

P2T

0.120

P i t

0.026

P4T

0.100

PST

0.056

k,45 (kPa) 

0.510

k24s (kPa) 

1.611

k}4s (kPa) 

8.254

Pus

0.419

P245

0.200

P34S

0.057

P445

0.072

PS45

0.088

A phenomenological approach was used here; the model proposed describes the overall 

behaviour of muscle tissue by means of mathematical equations which are not related to the 

microstructure of the material. This type of approach has the advantage of being relatively
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simple and easy to implement; it presents however limitations when modelling complex 

structures such as skeletal muscles in various loading conditions.

Very good agreement between theoretical and experimental results was obtained with this 

model for what concerns stress-relaxation and low amplitude cyclic tests. When muscle 

tissue was submitted to cycles of higher amplitudes, the model presented poorer predictive 

capabilities due to the nonlinearities displayed by the tissue.

Nonlinearities were therefore introduced in the model by means of two additional strain- 

dependent terms. In this model, the Cauchy stress in direction j  is defined as:

N  I
/

'=• 0 V

J J _ J _

d r
- d r (5-9)

with

dt'

hj (£j )=hi j£j  +h2j£J 

aj (£j )=\ -hj j ej +h2j i j

(5-10)

Parameters of the model were obtained by fitting to cyclic data and are presented in Table 

5-3. Compared to the QLV formulation, py were the only parameters modified; h ij = a-,j were 

added parameters.

Table 5-3: Parameters for the nonlinear viscoelastic SYM model fitted on fresh porcine 

data

h i L  (kPa) fi2L (kPa) P iL P2L P3L P4L PSL

2.337 12.532 0.374 0.285 0.077 0.078 0.101

h j r i kPa) h 2T (kPa) P i t P i t PST P4T PST

0.858 9.771 0.097 0.532 0.072 0.000 0.086

This model captured well the nonlinearities observed during high amplitude cyclic tests. The 

predictions obtained for muscle relaxation behaviour are however poorer than with the quasi- 

linear approach.
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This illustrates again the limitations of the phenomenological approach. The model should 

therefore be chosen depending on the application and the loading conditions to which the 

material is submitted.

Finally, the models proposed (quasi-linear or nonlinear) are not able in their current form to 

fully capture the increase in stiffness characteristic of muscle behaviour when high 

deformation rates are considered. The addition of an explicit strain-rate dependent term in 

both models could be an answer to this limitation; however, this is not straightforward and 

further investigations are required on this point.

5.3 Guidelines for future work

This study has provided new information on skeletal muscle compressive behaviour. 

Numerous questions have however been raised and remain unanswered. As George Bernard 

Shaw once said, “Science never solves a problem without creating ten more.”

Experimentally, the most challenging aspect of future research will probably be to relate data 

on animal muscle to human skeletal muscle. Due to the difficulties involved with tests on 

human tissue, most available data has been obtained on animal muscle. It is well known that 

differences in muscle properties exist between species. However, differences have also been 

observed between subjects of the same species and between muscles of the same subject. 

These variations usually concern the quantitative and not the qualitative behaviour of the 

tissue, which is related to its structure and is essentially the same for all skeletal muscles. 

Variations in fibre size or amount of connective tissue present in a specific muscle could 

explain the differences observed and it would therefore be advantageous to relate skeletal 

muscle mechanical properties to a structural parameter such as fibre size. This could help 

bring together past and future research on muscle mechanical behaviour.

Non-invasive techniques, combining in vivo measurement of deformation (using MRI for 

example) and finite element modelling, are probably the most promising tools to obtain 

accurate information on the behaviour of human skeletal muscle in living conditions. In view 

of this, one of the future tasks to be performed should be the finite element implementation
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of the model proposed. Using the recursive method presented in chapter 2, the 

im plementation of the discretised formulation developed should not present great difficulties. 

From  a modelling point of view, efforts should also be made to further improve the model 

proposed for applications where high deformation rates are envisaged. On this point of view, 

it would also be interesting to perform further experiments to characterise muscle behaviour 

at high compression rates and fill in the gap shown on Figure 5-5 between rates of 3.10^ and 

5.1 O'* %s-'.

Finally, the consideration of muscle active properties also leads to a new area of 

investigations concerning muscle compressive behaviour. Much stiffer properties are 

observed in tension when skeletal muscle is activated. Does this increase in stiffness 

influence the transverse isotropy observed in the passive tissue? Does the viscoelastic 

com ponent still play a significant role in muscle behaviour when activated? How can these 

changes be modelled?

Despite the advance made in this thesis, the knowledge of skeletal muscle compressive 

properties still remains unsatisfactory, and numerous perspectives are therefore opened to 

further investigate the mechanical behaviour of this complex structure.

5.4 Concluding remark

The author of this thesis hopes that useful information has been provided on the behaviour of 

skeletal muscle under compression and that this information will find adequate use in 

applications where more accurate human body models are required.

The data presented in this thesis were obtained from tests performed on young porcine 

skeletal muscle. Given the similarities in structure between human and porcine muscular 

tissue, it is believed that the model proposed will successfully represent the qualitative 

behaviour of human muscle. Quantitatively, however, the parameters provided for the model 

might not be adequate for human muscles. Further efforts should therefore be dedicated to 

relate animal and human muscle properties, and eventually establish scaling factors relating 

muscle mechanical behaviour to parameters such as age, muscle type and species.
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Finally, the author also hopes that the need to attain more repeatable data and perform more 

uniform investigations concerning soft tissue properties has been demonstrated and that this 

thesis will inspire future research on the mechanical properties of soft tissues.
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Appendices

The appendices are provided electronically on the cd attached at the back of the thesis. 

Considering the amount of data obtained in this study, the electronic format was adopted in 

order to reduce pages number and also to provide data in a directly usable format.

In each folder of the cd, a word document gives details on the data provided.

APPENDIX A: Quasi-static tests results -  Complete data set.

APPENDIX B: Details on the dynamic testing rig 

APPENDIX C: Relaxation tests results -  Complete data set.

APPENDIX D: Matlab code used for the implementation of the quasi-linear viscoelastic 

SYM model.

APPENDIX E: Cyclic tests results -  Complete data set.

APPENDIX F: Matlab code used for the implementation of the nonlininear viscoelastic 

SYM model.
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