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ABSTRACT 

The human Achilles tendon is the strongest tendon in the body, but it is also the 

tendon most prone to developing tendinopathy. Tendinopathy is a clinical term used 

to describe tendon pathology that presents clinically as a painful, thickened tendon 

with altered mechanical behaviour. The main conservative treatment for tendinopathy 

is exercise, typically in the form of calf muscle contractions. However calf exercises are 

likely to impose very different stresses and strains on the tendons of different 

individuals as a result of inter-subject variability in tendon geometry, tendon material 

properties, muscle mechanical properties and muscle activation patterns. Although 

there are reports of global stress and strain experienced by the Achilles tendon during 

voluntary contractions in the literature, little is known about the local stress and strain 

within the tendon. It is important to understand the local mechanical behaviour in 

tendon tissue because mechanical loading is a critical stimulus to tendon adaptation 

via localised mechano-biological pathways. Musculoskeletal tissues including tendons, 

are reported to have an optimal range in which mechanical loading produces positive 

tissue adaptation (an anabolic effect), with either too much or too little mechanical 

loading having a detrimental (catabolic) effect. Clinical efficacy of exercise-based 

training and rehabilitation for the Achilles tendon could be enhanced if an “optimal” 

loading stimulus is provided to the tendon. The general aim of this thesis was to 

investigate the influence of subject-specific tendon geometry and material properties 

on mechanical stress and damage in living free Achilles tendons with and without 

tendinopathy during submaximal, isometric loading. 

A methodological pipeline was developed to generate individualised finite element 

models of the living free Achilles tendon (n = 8 healthy, n = 8 tendinopathic). Subject-

specific polynomial finite element meshes were rendered based on freehand three-

dimensional ultrasound scans of the free tendon. Subject-specific material properties 

were obtained from numerical optimisation by minimising the difference between 

experimental measures of longitudinal strain under load and modelled strains. The 

tendon was defined as an incompressible, homogeneous and hyper-elastic material 

and implemented in CMISS. CMISS is a finite element software based on polynomial 

basis functions which can accommodate large deformation based of coarse polynomial 
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meshes. Finite element analyses were subsequently conducted to determine the 

strain, stress and damage criteria within the tendon based on force boundary 

conditions obtained from the subject-specific experimentally measured ankle 

plantarflexor torque. 

The first study used three-dimensional ultrasound based measures of in-vivo free 

Achilles tendon geometry in conjunction with finite element analysis to determine the 

effects of subject-specific versus generic geometries and material properties on the 

stress distribution within the living tendon during a submaximal isometric contraction. 

The mean (SD) lengths, volumes and cross-sectional areas of the tendons at rest were 

62 ± 13 mm, 3617 ± 984 mm³ and 58 ± 11 mm², respectively. The measured tendon 

strain at 70% maximum voluntary contraction was 5.9 ± 1.3%. Generic geometry was 

represented by the average mesh and generic material properties were taken from the 

literature. Local stresses were subsequently computed for all combinations of subject-

specific and generic geometry and material properties. For a given geometry, changing 

from generic to subject-specific material properties had little effect on the stress 

distribution in the tendon. In contrast, changing from generic to subject-specific 

geometry had a 26-fold greater effect on tendon stress distribution. Overall, these 

findings highlight a strong variability between individual tendons and indicate that the 

tendon geometry has a greater influence on the stress distribution than the tendon 

material properties. 

Achilles tendon mechanical properties and geometry are altered in Achilles 

tendinopathy. The purpose of the second study was to determine the relative 

contributions of altered mechanical properties and geometry to free Achilles tendon 

stress distribution during a sub-maximal contraction in tendinopathic relative to 

healthy tendons. The average resting CSA of the free tendon was on average 35% 

greater for the tendinopathic tendons. At the same tensile force, the tendinopathic 

tendons experienced a strain of 7.1 ± 2.9% compared to 5.9 ± 1.3% for controls. The 

mean Young’s modulus for tendinopathic tendons was 40% of the corresponding 

control value. Finite element analyses revealed that tendinopathic tendons experience 

24% less stress at submaximal loading compared to healthy tendons. The lower tendon 

stress in tendinopathy was due to a greater influence of tendon CSA, which alone 
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reduced tendon stress by 30%, compared to Young’s modulus, which alone increased 

tendon stress by 8%. These findings suggest that the greater tendon CSA observed in 

tendinopathy compensates for the substantially lower Young’s modulus, and thereby 

protects pathological tendon against excessive stress. 

The purpose of the final study was to determine how tendinopathic alterations in 

Achilles tendon geometry and material properties affect damage load and location. 

Tendon damage load was assessed at a theoretical damage strain of 12%. The subject-

specific damage load was found significantly higher for the healthy tendon (12.5 ± 5.0 

kN) compared to the tendinopathic tendon (5.7 ± 1.5 kN). A 59% decrease in the 

damage load was observed when the average material properties of the healthy 

tendon were replaced with average tendinopathic material properties while retaining 

the average healthy tendon geometry. Damage load increased by 23% when the 

average healthy geometry was replaced by average tendinopathic geometry while 

retaining average healthy material properties. A substantial variation in damage 

location was observed across all tendons. Overall findings of this study suggest that 

tendinopathic alterations in material properties are more influential than 

corresponding alterations in tendon geometry in determining the load required to 

cause tendon damage. 

This thesis has demonstrated the feasibility of using a finite element modelling 

approach to investigate stress distributions in the Achilles tendons based on in-vivo, 

subject-specific measures of three-dimensional tendon geometry and tendon 

mechanical properties. Stress patterns in the Achilles tendon were found to differ 

substantially between individuals. Generic training and rehabilitation programs for the 

Achilles tendon are therefore likely to result in very different tendon stresses and 

strains between individuals. The general findings of this thesis point to the need for 

personalised training and rehabilitation for the Achilles tendon that takes account of 

the substantial variation in tendon geometry and material properties between 

individuals to ensure an optimal loading stimulus is provided that maximises positive 

tissue adaptation for healthy and tendinopathic tendons.  
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1 INTRODUCTION 

1.1 BACKGROUND 

1.1.1 THE ACHILLES TENDON 

The Achilles tendon is a spring-like structure that connects the calf muscles to the 

Calcaneus bone. The main functions of the Achilles tendon are to transfer force from 

the calf muscle to the Calcaneus and to store and release elastic energy to support 

effective and efficient locomotion (Ishikawa, Komi, Grey, Lepola, & Bruggemann, 2005; 

Ker, 2007). Generally, the Achilles tendon is defined by its two regions: the 

aponeurosis and the free tendon (Magnusson et al., 2003a). The aponeurosis is the 

proximal part of the Achilles tendon that has a sheath-like structure which merges with 

the Achilles tendon into the calf muscles. The free tendon is defined as the region 

between the Soleus muscle-tendon junction and the calcaneal insertion (Obst, 

Newsham-West, & Barrett, 2014a). The free Achilles tendon is bio-adaptive, 

inhomogeneous and demonstrates a time- and rate-dependent viscoelastic mechanical 

behaviour (Wren, Yerby, Beaupré, & Carter, 2001).  

1.1.2 ACHILLES TENDINOPATHY 

Although the Achilles tendon is the strongest human tendon, it is also the tendon most 

prone to injury and rupture, especially in young, active populations. A tendon with 

mid-portion tendinopathy typically displays a lesion at 2-6 cm from the calcaneal 

insertion and might clinically present with swelling, pain and limited function (Maffulli, 

Sharma, & Luscombe, 2004). Tendinopathic pain during locomotion and the inability to 

walk in the case of rupture have a drastic and instantaneous impact on the life quality 

of a patient and can potentially end a sporting career. Tendinopathic tendons have 

greater compliance, volume and cross-sectional area (CSA) compared to healthy 

tendons (Arya & Kulig, 2010; Chimenti et al., 2014; Leung & Griffith, 2008). In fact, the 

greater CSA has previously been suggested to compensate for the loss of stiffness and 

thereby protect the tendon from excessive stress (Maganaris, Chatzistergos, Reeves, & 

Narici, 2017), but the extent of possible compensation has not been quantified. 

Tendinopathy is also considered a precondition to Achilles tendon damage and 

ultimately to rupture (Kannus & Jozsa, 1991).  Although a damage strain of 12% (Wang, 
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Iosifidis, & Fu, 2006) and a damage stress of 100 MPa (Butler, Grood, Noyes, Zernicke, 

& Brackett, 1984; Shim et al., 2014) have been reported for healthy Achilles tendons, 

no studies to date have reported damage characteristics for tendinopathic tendons. It 

also remains unknown how the geometry and material properties of individual 

tendons affect the risk of tendon rupture.  

1.1.3 OPTIMAL MECHANICAL LOADING FOR THE ACHILLES TENDON 

There is increasing evidence in the literature that tendons respond positively to cyclic 

strain within a particular range (anabolic effect), with either lower or higher strains 

leading to tendon weakening (catabolic effect). For example a cyclic tensile strain of 

6% has been reported to be optimal for positive tissue adaptation, whereas 3% and 9% 

strains resulted in decreased tendon strength (Wang et al., 2013). This finding has 

important implications for tendon training and rehabilitation programs because it 

suggests that there is an optimal tendon strain that should be targeted. However 

rehabilitation programs for the Achilles tendon, which typically involve calf muscle 

exercises that load the tendon, are generic (e.g. 3 sets of 10-12 calf raises). As the 

geometry and material properties of the Achilles tendon appear to vary between 

individuals (Obst et al. 2014), the local stresses and strains experienced by the tendon 

are also likely to differ, and could therefore mean that training loads for some 

individuals may not be optimal. This could explain to some extent why some 

individuals respond well to exercise-based rehabilitation programs for the Achilles 

tendon, whereas others do not. Further research is required to establish how tendon 

geometry and material properties interact to influence the local mechanical stresses 

and strains experienced by the Achilles tendon under load.  

1.1.4 COMPUTATIONAL MODELS OF THE ACHILLES TENDON 

The mechanical properties of tendons have investigated using tensile testing (Wren et 

al., 2003; Butler et al. 1984). These studies report the global strain experienced by the 

tendon under load, which is in turn used to compute global material properties 

including the Young’s modulus. The advantage of using a computational approach to 

studying tendon mechanics is that local stresses and strains can also be estimated. 

Although a variety of modelling approaches have been applied to the Achilles tendon, 

the finite element model appears to have the greatest utility because tissue geometry 



3 
 

and material properties are explicitly represented in the model formulation and 

thereby allow the effects of variation in these model parameters to be investigated.  

1.1.5 SUBJECT-SPECIFIC FINITE ELEMENT ANALYSIS OF THE ACHILLES 

TENDON 

Subject-specificity plays an important role in the modelling of biological structures. No 

two biological structures have the same geometry or material properties, which means 

that every tendon will demonstrate unique mechanical behaviour. Personalised 

tendon geometry and material properties therefore needs to be incorporated in the 

modelling of tendon stress and strain. Two studies to date have incorporated subject-

specific geometry and/or material properties of the Achilles tendon into a Finite 

element model. The first study investigated sub-tendinous tissue deformation and 

revealed that alterations of the tendon structure influence the mechanical behaviour 

of the tendon (Handsfield et al., 2017). The second study reported the influence of 

geometry and material properties on tendon stress distribution and tendon damage in 

cadaveric Achilles tendons (Shim et al., 2014). Shim et al. (2014) highlighted the overall 

importance of subject-specificity and showed that the location of tendon rupture were 

most influenced by tendon geometry but rupture loads were most sensitive to 

variation in the material properties. However, their ex-vivo study excluded the young, 

active population which is most prone to tendon injury (Magnusson et al., 2003b) 

which evoked the needs to develop a finite element model to investigate the stress 

and the damage in living and young, healthy and tendinopathic tendons. Such an 

approach would require in vivo estimates of tendon geometry and mechanics and is 

the central focus of the present thesis. Following from the work of Shim et al. (2014), a 

similar computational approach will be used to investigate free Achilles tendon stress 

and/or strain under load. The key innovation in the present study is the use of three-

dimensional freehand ultrasound to assess in vivo three-dimensional (3D) tendon 

geometry in healthy and tendinopathic Achilles tendons. 3D ultrasound combines a 

conventional two-dimensional ultrasound system with motion analysis technology 

(Barber, Barrett, & Lichtwark, 2009) to construct subject-specific geometries of living 

tissues in three dimensions. The approach has been reported to provide valid and 

reliable estimates of tendon volume, average cross-sectional area and length of the 

human free Achilles tendons (Obst et al., 2014a).   
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1.2 THESIS AIMS 

1.2.1 GENERAL AIM 

To investigate the influence of subject-specific tendon geometry and material 

properties on mechanical stress and damage in the living free Achilles tendons with 

and without tendinopathy during submaximal, isometric loading.  

1.2.2 SPECIFIC AIMS 

1. To use three-dimensional ultrasound based measures of in-vivo free Achilles 

tendon geometry in conjunction with finite element methods to determine the 

effects of subject-specific versus generic geometries and material properties on the 

stress distribution within the healthy tendon during a submaximal isometric 

contraction (chapter 4). 

2. To determine the relative contributions of subject-specific material properties and 

subject-specific geometry to tendon stress in tendinopathic compared to healthy 

free Achilles tendons (chapter 5). 

3. To perform in silico tensile testing on healthy and tendinopathic tendons to 

investigate the influence of subject-specific material properties and subject-specific 

geometry on tendon damage load, stress and location (chapter 6). 
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1.3 THESIS ORGANISATION 

Chapter 1 (Introduction) introduces the background and aims of the thesis.  

Chapter 2 (Literature Review) provides an overview of the current research related to 

this thesis. This includes an overview of the anatomy and morphology of the human 

Achilles tendon complex, Achilles tendon disorders and their management, the current 

methods used to model Achilles tendons and the finite element analyses on Achilles 

tendon that have been reported in the literature. 

Chapter 3 (Methods) provides an overview of the general methods as well as a 

theoretical background beyond the information provided in the following chapters. 

This includes the description of the medical imaging technique used and the processing 

of medical images, the rendering and modelling of finite element meshes. An 

introduction to finite element methods used and an overview of the finite element 

analyses conducted is also provided. 

Chapter 4 describes the findings from a study that developed subject-specific models 

of the healthy young free AT tendon in-vivo and investigated the influence of subject-

specific material properties and subject-specific geometry on tendon stress. 

Chapter 5 presents the findings from finite element analyses on subject-specific 

meshes of tendinopathic living Achilles tendons that investigated the change of stress 

within the tendon with the introduction of tendinopathic geometry and material 

parameters. 

Chapter 6 reports the findings of damage characteristics from a finite element analysis 

of healthy and tendinopathic free Achilles tendons. 

Chapter 7 (Discussion) summarises the outcome of each study and elaborates the 

novelty and significance of these findings in relation to relevant literature. Limitations 

and future directions are also reviewed. 
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2 LITERATURE REVIEW 

The Achilles tendon is the thickest and strongest tendon in the body and plays an 

essential role in locomotion. However, it is also the tendon most prone to injury 

especially in, but not exclusive to, athletic populations. The tendon’s health and 

properties have been associated with the geometry and material properties. Through 

their direct influence on tendon mechanics, they may have an impact on tendon 

degeneration. To date the mechanical properties of tendons have been derived from 

either two-dimensional studies that cannot grasp the full dimensionality or from 

cadavers. The data from these studies have been the source for published numerical 

models. With advances in medical imaging techniques and computational methods 

more and more, subject-specific tendon finite element models have been developed 

giving insights into three-dimensional tendon mechanics. However, no computational 

model has yet looked at stress or damage on tendon mechanics in young and living, 

healthy and tendinopathic tendons. 

2.1 TENDON STUCTURE  

The Achilles tendon like other tendons is a biological tissue that connects muscle to 

bone. The mechanical task is to transmit muscle force to bone and hence produce joint 

movement. Tendons can withstand big loads (Ker, 2007) which is related to the 

hierarchical structure of parallel collagen fibre bundles (Figure 2-1). Collagen fibrils are 

formed by collagen molecules and represent the lowest level of the hierarchy. Many 

collagen fibrils define the smallest bundle unit and form a collagen fibre. Collagen 

fibres form the primary and secondary fibre bundles (fascicle), which then form 

tertiary fibre bundles that form the macroscopic tendon (Doral et al., 2010). Each 

fascicle and fibre layer of the structure is wrapped in an elastic sheet, the endotenon, 

which secures the fibre bundles together but also allows inter-fascicular movement. 

The macroscopic tendon itself is enveloped the epitenon which is surrounded by a 

third layer, the paratenon.  

The structural component at the micro level that gives the Achilles tendon inherent 

strength is collagen (30%), with 95% of the collagen mass being type I collagen. As the 

second most common (2%) substance in the tendon, elastin supports the return to 
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tendon crimping on return to the toe region after stretch (Butler, Grood, Noyes, & 

Zernicke, 1978). Collagen and elastin fibres are embedded within an extracellular 

matrix made up of proteoglycans and other cellular elements, mainly water (Wang et 

al., 2006). Furthermore, collagen type III, IV and XII assist in the maintenance of 

collagen fibres (Wang, 2006). Up to 95% of the cellular tendon elements are tenocytes 

which are located between and parallel to collagen fibre bundles. They synthesize the 

extracellular matrix and hence have a substantial role in tendon maintenance (Wang, 

2006). The interfascicular matrix on the other hand assists the free tendon in storing 

and releasing energy due to its elasticity through interfascicular sliding (Thorpe et al., 

2015).  

 

Figure 2-1 Hierarchical structure of tendon (Liu & Bilston, 2000). 

Overall, tendons are structured in an organised pattern of cells. Transversely, the 

tendon cells are arranged in parallel longitudinal rows between collagen fibre bundles. 

This arrangement allows efficient storing and transmitting of energy (Ker, 2007).  
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2.2 THE ACHILLES TENDON 

The Achilles tendon is a viscoelastic tendon that works like a spring to improve 

metabolic efficiency of the Triceps Surae muscles. It consists of fibres originating from 

two muscles; the superficial Gastrocnemius muscle and the deeper Soleus muscle. The 

Achilles tendon can be divided anatomically and biomechanically into an aponeurotic 

portion and a free tendon portion. The whole Achilles tendon length is defined as the 

distance between the calcaneal notch and medial Gastrocnemius musculo-tendinous 

junction (MG MTJ) (i.e., the junction between the superficial and deep aponeurosis of 

MG). The free Achilles tendon length is defined as the distance between the calcaneal 

notch and the Soleus musculo-tendinous junction (SOL MTJ) (i.e., the distal most 

portion of the soleus with an attachment to AT) and aponeurosis length was 

determined as the distance between MG MTJ and SOL MTJ. Proximally, the fibres of 

the free Achilles tendon originate at the musculo-tendinous junction where the sub 

tendons from the individual muscles join to form a combined tendon that rotate 

laterally before inserting into the calcaneal bone distally. The mechanical behaviour of 

the free Achilles tendon is determined by its structural components and the geometry 

of the tendon. 

2.2.1 STRUCTURE AND GEOMETRY 

In the Triceps Surae, the medial and lateral Gastrocnemius muscles are located 

superior to the Soleus. The medial Gastrocnemius originates from the medial femoral 

condyle and then merges at their bellies with the lateral Gastrocnemius which 

originates from the lateral femoral condyle (Doral et al., 2010; O'Brien, 2005). Both 

muscles have a common aponeurosis that narrows distally and unites with the 

aponeurosis of the Soleus. The Soleus muscle attaches to the medial border of the tibia 

extending laterally to the posterior surface of the fibula shaft and head (Edgerton, 

Smith, & Simpson, 1975; O'Brien, 2005). The fibres originating from the muscles of the 

Triceps Surae form the Achilles tendon on meso level, but can still be distinguished 

into their muscle origins along the length of the free Achilles tendon, as seen in figure 

2-2 (Szaro et al., 2009).  
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Figure 2-2 Transversal cut of the left human Achilles tendon showing the subtendons 

of medial [1, 2] and lateral Gastrocnemius and Soleus [4] (Szaro et al., 2009). 

The fascicles and the macroscopic tendon spiral around a longitudinal axis towards 

their osseous insertion. However, there is no consensus as to the degree of torsion or 

how much it influences the spring-like behaviour and hence the development of injury 

(Edama et al., 2015; Lavagnino, et al., 2008; Obst et al., 2014b). Fascicles that originate 

from the Gastrocnemius and Soleus are fused while twisting among themselves and 

mainly fascicles from the lateral Gastrocnemius and Soleus possess torsion (Edama et 

al., 2015). The amount of torsion has been reported to be approximately 90° 

(Lavagnino et al., 2008) or below 17.1° (Obst et al., 2014b). Along with the geometry if 

the Achilles tendon, the degree of tibial torsion and the related friction might have a 

strong influence on tendon mechanics (Arnoczky etal., 2007; Handsfield et al., 2017; 

Szaro, etal., 2009). 

Several experimental studies have determined the geometry of the free Achilles 

tendon, specifically the length, volume and CSA (Table 2-1). These studies show the 

Achilles tendon to be a tendon short tendon of between 46-87 mm long and with an 

average cross sectional area of 64 mm2. Overall, the Achilles tendon is of cylindrical 

shape. In detail though, its axial form is kidney in shaped with a nearly circular waist. 

Like any biological tissue, the mechanics of the Achilles tendon is in part dependent on 

its geometry (e.g. length and cross-sectional area) which in turn influences the 

mechanical properties of the tissues through the adaption to the imposed loads. The 

variation in the reported geometrical measure of the Achilles tendon would imply a 

variation in the mechanical properties; highlight the need for subject specificity when 

modelling the tendon mechanics.    
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Table 2-1 Geometry of the healthy free Achilles tendon as reported in literature. 

Author 
Length 
[mm] 

Volume 
[ml] 

Cross-sectional 
area [mm²] 

Obst et al. (2014a)  61 ± 14 4.3 ± 1.2 71.3 ± 14.3 

Nuri et al. (2016)  68 ± 19 3.9 ± 1.3 - 

Arya and Kulig (2010) - - 56.2 ± 5.6 

Zhao et al. (2009)  64 ± 11 - 56.1 ± 11.2 

de Oliveira et al. (2016) - - 56.1 ± 13.8 

Magnusson et al. (2001) - - 78.1 ± 5.6 

Kongsgaard et al. (2011) 55 ± 9  67 ± 8 

 

2.2.2 MECHANICS AND MATERIAL PROPERTIES 

The Achilles tendon is considered a viscoelastic tissue with its main biomechanical 

function to 1) transmit force (Ker, 2007) and 2) to store and release energy to promote 

locomotion (Lichtwark & Wilson, 2005; Maganaris & Paul, 2002). These abilities require 

strength, but also elasticity and flexibility, which is typical for viscoelastic materials. 

The viscoelastic properties of a tendon originate in the collagen fibres and 

interfascicular matrices. This means that the percentage of collagen content is directly 

related to the tensile strength of the tendon. Tensile testing of the tendon often 

investigates the Young’s modulus to numerically describe the tissue’s elasticity based 

on the tendon’s stress and deformation in response to an applied load. The literature 

shows that the reported Young’s modules for the Achilles tendon to range from 220 ± 

83 MPa to 2000 ± 400 MPa (Table 2-2). This wide range of values probably reflects the 

different methodologies used to determine the geometric variables and tendon 

deformation.  
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Table 2-2 The Young’s modulus for healthy free Achilles tendon as reported in the 

literature. 

Author 
Young's 

modulus [MPa] 

Obst et al. (2014a)  - 

Nuri et al. (2016)  - 

Arya and Kulig (2010) 1671 ± 278 

Zhao et al. (2009)  220 ± 83 

de Oliveira et al. (2016) 189 ± 99 

Magnusson et al. (2001) 1474 ± 100 

Kongsgaard et al. (2011) 2000 ± 400 

 

The majority of research on tendon mechanics has been based on two-dimensional 

ultrasound (Arampatzis et al., 2007; Arya & Kulig, 2010; Chimenti et al., 2016; de 

Oliveira et al., 2016; Grigg et al., 2012; Slane & Thelen, 2014), on invasive methods 

such as implanted force transducers (Finni, 1998; Fukashiro et al., 1995a; Komi, 1990)  

or on ex-vivo studies (White, 1943; Wren et al., 2001; Wren et al., 2003). Lately, three-

dimensional tendon mechanics has been analysed with the use of medical imaging 

feeding computational methods such as finite element methods (Handsfield et al., 

2017; Shim et al., 2014) to investigate tendon deformation, stress and strain. 

The knowledge that has been gained already has established the foundation of the 

mechanical behaviour of the tendon. Generally, 1 mm² of tendon can withstand loads 

up to 125 N unharmed (Wünnemann & Rosenbaum, 2009), relating to up to 13 times 

the body weight for the Achilles tendon (Maffulli et al., 2004). The tendon displays a 

normal viscoelastic behaviour that can be described with the related stress-strain 

curve for viscoelastic materials (Figure 2-3) which can be divided into four zones. The 

zone of lowest strain is called the toe region and describes the uncrimping of collagen 

fibres within the tendon between 0% and 2% strain. Therefore, the slack length and 

the zero of strain are hard to define and defining a zero load condition might be done 

by choosing the condition of lowest measurable stress (Ker, 2007). At the point where 

stress increases with strain, the collagen fibres are considered straight but not loaded 

yet. At this point, they enter the linear region at 2% strain. This region between 2% and 

8% strain is also described as the elastic region where the tendon might experience 
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micro tears but will always return to its original length after stretch (Wang et al., 

2006). The region beyond 8% is described as plastic region where the tendon 

experiences permanent deformation and collagen fibre ruptures which might 

ultimately lead to tendon failure at 12% strain (Wang et al., 2006). The shape of the 

stress-strain curve for tendons in figure 2-3 describes the stress-strain-behaviour of a 

viscoelastic material. However, tendons are mechanically often simplified as an elastic 

material excluding their non-linear elastic behaviour. 

 

Figure 2-3 Stress-Strain curve for the Achilles tendon (J. H. Wang et al., 2006). 

Linear and non-linear elastic materials deform differently to viscous materials when 

exposed to tension or compression, Figure 2-4. Materials experiencing elastic 

deformations will eventually return to their original shape whereas material 

experiencing inelastic deformations will possess plastic deformation. Elastic and 

inelastic deformations can both occur linearly and non-linearly distorting. Linear 

elasticity can be described with the linear Hooke’s Law using the material-specific 

constant stiffness k to determine the required force F for deformation x 

 𝐹 = 𝑘 × 𝑥.  

However, Hooke’s Law is an approximation for springs and does not take into 

consideration the actual body of the spring itself. The force F and the stiffness k must be 

related to the orthogonal cross-sectional area A of the body and its length L and it is 
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 𝑘 =
Ψ𝐴

𝐿
.  

The constant material-specific Young’s modulus Ψ is a critical value to a material's 

mechanical behaviour as it represents the elasticity. It also informs about the 

relationship between stress σ and strain ε for the material as 

 Ψ = 𝜎 휀⁄ .  

A material property such as Ψ describing the linear elasticity can also be inversely 

deducted from mechanical behaviour, which will be a key element in this study. It 

should be noted that the mechanical behaviour of tendons is difficult to accurately 

assess in vivo. 

In contrast to linear elastic deformation and Hooke's Law, non-linear elastic 

deformation requires higher order polynomial mathematical descriptions. Ludwik 

(1909) described non-linear elasticity for large non-linear distortions in terms of stress 

σ, shear strain γ, the strain hardening index ℎ = 1
𝑛⁄  and the constant strength 

coefficient k 

 𝜎 = 𝜎0 + 𝑘𝛾
1

𝑛⁄    

It can be seen that stress will be linear for n=1, parabolic for n=2 and plastic if 𝑛 →  ∞. 

 

Figure 2-4 Elasticities of deformation. 

Considering the non-linear viscoelasticity found for tendons it is essential to use 

appropriate mathematical descriptions to grasp their mechanical behaviour. However, 
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it should be noted that viscoelastic materials might demonstrate creep in their 

mechanical behaviour. Creep is a deformation under a static load over time and causes 

a hysteresis in the stress-strain curve (Ker, 2007). For tendons, it can be excluded prior 

to data collection through preconditioning of the tendon, such as at least 5 maximal 

MVIC of the Triceps Surae (Nuri et al., 2016; Obst et al., 2014a). It has been shown that 

after the elimination of tendon creep the majority of loading will be in the linear region 

(Ker, 2007). The elimination of creep allows the determination of constant material 

properties through a linear approach, which enable an accurate description of 

mechanical behaviour. Modelling deformations of materials requires information of 

material properties to accurately describe the material’s mechanical behaviour. 

Inversely, a material property is also deducted from its mechanical behaviour, which 

will be a key element in this study. It should be noted that the mechanical behaviour of 

tendons is difficult to accurately assess in vivo due to active and passive loads on the 

tendon. While the active load might be zero without muscle activation, the passive 

load might still persist. Peixinho (2008) reported a passive tendon strain at 90° neutral 

ankle angle of 1.68 ± 0.66% during full knee extension. In studies based on neutral 

ankle angles, this additional passive strain might consequently influence the 

calculation of stress, strain and Young’s modulus. Just like the type of stress can be 

described in more detail as either tension or compression depending on the sign of 

stress, the compliance of a material is usually described in terms of elasticity or 

stiffness. Elasticity is a property of the material though, while stiffness is a property of 

a structure. Therefore, the Young’s modulus is adequate to permanently describe the 

compliance of a tendon even though the geometry might change. 

While a material’s properties might be constant for a given time frame, environmental 

changes, age or even regional changes due to a material’s anisotropy can vary and 

might require their expression as a numerical function of time for a numerical tendon 

model. Generally though, descriptive biological variables are often simplified based on 

their most common value as constants. Biological structures are notoriously difficult to 

characterize accurately in an experimental setup due to inconvenient sizes, shapes or 

location, but also due to the heterogeneity and viscoelasticity of the material (Martin 

et al., 2015). Achilles tendons are certainly heterogeneous and viscoelastic (Summers 

& Koob, 2002; Wang et al., 2006) but only few experimental studies have taken these 
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characteristics into account (Arya & Kulig, 2010; de Oliveira et al., 2016; Wren et al., 

2003; Zhao et al., 2009).  

Achilles tendon’s material properties have been shown to be rate dependant (Lewis & 

Shaw, 1997a; Wren et al., 2003) resulting in rate dependent failures at 12.8% or 9.9% 

strain and  71 MPa or 86 MPa stress in cadaveric subjects (Wren et al., 2003). On the 

other hand, the failure strain has been reported between 4% and 10% (Magnusson, 

Narici, Maganaris, & Kjaer, 2008) when the loading-rate is not considered. While 

failure stress is often set to 100 MPa (Kongsgaard, Aagaard, Kjaer, & Magnusson, 

2005), it should be considered that dynamic and eccentric loading can produce high 

sustainable stresses such as healthy stress up to 111 MPa during running (Komi, 1990; 

Shim et al., 2014). Wren et al. (2001) showed in a cadaveric study that during loading 

the strain increases in all regions first but ultimate failure occurs in the mid region of 

the tendon within 4 cm from the calcaneal insertion which coincides with the most 

common region for tendinopathy (Rolf & Movin, 1997). Based on the same data, the 

related rupture loads were computationally found to be up to 3440 N (Shim et al., 

2014). It should be noted that all experimental set ups for cadaveric studies usually 

include the extraction of the specimen from its natural environment, a temperature 

change and fixation effects that might influence the accuracy of experimental results 

on cadavers. 

Lately, new non-invasive technologies have emerged that can forego the experimental 

inaccuracies as they allow the investigation of a tendon in its natural environment and 

of not only global but local parameters. The use of these technologies brings a great 

advantage towards the accuracy of results and can distinguish between regions of 

healthy and pathological tissue within a tendon. Such loading and strain anisotropy in 

tendons have been shown in cadaveric studies and with sonographic methods (Arndt, 

Bengtsson, Peolsson, Thorstensson, & Movin, 2012; Bojsen-Møller & Magnusson, 

2015; Chimenti et al., 2016; Toumi et al., 2016). For the Achilles tendon, a study found 

greater strains in the posterior part of the tendinopathic tendon than in the anterior 

part (Lyman, 2004). Local strain differences are assumed to occur due to different 

loadings of individual muscles and calcaneal rotation (Lersch et al., 2012). These 

findings indicate the need for regional material parameters in tendon modelling. 
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Identifying local parameters though remains a challenge. A study based on cadaveric 

specimen found region-specific tangent moduli in healthy patellar tendons (Haraldsson 

et al., 2005) as a first approach to the modelling of anisotropic biomaterials. However, 

injury induced equine tendons showed no significant regional difference in terms of 

tensile strength (Choi et al., 2016). A new technology has evolved though, which allows 

the investigation of regional deformation with shear wave elastography (Cortes, 

Suydam, Silbernagel, Buchanan, & Elliott, 2015) and might soon be able to qualitatively 

and quantitatively determine the local elasticity. The shear modulus can be found with 

the isotropic linear elastic model as 

 μ = ρcs
2 [ 1 ] 

(ρ.. tissue density, cs..  measured shear velocity). By knowing the regional shear 

modulus and the related Poisson ratio υ in terms of horizontal and vertical strains ε, 

width x and length l, 

 υ =  
Δx/x

Δl/l
=  

∈𝐻

∈𝑉
  [ 2 ] 

the local Young’s modulus describing regional elasticity 

 
Ψ =

Fυxo

AΔx
 

[ 3 ] 

can be determined and could be included in a finite element analysis to model 

anisotropy. The values for elasticity seem to differ between 189 MPa and 2 GPa (table 

2-1). Ultimately, the quality of material property analyses for human tissue is lower 

than for non-biological materials. Accurately describing the mechanical properties of a 

tendon the way one describes a mechanical material will remain challenging due to 

bio-adaption of the tissue as a response to altered structures, altered loading 

conditions or injury. 

2.3 ACHILLES TENDINOPATHY 

Tendon injuries account for up to 50% of all sports-related injuries (Järvinen, Kannus, 

Maffulli, & Khan, 2005) with middle-aged men most affected (Clayton & Court-Brown, 

2008; Kvist, 1990). Activities like long distance running and badminton increase the risk 

(Järvinen et al., 2005) but a relation to vigorous physical activity is not essential (Rolf & 
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Movin, 1997). All Achilles tendon disorders are believed to be influenced by a variety 

of factors, such as age, gender, genetics, bodyweight or training styles (Järvinen et al., 

2005; Jozsa, Balint, Kannus, Reffy, & Barzo, 1989; Maffulli et al., 2004). While normal 

loading conditions have either no effects or lead to bio-adaption of the tendon to suit 

the structural needs to withstand the loading, direct injury causes are assumed to be 

repetitive loading, overexposure to high loads or neglect of use (Rolf & Movin, 1997).  

Overloading suppresses an adequate biomechanical adaption which is fundamental for 

the healthy tendon. Consequent tendon disrepair might cause tendon fatigue and 

ultimately tendinopathy, as described by the pathology continuum model developed 

by Cook and Purdam (2009), Figure 2-5. 

 

 

 

 

 

 

 

 

 

Figure 2-5 The pathology continuum model of tendinopathy as described by Cook et al. 

where altered mechanical loading results in structural changes and ultimately a 

degenerative tendinopathy (Cook & Purdam, 2009). 

Tendinopathy is a collective term for tendinitis, an inflammation resulting from micro-

tears, and tendinosis histologically is the disruption of the tendon matric collagen and 

referred to as a degeneration of the tendon, but clinically it is the combination of pain, 

swelling, and impaired performance (Maffulli, Wong, & Almekinders, 2003). The 

histological changes described in the literature increase in extra cellular matrix and 
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change in type and orientation of the collagen, and hence alter the tendon material 

properties. Despite the increase in extracellular matrix causing thickening of the 

tendon at the site of the lesion, typically in the tendon’s mid-section (Rolf & Movin, 

1997), a tendinopathic Achilles tendon maintains its spring-like function.  

Table 2-3 Morphological properties and Young's modulus of the free Achilles tendon 

with tendinopathy. 

Study 
Length 
[mm] 

Cross-sectional 
area [mm²] 

Young’s modulus 
[GPa] 

Arya and Kulig (2010) - 93 ± 14 1.7 ± 0.3 
Leung and Griffith (2008) - 77 ± 21 - 

 

Focal tendon thickening at the lesion site results in increase CSA and volume of the 

free tendon. An increase in CSA would normally cause an increase in stiffness if the 

material properties were the same. However the tendinopathic Achilles tendon also 

experiences a decrease in Young’s modulus (tables 2-2 and 2-3). The extent to which 

the increased CSA compensates for the decreased material properties is currently 

unknown.  

2.4 TENDON DAMAGE 

Damage can be defined as the loss of stiffness (Wang & Ker, 1995) or as a process from 

initial micro tendon tears to macro-tears potentially leading to Achilles tendon rupture 

(Ker, 2007). Multiple predictors for Achilles tendon rupture have been identified, 

including body weight, urban living and small tendon fibril size (Claessen, de Vos, 

Reijman, & Meuffels, 2014). An experimental study on micro level (Lee, Szczesny, 

Santare, & Elliott, 2017) showed a full recovery of the fibril strain after tension, but 

only partial recovery of the interfibrillar sliding which indicates that the damage 

initiates at the interfibrillar structures. Wren et al. (2003) reported from their 

experimental study that strain is the primary mechanical parameter governing tendon 

damage accumulation and injury. Shim et al. (2014) implemented this principle of 

damage accumulation into their numerical models on cadaveric Achilles tendons by 

defining 15 adjacent Gauss points greater than 100 MPa stress as the proposed region 

for damage finding rupture loads of 2125 N and 3440 N in different geometries of 

cadaveric Achilles tendons in-silico. Further tendon ex-vivo tensile tests have been 
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conducted experimentally on healthy specimen, table 2-3. In those experiments, the 

damage stress was found to be in the range between 49 MPa and 112 MPa which 

correlates well with the damage stress assumed in the computational study by Shim 

and colleagues. The damage load has been reported from two experimental ex-vivo 

tests in the range of 5 kN. Further experimental ex-vivo studies reported a damage 

strain range between 8% and 33% depending on tendon type, but only some studies 

acknowledged the rate dependency of damage criteria in healthy tendons. No known 

study has ever reported damage criteria in tendinopathic tendons. All studies were ex-

vivo despite the fact that experimental tensile testing has the potential issue of 

introducing experimental artefacts which alter tendon mechanics. However, 

experimental damage testing in-vivo is ethically problematic and technically 

challenging. Analysing damage with computational methods foregoes these issues. 

Three-dimensional computational analyses based on medical imaging are 

advantageous as the model can include subject-specificity of geometry and material 

parameters. The importance of subject-specificity in tendon modelling has previously 

been suggested by Shim et al. (2014) for numerical stress and damage analyses of 

tendons. Numerical methods can calculate mechanical properties of the tendon such 

as stress, strain and deformation.  
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Table 2-2 Reported damage criteria for experimental (ex-vivo) studies on different 

tendons. 

Author Tendon type 
Stress 
[MPa] 

Load 
[kN] 

Strain 
[%] 

Thermann, 
Frerichs, Biewener, 
Krettek, and 
Schandelmaier 
(1995) 

Human Achilles - (4.6-5.0) - 

Butler et al. (1984) Gracilis 112 ± 4 - 27 ± 1 

Butler et al. (1984) Semitendinosus 89 ± 5 - 33 ± 2 

Wren et al. (2001) Achilles 79  ± 22 5.1  ± 1.2 9  ± 2 

Elliott (1965) Young tendon - - (10 – 18) 

Johnson et al. 
(1994) 

Young Patellar 65 ± 15 - 14 ± 6 

Johnson et al. 
(1994) 

Older Patellar 54 ± 10 - 15 ± 5 

Wang et al. (2006) General - - 12 
Benedict, Walker, 
and Harris (1968) 

Extensor 
digitorum longus 

92 - - 

Benedict, Walker, 
and Harris (1968) 

Extensor hallucis 
longus 

75 - - 

Schechtman and 
Bader (2002) 

Extensor 
digitorum longus 

49 ± 14 - 8 ± 1 

 

2.5 ACHILLES TENDON MODELLING 

Computational tendon modelling can be used to evaluate local tissue stress and strain. 

In the past, Achilles tendon mechanics have been investigated with a mathematical 

Hill-type model (Kahn et al., 2010; Lichtwark & Wilson, 2007) and modelled with finite 

element methods on a fascicle scale (Komolafe & Doehring, 2010), in 2 dimensions 

(Maganaris, Baltzopoulos, & Sargeant, 2000; Sano, Wakabayashi, & Itoi, 2006) or as 

abstract geometries (Gu et al., 2008; Iwanuma et al., 2011). Despite the fact that the 

free Achilles tendon is a three-dimensional structure with three-dimensional 

deformation, few Achilles tendon models are three-dimensional (Anițaș & Lucaciu, 

2013; Handsfield et al., 2017; Shim et al., 2014). This possibly reflects the recent 

advances in three-dimensional imaging.  

Based on the Maxwell Model, an early numerical approach to describe viscoelastic 

behaviour was developed by Bonet (2001). Their strain algorithms consider the elastic 
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and viscous deformation to describe spatial viscoelasticity. The numerical methods 

have been used in finite element modelling and as a base to soft tissue modelling with 

finite strains (Shim, Fernandez, Besier, & Hunter, 2012). A more specific approach to 

the numerical modelling of the viscoelastic behaviour of Achilles tendons used 

thermodynamics and successfully described and validated tendon mechanics under 

various loadings (Kahn et al., 2010) while Kwak and Kim (2006) developed a generic 

mathematical model of modified stress–strain relations for tendons. On micro level, 

fibre-based numerical descriptions have the ability to describe hyperelasticity and 

incompressibility (Freutel et al., 2014) as seen in tendons. 

Detailed numerical modelling of biological soft tissue has become omnipresent in 

biomedical research. The advancement of computational technology and the increase 

in complexity and accuracy of models provides powerful and accurate tools to 

investigate the biomechanical behaviour of structures, fluids and even soft tissues. An 

example for a detailed computational model is the multiscale model of the 

remodelling of rat tendons by Young et al. (2016) which has the ability to investigate 

tendon adaption on collagen fibre level. Most models though are based on finite 

element methods, which have become a reliable tool for stress analyses in human 

tissue allowing reliable accuracy of geometries and material properties. Finite element 

methods have widely been used to investigate and explain biological phenomena in 

interdisciplinary projects including engineering, natural and medical sciences. 

However, the use of multiscale computational models in analyses of tendons still lacks 

development to adequately predict tendon deformation (Smith et al., 2013) 

Lavagnino et al. (2007) developed a finite element model on cell level and 

demonstrated that strain rate and strain amplitude are able to independently alter 

collagenase gene expression through increases in shear stress and cell deformation. 

Developing subject-specific models of rat Achilles tendons, Khayyeri et al. (2015) 

showed that Achilles tendon fibres are the main load-bearing component during 

tensile loading, while the fibre orientation has a greater influence on the viscoelastic 

response of the tendon. A subject-specific finite element case study investigated 

tendon load during exercise finding peak stresses in the push off phase and in the pre-

airborne phase (Anițaș & Lucaciu, 2013; Gu et al., 2008). Gu et al. (2008) analysed a 
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one-dimensional finite element model based on CT scans of the living Achilles tendon, 

Tibia and Calcaneus to examine the tendon’s stiffness. During a jumping task, the 

Young’s modulus was found to be 1 MPa and the peak stress was found to be 48 MPa 

during the push-off phase. A different, fibre-reinforced finite element model was 

based on specimen-specific rat tendons to mathematically analyse the stress-strain 

behaviour of fibres under different strain rates (Khayyeri et al., 2015). Further case 

studies have used finite element methods based on CT and MRI imaging to investigate 

tendon tears and stress patterns in two-dimensional (Sano et al., 2006) and in three-

dimensional (Seki et al., 2008) subject-specific Supraspinatus tendon models. Toumi et 

al. (2016) developed a geometrical three-dimensional finite element model of the 

Achilles tendon and the calf muscles based on cadavers and showed that the stress 

increased with load and the peak stress is in the tendon's mid-region. More recently, 

an in-vivo three-dimensional finite element model based on MRI scans revealed the 

non-uniform behaviour of sub-tendons during tendon loading (Handsfield et al., 2017). 

This model included not only the subdivision of the Achilles tendon, but also 

considered tissue twisting, intra-tendinous sliding and differential muscle forces. It was 

found that sliding and differential forces have the greatest influence on non-uniformity 

of displacement. Shim et al. (2014) conducted a study investigating stress and damage 

based on subject-specific human Achilles tendon models. They found material 

properties to have a strong influence on stress magnitude but not on stress pattern 

and geometry to have a greater influence on stress location but not on magnitude. 

They also strongly recommended subject-specific modelling in the future. However, 

their modelling was based on cadaveric specimens from an older population. Achilles 

tendinopathies however, mostly occur in a young, active population, with a different 

lifestyle to the elderly. Consequently cadaveric specimens might not represent the 

tendons of the population most prone to tendon injuries. Finally, it should be 

remembered that despite all the advances in modelling, smoothing errors, rounding 

errors and limitation of boundary conditions will always contribute to the finite 

element modelling and analysis results.  
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2.6 FINITE ELEMENT METHODS 

Finite element analyses have become a reliable and accurate tool for mechanical 

analyses of stress, strain and deformation. Extension packages allow determining 

natural oscillation, improving design robustness or investigating thermo- and 

hydrodynamics. The finite element analysis is based on numerical finite element 

methods in conjunction with an appropriate finite element model. The related finite 

element methods have over the last decades advanced from solving fundamental 

static construction problems to tackling large deformation problems as often found in 

biology. However, the standard application assumes constant material properties and 

infinitesimal deformation based on linear elasticity and would not be able to describe 

the non-linearity observed in geometry and material properties of biological soft tissue 

(Miller, Joldes, Lance, & Wittek, 2007). The deformation of soft tissues requires its own 

mathematical description (equations 1, 2, 3) as biological tissues display mechanical 

behaviour with higher complexity than most other materials and structures. Advances 

in the modelling of biological tissues have already been made such as in the 

development of multi-phase fibre based equations that can describe the hyper 

elasticity and incompressibility of biological tissues (Freutel et al., 2014). Another 

approach to accurately model, solve and analyse the behaviour of complex biological 

systems has been made by the developers of the finite element software CMISS. Their 

methods allow the analysis of large deformation as seen in tendons. 

Finite element methods arose through the need to solve complex structural problems 

and investigate elasticity in engineering. Further development in coding and the 

increase of computational capacities has turned FEM into an accurate and efficient 

mathematical tool. Its basic concept is to discretise an object into smaller units to be 

able to simplify mathematical problems (Figure 2-6) leading to solvable sets of 

differential equations. With adequate formulations of equations and boundary 

conditions, this procedure has the ability to predict stress and strain of the surface but 

also throughout the continuum by solving approximate solutions of partial differential 

equations as well as of integral equations. 
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Figure 2-6 The basic principle of finite element methods is to divide a complex 

structure into smaller geometries (Peyré & Cohen, 2006) (A) and 

http://auworkshop.autodesk.com/library/cfd-aec/fundamentals-simulation-cfd-

meshing-aec (B).  

The procedure for finite element analyses consists of three steps: 

1) Pre-processing or Finite Element Meshing 

The geometry is divided into a finite number of smaller elements that represent the 

geometry well but provide an accurate solution to the boundary value problem. This is 

known to be the most challenging part as meshes cannot have holes (waterproofing) 

and complex areas need to be smooth while keeping the number of elements low for 

lean computing. Most meshes consist of tetra- or hexahedral elements, which share 

faces and lines and are connected by nodes. Recently, advances in automatic mesh 

creation and repair has made this step less time-consuming (Peyré & Cohen, 2006). 

2) Definition of constitutive equations and boundary conditions 

Mechanical deformation is laid out by defining (subject-specific) material properties, 

loading and fixation conditions, degrees of freedom and possibly the environmental 

conditions. The appropriate constitutive equations for to the model are chosen. 

3) Finite Element Analysis (FEA) and post-processing 

The set of equations defined in the previous step is solved based on the minimisation 

of potential energy. This is often based on the solving of Dirichlet boundary value 

problems in either 2 or 3 dimensions.  

 The absolute result describes the deformation of the object by describing the 

displacement of its nodes to derive stress and strain. Visualization and data analysis 

completes the process. Most finite element programs provide the option to perform 

[A] [B] 
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all three steps, others are specialised in one area. The choice of software depends on 

the type of analysis, which is a large deformation in this study. Most finite element 

programs are not capable of calculating large strains depending on the type of finite 

element methods that the program is based on. The different methods can be 

distinguished by their basis functions (interpolation functions) which estimate 

geometric or solution variables. These function sets are polynomials of variable 

degrees depending on the requested leanness of the method and the accuracy of the 

solution. Lagrange interpolation functions are most commonly used in linear problems 

which assume a linear deformation of the finite element mesh. Biological structures, 

such as tendons show non-linear behaviour due to the viscoelasticity and consequently 

require a non-linear mathematical description.  

The finite element method used for this study bases the interpolation between nodes 

on cubic Hermite basic functions resulting in cubic lines for interpolation. The higher 

order polynomials allow the calculation of large strains and hence the description and 

analysis of large deformations as seen in soft tissue while consistency of continuity at 

the nodal values and first derivatives between elements remains, Figure 2-7. The 

advantages of basing the methods on polynomial equations and hence polynomial 

meshes are that the rendering is ideal for geometries with smooth surfaces, such as 

tendons and that complex problems can be described with a relative small number of 

elements. Polynomial meshes contain usually less than 100 elements as opposed to 

conservative hexahedral meshes which are often based on more than 1 000 000 

elements. This reduction of number of elements permits a lean and time-efficient 

mathematical solution and a small error propagation. The finite element software 

CMISS uses polynomial constructs for meshing, solving and visualisation. 

2.7 FINITE ELEMENT SOFTWARE: CMISS AND CM 

While certain powerful multi physics software programs dominate the industrial 

market, further open source finite element software can be just as powerful in their 

specialised area, such as CMISS - Continuum Mechanics, Image analysis, Signal 

processing and System Identification (www.cmiss.org, freely available for academic 

use). In contrast to common software with linear elements, CMISS has the ability to 

host polynomial meshes with an associated low number of mesh elements which 
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provide potential lean solutions in a short time frame compared to conventional finite 

element software. This way, CMISS is an efficient and potent software developed 

especially for solving complex bioengineering problems with large deformations. 

CMISS, unlike other finite element packages, does not include a modelling application, 

which means meshes need to be imported or manually constructed. Similar geometry 

types can undergo the CMISS host mesh fitting procedure for more efficient mesh 

development. This can be done in the graphical front end of CMISS, CMGUI, which has 

an advanced three-dimensional display for viewing and editing. However, the 

computational back end CM has no graphical user interface and is entirely command 

line and code based. The back end and the front end have their own file format, which 

requires an additional formatting step for file transition. However, with the code based 

operation, users have the option to adapt code to their needs. This study has been run 

remotely on the high-performance computer of the Auckland Bioengineering Institute, 

University of Auckland, since the solving process can be time consuming. Like many 

other finite element programs, CMISS is based on continuum mechanics. A continuum 

is a body that can be repetitively sub-divided into infinitesimal elements while keeping 

the same properties. Continuum mechanics analyses kinematics and describes the 

mechanical behaviour of volumetric geometries with continuous mass. Continuum 

mechanics considers an agglomeration of atoms and spaces, such as fluids, gases or 

structures as continuous matter and disregards their discontinuities. To describe the 

motion or deformation of such continuums, it is required to not treat the continuums 

as independent data points but as continuum. The basic idea for continuum mechanics 

is to assign the body and all its points a position in space which can be identified by its 

position vector. This enables the displacement of nodes and the deformation of the 

body to be mathematically described either as translation, rotation, deformation or a 

combination thereof which allows the description of continuums of all states by 

considering them an agglomeration of particles. To describe the location of particles in 

space it is necessary to define a spatially rigid global coordinate system (GCS). Based 

on the GCS a function Φ (�⃗�, t) can be defined based on the three-dimensional vectors 

𝑋𝑖
⃗⃗⃗⃗  of the i particles at the initial time (reference configuration) to describe the vectors 

𝑥𝑖⃗⃗⃗⃗  of the same I particles after relocation at a given time (present configuration) as  
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 Φ (�⃗�𝑖, t) = �⃗�𝑖   

The function Φ underlies three boundary conditions. 

1. Φ (�⃗�,0) = �⃗� to establish the initial configuration 

2. Φ is continuous at all times with continuous derivatives 

3. Φ is biunivocal which requires the Jacobian J of to be 𝐽 ≠ 0 

Two mathematical frameworks are available to describe the motion of particles, the 

spatial (Eulerian) description which is preferable for fluid material and the material 

(Lagrangian) description which is appropriate for non-fluid continuums like the tissues 

in this study. The material description is based on the initial material coordinates X and 

the time and hence identifies the state of all particles at a fixed material point over a 

range of time. The number of particles in a continuum of an FEA analysis is required 

and therefore reduced to be a countable and finite amount which allows the solving of 

all equations and subsequently the description of the loci of all particles at any time. A 

second requirement for finite element methods is that the deformation of continuums 

is also finite.  

However, continuum modelling encounters an issue when subdividing a body into 

elements. Mathematically, when turning a continuous mass into an assembly of 

elements, a curve is divided into domains and described with piecewise, independent 

polynomial functions, Figure 2-7A. At the connecting nodes however, the polynomials 

are not continuous, Figure 2-7B, which requires a constraint of parameters at the 

nodes to the exact value. Linear basic functions describe the displacement of nodes n 

as normalised measure of distance and hence 0<b<1 as 

 u(b) = (1 − b)u1 + b𝐮𝟐 =  φ1u1 + φ2u2 [ 4 ] 

u1 and u2 describe the local nodes within an element and are always associated to a 

global node Ui. With the interpolation between the first element, in which u1 = U1 

and u2 =  U2, and the second element, in which u1 = U2 and u2 = U3, the implicit 

continuity between elements and their functions is established. The introduction 

mapping links the normalised mathematical space of b to the actual physical space x of 

a global node x1<x<x2 and makes it adaptable to any problem. However, higher order 

interpolations can be necessary to fully describe a multi-nodal geometry’s behaviour.  
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A quadratic approach to the linear basic functions φ, with 0< φ<1 can be achieved by 

adding a quadratic extension to the basic function to describe a one-dimensional 

element with three nodes as 

 u(φ) =  φ1u1 +  φ2u2 +  φ3u3 . [ 5 ] 

A two-dimensional element can be described by the product of one-dimensional 

functions 

 u(b1, b2) = φ1(b1, b2)u1 + φ2(b1, b2)u2 + φ3(b1, b2)u3 + φ4(b1, b2)u4 [ 6 ] 

with the influence of each node on each other node, it is now ensured that that actual 

positioning receives a contribution from all nodes. Extended mapping will translate 

these nodal parameters to global parameters. Higher order evaluations, for a 6-node 

face for example, can be constructed the same way as products of the basic linear 

functions, so-called Lagrange functions, for each of its nodes and higher dimensional 

basic functions, such as three-dimensional for hexahedral elements can be formed 

accordingly, as long as the higher order continuity across element boundaries is 

maintained. This can be achieved with the nodal derivative to be constant around 

nodes and across boundaries. This way, CMISS can calculate deformations for 1D, two-

dimensional and three-dimensional meshes. Further extensive elaboration can be 

found in literature (Fernandez, 2004; Nash, 1998). 

Figure 2-7 A] shows the original individual data points u plotted against s and B] shows 

the linear approximation with continuity issues between elements [FEM/BEM Notes, 

Auckland Bioengineering Institute, 2008]. 

As previously discussed, soft tissues are among the most interesting but also most 

challenging materials to model, because they are inhomogeneous and anisotropic. 

 

[A] [B] 
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Usually, one kind of numerical tissue model is not able to entirely describe the tissue’s 

mechanics, often not even under small loads or assuming constant material properties. 

Although the Achilles tendon can be approached as linearly elastic material between 

approximately 2% and 8% strain, Figure 2-3, it will deform nonlinearly under greater 

strain, which excludes constant material properties. This anisotropy of physical 

properties has been considered to describe deformation based on potential energy. It 

is originally based on linear material formulations (Freutel et al., 2014) and describes 

the general stress σ with the material’s stiffness C and the strain ε as  

 σ = C ∙  ε. [ 7 ] 

In three dimensions, stress, strain and stiffness for an anisotropic material are 

 

 σ =  

σ11

σ22
σ33

σ23
σ13

σ12

     ε =  

ε11

ε22
ε33

2ε23

2ε13

2ε12

     and  C =  

C1111 C1122 C1133 C1123 C1113 C1112

C2211 C2222 C2233 C2223 C2213 C2212

C3311

C2311

C1311

C1211

C3322

C2322

C1322

C1222

C3333 C3323 C3313 C3312

C2333 C2323 C2313 C2312

C1333

C1233

C1323

C1223

C1313

C1213

C1312

C1212

 [ 8 ]  

The high number of elastic constants in the matrix makes an accurate description for a 

material difficult, as an elastic material will experience stretching and compression at 

the same time. Hence, it is necessary for the stiffness matrix to be symmetric, reducing 

it to 21 independent elastic constants in the most general case of anisotropic elasticity. 

For the case of material symmetry despite the absence of entire isotropy, the 

mathematical description can be even further simplified if the Achilles tendon is 

treated as an orthotropic material: Firstly, the stiffness matrix has cross-related entries 

depending on the assumptions and simplifies to 

 

C =   

C1111 C1122 C1133 0 0 0
C2211 C2222 C2233 0 0 0

C3311

0
0
0

C3322

0
0
0

C3333 0 0 0
0 C2323 0 0

0
0

0
0

C1313

0

0
C1212

 [ 9 ] 

 Secondly, for a transversal isotropic material, C is symmetric, which means 

 C2211 =  C1122, 

 C3322 =  C2233 =  C3311 =  C1133 

[ 10 ] 
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   C1111 =  C2222  

   C1313 =  C2323  

 C1212 =  0.5 ∙ (C1111 − C1122) 

Hence, C consists now of only 5 different values, defined in our model as c1..5 with 

c2 = 0 to describe a Neo-Hookean material and C5 representing the general Young’s 

modulus of the tendon with straightened collagen (Weiss, Maker, & Govindjee, 1996). 

Values for those 5 parameters describing the Achilles tendon have previously been 

published (Shim et al., 2014). Those cadaveric values were found in elderly tendons 

and might serve as a base for the modelling of living tendons. 

2.8 SUBJECT-SPECIFICITY OF GEOMETRY AND MATERIAL PROPERTIES 

As biological tissues are constantly remodelling, their geometries, mechanical 

properties and material properties are continuously changing and vary between 

individuals. The differences in tissue deformation can only be accurately represented 

by creating subject-specific tendon models. A modification of a parameter 

optimisation method (Shim et al., 2014) will allow the determination of subject-specific 

material properties for this study. Shim and colleagues developed a numerical 

procedure which alters the parameters in a finite element analysis systematically until 

it finds the parameter set that creates the least spatial difference between the 

resulting mesh and its experimental counterpart. During the parameter optimisation 

method, a MATLAB code calls the finite element analysis in CMISS with a chosen start 

parameter set and compares the resulting coordinates of relevant nodes with their 

experimental counterparts, before altering the start parameters to restart the process 

until the meshes match best. This methodology will create a finite element model that 

display the geometry and material properties of the tendon scanned during 

ultrasound. The optimised parameter set can then be added as boundary condition to 

the finite element mesh. 

Subject-specific finite element meshes can be developed based on new imaging 

technologies. Over the last decades researchers and commercial companies have 

made advances in musculoskeletal imaging techniques, such as Magnetic Resonance 

Imaging (MRI) and ultrasound that enable reliable and detailed two-dimensional 

imaging of the Achilles tendon (Filho et al., 2009; Pierre-Jerome, Moncayo, & Terk, 
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2010). These advances assist in creating three-dimensional representations of a 

structure’s morphology for both research and clinical purposes. The use of MRI 

enables the most detailed image of tendons structure to produce spatially stacked 

two-dimensional grey-scaled images. Latest MRI technologies, such as three-

dimensional ultrashort echo time imaging at 7T, can visualise even micro structures at 

high accuracy, with good repeatability and in three dimensions (Han, Larson, Liu, & 

Krug, 2014). However, MRI imaging is costly, requires a specialist and can only evaluate 

a static structure. Ultrasound imaging on the other hand overcomes these limitations.  

Ultrasound imaging provides a real-time two-dimensional slice through the anatomical 

structure. For most of the 21st century, an important clinical tool in the imaging of 

musculoskeletal structures has been the brightness mode ultrasound which has proven 

to be a highly qualitative, reliable and useful method (Arya & Kulig, 2010; Maffulli & 

Kader, 2002; Obst et al., 2014a). Compared to MRI technologies, the B mode 

ultrasound is cheaper, faster and more easily accessible. Sonography has been used 

extensively to investigate the morphology of tendons, such as length, volume, 

thickness and CSA, which also allows the subsequent analysis of strain (Farris, 

Trewartha, McGuigan, & Lichtwark, 2013; Nuri et al., 2016; Obst et al., 2014a). 

Fredberg et al. (2008) considered ultrasound to be superior to MRI technology for 

studies for measuring structural changes. Both imaging methods have been considered 

only moderately reliable in assessing Achilles tendon disorders with accuracy of 

identification of the tendons borders ranging from 56% to 94% (Khan et al., 2003).  

Morphology measurements based on sonography are typically acquired from single 

transverse or sagittal images at pre-defined locations and cannot provide a three-

dimensional representation of the structure or its three-dimensional deformation. 

Two-dimensional methods include speckle tracking (Kim, Kim, Bigliani, Kim, & Jung, 

2011) or conventional two-dimensional sonography which has been the tool of choice 

for previous tendon mechanics research (Arampatzis et al., 2007; Arya & Kulig, 2010; 

Chimenti et al., 2016; de Oliveira et al., 2016; Grigg et al., 2012; Slane & Thelen, 2014). 

No two-dimensional method can adequately grasp the three-dimensional behaviour of 

the Achilles tendon and their limited range of view often does not allow the imaging of 

the full structure (Fredberg et al., 2008; Seynnes et al., 2015). Consequently, results of 
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two-dimensional research might be leading to inaccurate interpretation and 

conclusions. Freehand three-dimensional ultrasound system (3DUS) allows three-

dimensional analyses by combining a traditional two-dimensional ultrasound system 

with three-dimensional motion capture to create stacks of spatially aligned two-

dimensional images. These stacks can be used to render three-dimensional geometries 

(Gao, 2010; Kvist, 1990; Obst et al., 2014a). The system is affordable, accessible and 

allows the investigation of volume, CSA and even regional strains (Lichtwark, Cresswell, 

& Newsham-West, 2013; Nuri et al., 2016; Obst et al., 2014a). 3DUS will be the imaging 

technology used in this study, section 3.1.1. 

2.9 SUMMARY 

The Achilles tendon is the strongest, but also the most injured human tendon. It works 

as a kinetic link between the Triceps Surae muscles and the Calcaneus to produce 

plantar flexion and to store and release energy during locomotion. Load has been 

implicated in the damage to this tendon and yet load has been employed by clinicians 

to manage and treat tendon conditions such as tendinopathy. Despite various available 

treatments, no gold standard treatment exists. This is in part due to a poor 

understanding on the mechanical behaviour of tendon as investigations are 

traditionally based on two dimensions or the use of cadaveric tissues of older age. The 

respective changes in connective tissue seen with age might not reflect young and 

active tendons which are most prone to tendon injuries. Getting a deeper 

understanding of a tendon’s mechanical behaviour under load might contribute to the 

understanding of tendinopathy and tendon damage development but also to the 

optimisation of treatments. The mechanics of tendon were shown to be influenced by 

genetics, use/ neglect and changes in the structure due to age and pathology, but 

mostly by its geometry and its material properties. 

Computational modelling has proven to be a powerful non-invasive in-vivo approach 

to analyse tendon mechanics. In conjunction with medical imaging such as freehand 

three-dimensional ultrasound, it enables the construction of subject-specific 

geometries while numerical parameter optimisation procedures enable the calculation 

of subject-specific material properties. Finite element analyses on Achilles tendon have 

been conducted but never on young living tendons with and without tendinopathy. 
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This thesis will look at the influences of geometry and material properties of the 

tendon on stress and damage of healthy and tendinopathic tendons of a young and 

living population. 

To conduct such a finite element analysis based on subject-specific models for this 

thesis, a methodological pipeline was developed. It included the acquisition of 

sonographic images, the development of meshes, the definition of subject-specific 

boundary conditions and the finite element analysis which are described in the 

following chapter. 

  



34 
 

3 GENERAL METHODS 

At present, a complete mechanical analysis of living tissue in three dimensions can only 

be achieved with the aid of numerical modelling. In conjunction with medical imaging 

technologies, numerical modelling can accommodate subject-specificity through 

measurement of individual geometry and material parameters. The success of any 

finite element model is the accuracy and specificity of the structure imaging. In order 

to develop subject-specific models of the Achilles tendon, a goal of this present thesis 

was to develop a methodological pipeline from three-dimensional imaging to subject-

specific finite element analyses (figure 3-1). From the experimental data collection of 

the living tendon using three-dimensional free hand ultrasound a computational stress 

analysis of the tendon was developed based on the methodology presented in section 

2.6. 

 
Figure 3-1 Flow chart of the methodological pipeline developed in this study: the 

conjunction of freehand three-dimensional ultrasound imaging with derived boundary 

conditions to perform subject-specific finite element analyses. 

An overview of the relevant methods for each study is described in the chapter 4-6. 

This chapter will explain the applied methodology in more detail: the creation of 

subject-specific models based on freehand three-dimensional ultrasound, 

segmentation methods and the host meshing method followed by the definition of 

boundary conditions. Furthermore, it will illuminate the numerical parameter 
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optimisation method used to individualise material properties and more fully describe 

the finite element analysis. 

3.1 EXPERIMENTAL METHODS 

Experimental data collection, as the first step in the methodological pipeline, was 

performed with freehand three-dimensional ultrasound technology in conjunction 

with a torquemeter. The gathered information served to construct three-dimensional 

subject-specific geometries and to derive the force boundary conditions feeding into 

the numerical parameter optimisation and ultimately into the finite element analysis. 

3.1.1 FREEHAND THREE-DIMENSIONAL ULTRASOUND 

The freehand three-dimensional ultrasound system (3DUS) combines a conventional 

two-dimensional ultrasound system with a motion capture system to develop three-

dimensional reconstructions of anatomical structures. The motion of the ultrasound 

transducer (SonixTouch, Ultrasonix, Canada) is captured by a five-camera optical 

tracking system (Optitrack V100:R2, Tracking Tools v2.5.2, NaturalPoint, USA) to 

spatially locate every taken image. Cameras were mounted on the ceiling and around 

the relevant scanning region achieving a tracking accuracy < 1 mm (Obst et al., 2014a).   

The 58 mm linear transducer (L14-5W/60 linear, Ultrasonix) had a central frequency of 

10 MHz, sampling frequency of 40 Hz and standardised B-mode image settings (depth 

40 mm, gain 50%, dynamic range 65 dB, map 4, power 0). A customised thermoplastic 

extension to the transducer rigidly accommodated a 2 cm acoustic standoff pad 

(Ultra/Phonic Focus, Pharmaceutical Innovations Inc.) to ensure stable contact to the 

skin. 4 reflective markers were attached to the top part of the transducer, so that its 

orientation and positioning could be identified by the motion capture system (Figure 

3-2A). This way, all images produced by a single sweep scan across the skin could be 

positioned in space, mapped into the global coordinate system of the laboratory and 

then reassembled in-silico using the Stradwin software package Figure 3-2 B-C).  

To successfully operate the freehand three-dimensional ultrasound on the Achilles 

tendon, the participant was positioned prone with the relevant ankle fixed in neutral 

position. For fixation of the foot, the arch was strapped down onto the platform which 

operated as lever arm of the torquemeter. The ankle joint axis was aligned with the 
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axis of torque transducer (Obst et al., 2014a). After pre-conditioning of the tendon 

using at least two sub-maximal followed by four maximal contractions, the maximum 

voluntary isometric contraction (MVIC) torque was determined as greatest torque 

generated from three maximum contraction trials. 

[A] 

 

[B] 

 

[C] 

 

Figure 3-2 (A) Acquisition of ultrasound images with 3DUS during a tendon scan. The 

markers attached to the transducer inform the motion capture system about its 

locations at every moment of the scan, resulting in spatially reconstructed stacks of 

images [B], and the sagittal image recreated from transversal images [C]. 

Ultrasound scans were subsequently made at rest and during a submaximal isometric 

contraction. Patients were provided real-time bio-feedback about their torque 

production on a screen while performing the plantarflexion contraction. The 
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contraction was accepted if their torque output was within a ± 5% tolerance around 

their individual target torque during the whole scan. All ultrasound scans were 

performed between the distal Calcaneal and the aponeurosis of the Achilles tendon in 

a time of approximately 4 seconds producing up to 1000 images. During the data 

processing in Stradwin, the pressure correction option was applied to the stack as it 

improved the visualisation of tissues in the ultrasound scans by accounting for the 

pressure of the transducer on the skin and the subsequent deformation of tissue. 

However, the mathematical method behind the correction is entirely based on 

evidence of deformation in the data and does not guarantee accurate physiological 

resemblance of the actual pressure during data collection. Nevertheless, it visually 

improved picture quality and hence the feasibility of landmark selection and 

segmentation. The result is a three-dimensional stack of two-dimensional images 

resembling the original spatial size and alignment of the anatomical region scanned, 

laying the foundation for image segmentation and subsequently the computational 

subject-specific tendon modelling. 

3.1.2 ACHILLES TENDON FORCE 

During the preconditioning of the Achilles tendon, the participant performed a 

maximum voluntary isometric contraction of the plantarflexors. The torque applied to 

the torquemeter was recorded as subject-specific maximum torque and submaximal 

torque values for data collection were based on the recorded maximum torque. The 

subject-specific force acting on the free Achilles tendon during the maximal isometric 

contractions was determined by considering the ankle joint and the Achilles tendon as 

a lever-arm system. The applied force on the tendon was calculated by dividing the 

ankle plantarflexion torque by the generic Achilles tendon moment arm of 43 mm 

(Kongsgaard et al., 2011).  

3.2 COMPUTATIONAL METHODS 

The finite element stress analysis requires the construction of a finite element mesh 

and the definition of boundary conditions to perform computational analyses to 

predict deformation under given boundary conditions. Finite element meshes in this 

study were volumetric and created through freeform deformation of a so-called slave 

mesh. This section explains how the slave mesh and the subject-specific meshes were 
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created. The optimisation of material properties and the definition of displacement 

and force boundary conditions are also described. 

3.2.1 MESH AND BOUNDARY CONDITIONS 

The construction of three-dimensional surface geometries involved the segmentation 

of images and the subsequent rendering of the geometry, Figure 3-3. Generally, the 

segmentation of medical images is a manual or (semi-) automated process that 

partitions the pixels of a medical image into more meaningful groups than their 

original grey-scale groups. For this study, the segmentation outlined the tendon shape 

in the transversal grey-scale images and colour fill the outline to partition the image 

into highlighted (tendon) and non-highlighted (other structures) pixels (Figure 3-3). 

Segmentation was performed manually as the outlines of the structure have 

insufficient contrast to be recognised automatically.  

The first segmentation image was chosen as the most distal image showing the Soleus 

(muscle-tendon junction). The most distal image on the other hand was the most 

proximal image showing the calcaneal notch. The distance between these two images 

defined the tendon’s length. Between the 2 landmark slides, at least 4 further, 

equidistant slides were chosen along the tendon before all 6 segmentations were 

interpolated. The interpolation for rendering used the sparse contour algorithm in 

Stradwin. The surface geometry was created with low resolution and with medium 

smoothing strength to preserve geometry features. Eventually, a three-dimensional 

geometry rendered. At his point, the volume of the structure can be identified, which 

means that the average CSA of the tendon was calculated by dividing its volume by its 

length. The surface model was then exported as a low resolution VRML file, a standard 

file for saving three-dimensional vector graphics. 

The tendon models were further processed in a CAD software specialised in processing 

and analysing anatomical data gained from medical images (3-matic 9.0, Materialise). 

In the program, they were traversed into the first octant and their longitudinal axis of 

intertia manually parallelised with the x-axis of the global coordinate system (Figure 

3-4). Their regional coordinate system was aligned with the global coordinate system. 

The surface models were then exported as a subject-specific point cloud in 
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stereolithographic CAD file in binary ASCII format as STL-file, for subsequent mesh 

creation through free form deformation .  

[A] 

 

[B] 

 

Figure 3-3  [A] Segmentation of all tendons was performed manually. In selected 

individual two-dimensional images, the area encompassing the Achilles tendon was 

outlined and saved. [B] 6 equidistant images over the length of the tendon were 

segmented and rendered by interpolation.  

‘Host meshing’, ‘host mesh fitting’ or ‘geofitting’ was used to transform a generic finite 

element mesh, the slave mesh, to match the geometry of the subject-specific three-

dimensional surface point clouds obtained from 3DUS to create subject-specific finite 

element meshes. The STL file imported from 3-matic was translated to a CMISS code 

file representing a surface point cloud (Figure 3-10). The host meshing procedure is 

based on the idea to embed a generic mesh (slave mesh) inside a rectangular host and 

then morph the host to fit the host of the subject-specific morphology by using a least-

58 mm 
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squares algorithm to morph the host mesh. This forms the slave to fit the subject-

specific point cloud. The objective function in the least-squares algorithm is modified 

with smoothing Sobolev constraints for additional control over the deformation of the 

control volume (Fernandez et al., 2004).   

 

Figure 3-4 The Achilles tendon was traversed into the first octant of the global 

coordinate system. The proximal-distal axis of inertia of the tendon was aligned with 

the x-axis (red) of the global coordinate system. 

The development of the slave mesh (Figure 3-5) required two different work streams: 

a waterproof mesh with adequate number and arrangement of elements was created 

and an accurate point cloud was developed based on MRI images of a sample tendon. 

The MRI scan included the area of the right distal femur to and including the Calcaneus 

at a neutral ankle angle. The participant (sex: female, age: 31 years) reported no 

indicators of Achilles tendinopathy. The slice thickness of all 50 traverse images was 

3.5 mm and each voxel measuring 0.6 mm either direction (voxel size = 0.289 mm³). 

The slice gap was, as a compromise between accuracy and efficiency, set as 0.3 mm.  

 

Figure 3-5 Flow chart of the slave mesh development: a generic, adequate and 

waterproof mesh (top stream) is morphed to a subject-specific point cloud taken from 

MRI images (bottom stream) to create the slave mesh. 
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Figure 3-6 shows samples of the resulting transversal DICOM images at the free tendon 

and the aponeurosis. The Achilles tendon DICOM images were manually segmented 

and rendered in Mimics (Research 17.0, Materialise), an image processing and meshing 

software with a medical module (medCAD). The resulting surface geometry was 

exported as STL file, which contains geometry information for a data point cloud. After 

the import of the STL file into the finite element method back end CM, it was 

translated into a CM-suitable file format representing the subject-specific geometry of 

the sample tendon at MRI. This subject-specific surface point cloud in CM format was 

used as the base geometry for the creation of the slave mesh, as visualised in the 

bottom stream of the flow chart in Figure 3-5. 

 

Figure 3-6 Examples of the transverse MRI images (DICOM) at the free tendon (right) 

and at the aponeurosis (left) before segmentation. 

Developing the slave mesh started with a tall hexahedral mesh, which is first divided 

transversely into 8 elements (Figure 3-7). To describe the Achilles tendon adequately 

regarding its elliptical shape in the transverse plane, the 3 sagittal horizontally-

adjacent nodes at the far ends were merged into one node. Since a high order 

interpolation function was used (cubic Hermite), the C1 continuity (derivative 

continuity) required in these meshes were achieved by introducing versions to these 

nodes. Each element was then sagittally and coronally refined into 8 elements creating 

a mesh of 64 hexahedral linear elements (Figure 3-9) to improve subject-specificity. 
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Figure 3-7 Base mesh to create the slave mesh with 8 elements and the subject-

specific target point cloud. The mesh lacks continuity at the versions (collapsed, lateral 

nodes) and subdivision of the elements.  

The result was that element lines collapsed transforming the 32 sagittal hexahedral 

elements into pentahedral elements with 6 nodes while assuring the higher order 

continuity across boundaries and especially across collapsed boundaries. The mesh 

density for the initial mesh was determined from a mesh convergence analysis using 

maximum principal strain. As shown in Figure 3-8, the initial model reached the 

optimum mesh density when the number of degrees of freedom is approaching 2000. 

The model used in this study has 2376 degrees of freedom which was within the 

region. Further mesh refinement did not improve numerical stability. 

 

Figure 3-8 Mesh convergence analysis based on maximum principal strain. 

The finalised mesh structure contained 64 higher order elements and 99 nodes with 18 

nodal versions (Figure 3-9). In the slave point cloud, 40 data points were defined on 
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anatomically important locations, these points were called target points in the host 

mesh fitting procedure (Figure 3-10). 40 corresponding points in the ultrasound based 

subject-specific point clouds, so-called landmarks, were selected as spatial equivalents 

to the target points. Freeform deformation based on minimising the distance between 

the landmarks and the target points morphs the host mesh until the difference 

between slave mesh and subject-specific point cloud was minimal. Finally, minor 

artefacts in the slave mesh were manually corrected. Resultantly, the slave mesh 

matches the subject-specific point cloud and represents the patient-specific mesh.  

 

Figure 3-9 Resulting finite element model of a sample human Achilles tendon 

displaying lines, 99 nodes, 46 elements and 80 faces. 

 

Figure 3-10 Sample of a subject-specific surface point cloud with 40 manually selected 

target points (blue).  
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The idea was that each volume element is decomposed into faces and the data points 

were projected to faces by solving a least-squares distance function, d, between a data 

point and its projection. The initial RMS between target and landmark points was 

calculated. If it was greater than the set tolerance, the so-called face objective function 

will establish new nodal conditions. The function 𝐹𝑓𝑎𝑐𝑒 includes a data error constraint 

and a Sobolev smoothing constraint 𝐹𝑠.  

 𝐹𝑓𝑎𝑐𝑒 = ∑|𝑢(𝜉1𝑑,𝜉2𝑑) − 𝑧𝑑|
2

− 𝐹𝑠(𝑢𝑛)

𝑛

𝑖=1

 [ 11 ] 

The data error constraint was the sum of the squares of the distances between each 

data point and its projection. In the equation, 𝑧𝑑 are the geometric coordinates of data 

point d and u(𝜉1𝑑,𝜉2𝑑) is a field quantity in terms of its directions (𝜉1𝑑,𝜉2𝑑), see 

equations [ 5] and [ 6]. Solving the face objective function will enable the rescaling of 

the geometry and hence develop new nodal data sets. Projection of the target data 

points with the new points will deliver a new RMS that can again be compared to the 

set tolerance. The reoccurring loop (Figure 3-11) ended once the target tolerance was 

achieved and the element and nodal information of the morphed slave mesh was 

written as new subject-specific mesh.  

 

Figure 3-11 Flow chart of the host meshing procedure which morphs the slave mesh to 

the subject-specific point cloud until their distance was minimized. 

While the manual selection of target point in host-meshing is time-consuming, the 

host mesh method is very lean and fast with great accuracy as shown in a resulting 

average RMS error of 0.19 mm (Hansen et al., 2017). The host meshing method was 
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therefore a useful tool to generate accurate geometries of measured structures in 

short time. This lean processing was in part due to the use of cubic Hermite elements, 

which allowed a lower number of elements than usually seen in comparable structures 

in alternative finite element modelling packages. For the development of a generic 

mesh, the 40 target points of all structures of interest were numerically averaged in 

their data files and the resulting average targets were used to fit an average mesh. 

The creation of meshes was at this stage complete. However, to create finite element 

models, the definition and assignment of boundary conditions, such as applied force 

and material properties to the mesh were fundamental to accurately display the 

mechanical behaviour of the tendon. Boundary conditions are essential to every finite 

element model, as they determine the deformation. This study used essential 

(displacement) and natural conditions (force), as well as adequate material properties.  

Essential conditions prescribe the displacement of the 9 nodes on the most distal face 

as Δx = Δy = Δz = 0, but without rotational constraints. This will resemble the fixation of 

the Achilles tendon to the calcaneal bone. The 9 nodes on the most proximal face were 

equally assigned a subject-specific tendon force boundary condition but no other 

constraints (Figure 3-13). Based on the MRI scans of a right lower limb the geometries 

of the three Triceps Surae muscles were segmented and rendered in Mimica in Mimics 

(Research 17.0, Materialise) and their volumes determined (Figure 3-12). The centroids 

of the individual Triceps Surae muscles were determined in Mimics to estimate the 

force vector of each muscle with regard to the centroid of the proximal face of the free 

Achilles tendon. The sum of all three force vectors determines the force vector for the 

Triceps Surae, which was normalised to  �⃗�𝑡𝑜𝑡𝑎𝑙  = [0.999, 0.025, -0.031], (Figure 3-13 

(left)). The volumes of lateral Gastrocnemius, medial Gastrocnemius and Soleus were 

found to be 279.6 ml, 104.4 ml and 430.3 ml, respectively (Figure 3-12). Since muscle 

volume is linearly related to muscle force (Knarr, Ramsay, Buchanan, Higginson, & 

Binder-Macleod, 2013), the ratio of volume will represent the ratio of muscle force 

within the Triceps Surae.  
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Figure 3-12 Triceps Surae and free Achilles tendon, rendered volumes based on MRI 

images.  

 

Figure 3-13 Determination of the applied force vectors as resulting vector length from 

the individual force vectors of Soleus (S), Gastrocnemius Medialis (GM) and 

Gastrocnemius Lateralis (GL) [left] and the boundary conditions applied to the finite 

element mesh. The force condition is assigned to the nodes of the proximal face 

(green) and the fixation condition is assigned to the nodes of the distal face (blue). 

3.2.2 MATERIAL PARAMETER OPTIMISATION 

Material parameters define the mechanical behaviour of a given geometry. Although 

the mechanical behaviour of tendons is known to be viscoelastic and the structure 

known to be anisotropic (chapter 2), the descriptions of the tendon’s behaviour for 
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this study will be simplified and its material described as incompressible, transversely 

isotropic and hyperelastic. One approach to analyse the deformation, or strain, of a 

tendon, is through its strain energy function W, which adds the work 𝑊1 of the ground 

substance in the tendon to the work 𝑊2related to the (un-) crimping of its collagen 

fibres: 

 W =  W1(ICG, IICG) + W2(λfibr) [ 12 ] 

I and II are the first and second invariants of the Cauchy-Green deformation tensor CG 

and λfibr represents the current fibre stretch ratio. For the Mooney-Rivlin model, 𝑊1is 

defined as 

 
W1 =  

C1

2
(ICG − 3) +  

C2

2
(ICG − 3  ) 

[ 13 ] 

However, W2in equation [ 12 ] is conditional with respect to the stretch ratio λ: 

 
λfibr

∂W2

∂λfibr
= 0, λfibr < 1 

λfibr

∂W2

∂λfibr
= c3 [ec4 (λfibr−1) − 1], 1 <  λfibr < λcrit, 

λfibr

∂W2

∂λfibr
= c5 λfibr + c6 ,   λcrit ≤ λfibr 

[ 14 ] 

λcrit is the critical stretch ratio that indicates the complete uncrimping of fibres. 

Consequently, this shows that c3  and  c4 are responsible for the tendon behaviour in 

the toe region while c5  and its dependent c6 , will influence the behaviour in the 

tendon’s elastic region. Firstly, this study used generic, literature-based material 

coefficients for cadaveric, old tendons (Shim et al., 2014): c1 = 46.52, c3 = 15.29 

(scaling of the exponential stress), c4 = 26.80 (rate of fibre loading), c5 = 928 MPa 

(Young’s modulus of straightened collagen fibres) and c2 = 0 to describe the ground 

substance as  Neo-Hookean material. For the purpose of a smooth transition between 

functions, c6 was computed as follows: 

 c6 = c3(ec4(λ∗−1) − 1) − c5λ∗ [ 15 ] 
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Secondly, this study optimised material properties in an inverse approach to finite 

element analyses (Gavrus, Massoni, & Chenot, 1996; Shim et al., 2014) by using the 

finite element analysis to establish specific boundary conditions. The methodology can 

schematically be seen in Figure 3-14. From the optimisation excluded were the 

parameters c2=0 to treat the Achilles tendon ground substance as a Neo-Hookean 

material and c3, because it has the least influence, as identified in a sensitivity analysis 

of the energy function. The method optimised the parameters c1, c4and c5. 

 

Figure 3-14 Flow chart of the parameter optimisation loop using Matlab to optimise 

parameters in the finite element analysis (FEA) in CM. The outcome is visualised and 

evaluated in the visual front end CMGUI. 

The parameter optimisation used was adjusted from a previous study (Shim et al., 

2014). The optimisation (Figure 3-14) combines the finite element analysis in CM with 

the mathematical optimisation algorithm fmincon in MATLAB (MathWorks), which 

found the minimum in a constraint non-linear objective function, but is in this case the 

difference between predicted and measured strains. The algorithm varied the 

parameters within a defined region in the parameter space to minimise the resulting 

error calculation and target parameter. This means that it varied parameters in defined 

ranges until the deformed mesh from finite element analysis had the smallest 

difference to the mesh created straight from the ultrasound procedure under load. For 

this study, lower and upper boundaries for the parameters during the optimisation 

were set to be 0 and 2200 for the Young’s Modulus and 0 and 100 for c1 and c4, based 

on the ranges for cadaveric tendons (Shim et al., 2014).  
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The distance between individual centroidal nodes of all transverse faces resulting from 

FEA, Figure 3-15, and the equivalent centroid nodes of the ultrasound based mesh 

determined the error. With the most distal centroid fixed, the optimisation algorithm 

hence minimised the distances in the sagittal plane of 8 nodes. Although it should be 

more accurate to minimise the distance between all 99 nodes of the mesh, the error of 

optimisation when including all 99 nodes remained unreasonably high in a first 

approach in this study. This was due to the fact that the loaded mesh generated from 

ultrasound showed a distinct twist, which was not reproducible with a single force 

vector as boundary condition. From then on, the optimisation was based on the 8 

centroid nodes of the mesh and converged usually in less than 4 hours. A result was 

accepted when at least 3 initial values of the optimisations converged to the same 

optimized parameter set, which was then considered the subject-specific material 

properties for a tendon and could be used as boundary conditions in subject-specific 

finite element analyses. 

 

Figure 3-15 Finite element mesh, highlighting the 8 centroidal nodes used for error 

calculation during parameter optimisation. 

3.3 STRESS AND DAMAGE ANALYSIS 

The finite element analysis (FEA) was designed for finding solutions to deformation for 

given boundary conditions based on non-linear continuum mechanics. As previous 

sections have established, the first step was the development of finite element models 

including their boundary conditions, the second step was to define the finite element 

methods. Finite element methods are the numerical back end which is applied to the 
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models to perform stress analyses. In this study, the numerical finite element methods 

were established in CM, the mathematical back end of CMISS. The choice of numerical 

method can have a great influence on the accuracy, outcome and time consumption of 

a finite element analysis. All the structural analyses in this study used an iterative 

solver in which errors are minimized and solutions are converged through iterative 

calculations. The tolerance value for relative convergence was 10−5 mm as the sum of 

differentiated ratios of unconstrained to constrained residuals. Convergence was 

expected within a maximum of 100 iterations of type Newton-Raphson. It should be 

noted, that the time it took for the FEA to converge in this study depended not only on 

the individual complexity of the geometry or its boundary conditions but also on the 

number of increments defined per analysis. Larger increments will decrease the 

amount of deformation and hence the complexities of each analysis step, but add to 

the overall time as the number of iterations needed for convergence is increased. 

However, finite element analyses of this study converged in less than 4 minutes before 

the output files were automatically created. In addition to the numerical results, 

resulting von Mises stress and strain can be visualised once the files were translated 

and imported into CMGUI. The analyses were performed in the graphical front end 

CMGUI or directly in the numerical data file with the assistance of MATLAB.Figure 3-16 

displays a sample of the resulting qualitative stress on a common rainbow scale from 

red (high stress) to blue (low stress). High stress occurring close to the distal or 

proximal faces are considered due to artefacts evoked by the nearby application of 

boundary conditions (Horgan, 1989) and were excluded from the analyses in 

accordance with Saint-Venant’s principle (Toupin, 1965).  

Peak stress was identified by manually increasing the minimum stress displayed until 

only one data point was left. Its stress magnitude and coordinates were identified as 

peak stress and absolute peak stress location. The length of the initial mesh and the 

deformed mesh were determined as the distance between x-coordinates of the 

proximal and distal centroids. Subsequently, the relative peak stress location and the 

resulting strain, as per equation [ 2], could be determined. The percentile peak stress 

location Xps,% was calculated as  

 Xps,% = 100 Xpeak stress |Xprox − Xdist⁄ | [ 16 ] 
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Figure 3-16 Sample of von Mises stress distribution in the free Achilles tendon as a 

finite element analysis result visualised in CMGUI. 

Damage analysis was performed in the same way to report the damage load, stress 

and location. A force boundary condition beyond physiological limits was applied to 

the damage analysis to simulate overload of the tendon. The stress results were 

displayed dynamically on a time line with respect to the increasing load. Damage was 

defined to commence at 12% global strain as suggested for Achilles tendon rupture 

(Wang et al., 2006). At this damage strain, the damage region was identified as the 

region of the 15 adjacent Gauss points displaying the greatest stress. This damage 

region roughly corresponded to a diameter of 3 mm which is assumed to cover 

sufficient area of fibre damage to cause tendon damage (Shim et al., 2014). The lowest 

stress of the region indicated the damage stress and the coordinates of the data point 

with the greatest stress within the damage region indicated the damage location. The 

required load to achieve 12% strain was recorded as the damage load.  
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4 ACHILLES TENDON STRESS IS MORE SENSITIVE TO SUBJECT-

SPECIFIC GEOMETRY THAN SUBJECT-SPECIFIC MATERIAL 

PROPERTIES: A FINITE ELEMENT ANALYSIS 
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collection, analysis and interpretation of the research data, and the drafting and 

critical revising of the final manuscript.   
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4.1 ABSTRACT 

This study used subject-specific measures of three-dimensional free Achilles tendon 

geometry in conjunction with a finite element method to investigate the effect of 

variation in subject-specific geometry and subject-specific material properties on 

tendon stress during submaximal isometric loading. Achilles tendons of eight 

participants (Aged 25-35 years) were scanned with freehand three-dimensional 

ultrasound at rest and during a 70% maximum voluntary isometric contraction. 

Ultrasound images were segmented, volume rendered and transformed into subject-

specific three-dimensional finite element meshes. The mean ( ± SD) lengths, volumes 

and cross-sectional areas of the tendons at rest were 62 ± 13 mm, 3617 ± 984 mm³ 

and 58 ± 11 mm² respectively. The measured tendon strain at 70% MVIC was 5.9 ± 

1.3%. Subject-specific material properties were obtained using an optimisation 

approach that minimised the difference between measured and modelled longitudinal 

free tendon strain. Generic geometry was represented by the average mesh and 

generic material properties were taken from the literature. Local stresses were 

subsequently computed for combinations of subject-specific and generic geometry and 

material properties. For a given geometry, changing from generic to subject-specific 

material properties had little effect on the stress distribution in the tendon. In 

contrast, changing from generic to subject-specific geometry had a 26-fold greater 

effect on tendon stress distribution. Overall, these findings indicate that the stress 

distribution experienced by the living free Achilles tendon of a young and healthy 

population during voluntary loading are more sensitive to variation in tendon 

geometry than variation in tendon material properties. 

4.2 INTRODUCTION 

Many intrinsic factors including gender, age and genetics contribute to the risk of 

tendon injury (Maffulli et al., 2004), but from a tissue mechanics point of view, they do 

so mainly through their influence on the geometry and material properties of the 

tendon (Cowin & Doty, 2007). Studying how geometry and material properties interact 

to influence the stress distribution within the tendon during loading might therefore 

improve our understanding of why tendon injuries occur and how they might be 

prevented. Given that it is difficult to measure in vivo stress distribution within a 
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tendon, and that tendon geometry and material properties vary between individuals, 

one way of identifying individuals at risk of tendon injury is to incorporate subject-

specific measures of tendon geometry and material properties together in a finite 

element tendon model. Using this approach, Shim et al. (2014) demonstrated that the 

stress distributions in the Achilles tendon were more sensitive to subject-specific 

measures of tendon geometry than material properties. However, as their models 

were fresh-frozen cadaver tendons with an average age of 68 years, and as their 

geometries were reconstructed from only three sparse cross-sectional ultrasound 

scans, it remains unclear how these findings reflect the in-vivo tendon geometry and 

material properties in a young, healthy and active population.  

In-vivo Achilles tendon geometry is typically measured using either two-dimensional 

ultrasound (Arya & Kulig, 2010; Fukashiro, Rob, Ichinose, Kawakami, & Fukunaga, 

1995b; Magnusson, 2002) or magnetic resonance imaging (Finni, Hodgson, Lai, 

Edgerton, & Sinha, 2003; Pierre-Jerome et al., 2010), but has more recently been 

evaluated using freehand three-dimensional ultrasound (Obst et al., 2014a; Obst et al., 

2014b). The three-dimensional ultrasound approach combines conventional brightness 

mode ultrasound with motion capture and allows the three-dimensional geometry of 

structures including muscle and tendon to be readily measured at rest and during 

isometric contractions in the laboratory environment with high levels of accuracy and 

test-retest repeatability (Barber et al., 2009; Obst et al., 2014a).  Using three-

dimensional ultrasound, Obst et al. (2014a) reported between-subject variance of 

approximately 40% in measures of free Achilles tendon resting length and average CSA 

in 13 participants. A wide range of human Achilles tendon material properties have 

also been reported in the literature. For example, the in vitro elastic moduli of the 

Achilles tendon reported by Wren et al. (2001) were 816 MPa (SD = 218 MPa) and 822 

MPa (SD = 211 MPa) depending on loading rate, whereas 962 MPa (SD = 265 MPa) was 

the average value used in the ex-vivo finite element study by Shim et al. (2014). In 

healthy, young males though, the in-vivo elastic modulus assessed using ultrasound 

based measures of tendon longitudinal deformation under load was 2 GPa (SD = 0.4 

MPa) (Kongsgaard et al., 2011). Given the reported range of modulus reported in the 

literature, and the apparent variability of in vivo measures of subject-specific Achilles 

tendon geometry and material properties, it is currently unclear how the interaction of 
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these factors influences the stress distribution within the Achilles tendon during 

loading. 

The purpose of this study was therefore to use three-dimensional ultrasound based 

measures of in-vivo free Achilles tendon geometry in conjunction with finite element 

analysis to determine the effects of subject-specific versus generic geometries and 

material properties on the stress distribution within the living tendon during a 

submaximal isometric contraction. We hypothesised that the tendon stress would be 

more sensitive to subject-specific free Achilles tendon geometry measured using 

three-dimensional ultrasound than subject-specific material properties determined 

using an optimisation approach that matched, measured and modelled tendon strains. 

4.3 METHODS 

4.3.1 PARTICIPANTS 

Eight participants (5 males, 3 females; age: 29 ± 4 years, height: 180 ± 6 cm, weight: 75 

± 14 kg, recruited from the university population, volunteered to participate in the 

study. All participants were recreationally active and without recent or recurrent 

Achilles tendinopathy, lower leg musculoskeletal injury/surgery and/or upper or lower 

motor neuron disorders. The study was approved by the Institutional Human Research 

Ethics Committee and all relevant ethical guidelines, including provision of written 

informed consent prior to participation in the study, were followed. 

4.3.2 DATA COLLECTION AND ANALYSIS PROCEDURES 

Achilles tendons of the right leg were scanned with the freehand three-dimensional 

ultrasound system by Obst et al. (2014a) that consisted of a two-dimensional 

ultrasound system (SonixTouch, Ultrasonix, Richmond, British Columbia, Canada)  and 

a five-camera optical tracking system (Optitrack V100:R2, Tracking Tools v2.5.2, 

NaturalPoint, Corvallis, OR, USA) with tracking accuracy < 1mm. Ultrasound images 

were acquired using a 58-mm linear transducer with a central frequency of 10 MHz, 

sampling frequency of 40 Hz and standardised B-mode image settings. The two-

dimensional images were spatially aligned using Stradwin4.4 

(mi.eng.cam.ac.uk/~rwp/stradwin, Cambridge University, UK) to form a reconstructed 

image stack. The three-dimensional point accuracy of spatial calibrations using an 
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optical tracking system, and according to the single wall phantom calibrations 

procedure, has been reported to be less than 1 mm (Hsu, Prager, Gee, & Treece, 2006; 

Treece, Gee, Prager, Cash, & Berman, 2003). Our previous studies have established the 

validity and repeatability of the three-dimensional ultrasound system for in vivo 

measurement of Achilles free tendon morphology (length, volume, CSA, AP diameter 

and ML diameter) under passive and active loading conditions (Obst et al., 2014a; Obst 

et al., 2014b). 

Each participant was placed prone with extended knees. The ankle was fixed in neutral 

position with the ankle joint axis aligned with the axis of torque transducer as 

described in a previous study (Obst et al., 2014a). After pre-conditioning of the tendon 

using at least two sub-maximal followed by four maximal contractions  

(Nuri et al., 2016) the maximum voluntary isometric contraction (MVIC) torque was 

determined as greatest torque generated from 3 trials. Ultrasound scans were 

subsequently made at rest and during a 70% MVIC. All scans were performed by a 

single investigator using a single transverse sweep between the osteotendinous 

insertion and the musculotendinous junction. Real-time visual feedback of torque was 

provided to ensure the ankle torque was kept within ± 5% of the target load of 70% 

MVIC. 

The recorded images were manually segmented from the most distal part of the 

calcaneal notch through to the Soleus muscle-tendon junction in at least 6 equally 

spaced images. The geometry was rendered with a medium smoothing factor and low 

point cloud density, Figure 4-1. The accuracy of the method has been shown as  ± 0.5 

mm (Treece et al., 2003). The resulting point clouds’ axes of inertia were aligned with 

the x-axis of the global coordinate system in 3matic (Research 8.0, Materialise). 

Tendon length, volume and average CSA were computed for each tendon. Free tendon 

length was defined as the distance between the calcaneal notch and soleus muscle-

tendon junction. Free tendon volume reconstructions were performed on the 

segmented cross-sections using the volumetric algorithms provided in Stradwin 

(Treece, Prager, Gee, & Berman, 1999). The average CSA of the free tendon was 

obtained from the ratio of measured free tendon volume to free tendon length. 
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(A)      (B) (C) 

  

Figure 4-1 Exemplar rendered free tendon geometry (A), and resulting point cloud with 

40 manually selected target nodes (B) used for free form deformation to develop the 

finite element mesh of the tendon at rest (red) or under load (blue) (C). 

4.3.3 SUBJECT-SPECIFIC AND GENERIC ACHILLES TENDON MESHES 

From a transverse, high-accuracy MRI scan (Philips Ingenia 3T, slice thickness 3.5 mm, 

voxel size 0.6 mm x 0.6 mm, 50 slices, slice gap 0.3 mm) on a right healthy lower limb, 

a point cloud of the Achilles tendon was generated with Mimics (Research 17.0, 

Materialise) and subsequently used to create a generic three-dimensional cubic 

hermite finite element mesh of the Achilles tendon in CMISS (www.cmiss.org, freely 

available for academic use). The mesh was made up of 99 nodes and 72 elements and 

then morphed using the free form deformation method developed as part of the 

computational framework for the International Union of Physiological Society 

Physiome project (Fernandez et al., 2004). Specifically, 40 data points (landmarks) 

were placed on the generic tendon mesh. Then 40 corresponding points (targets) were 

manually selected from the subject-specific point clouds obtained from ultrasound 

scans, as shown in Figure 4-1. Free form deformation was then used to morph the 

generic mesh to minimize the distance between landmark and target points, thus 

creating subject-specific three-dimensional meshes (Shim et al., 2014), figure 1C. 
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The average RMS error between the subject-specific cloud and the morphed mesh was 

0.19 ± 0.03 mm. A generic mesh was subsequently created the same way by averaging 

target points from the subject-specific meshes.  

4.3.4 FINITE ELEMENT MODEL 

The Achilles tendon was represented as an incompressible, transversely isotropic and 

hyperelastic tissue (Weiss et al., 1996). The strain energy function consisted of two 

parts: F1 described the behaviour of the ground substance and 𝐹2 described the non-

linear mechanical behaviour of the collagen fibres. A standard Neo-Hookean model 

was used to describe F1 equal to 
𝑐1(𝐼1−3)

2
.The second Piola-Kirchhoff stress from the 

fibre was expressed using the following piecewise function that depends on λ which 

represents the uncrimping ratio along the local fibre direction and 𝜆∗ represents its 

limit. 

 
𝜆

𝛿𝐹2

𝛿𝜆
= 0, 𝜆 ≤ 1 

𝜆
𝛿𝐹2

𝛿𝜆
= 𝑐3[𝑒𝑐4(𝜆−1) − 1], 1 ≤ 𝜆 ≤ 𝜆∗ 

𝜆
𝛿𝐹2

𝛿𝜆
= 𝑐5𝜆 + 𝑐6, 𝜆∗ ≤ 𝜆 

[ 14 ] 

The generic material coefficients used were from the parameter optimization 

performed by Shim et al. (2014) with a cadaveric experiment: 𝑐1 = 46.52, 𝑐3 = 15.29 

(scaling of the exponential stress), 𝑐4 = 26.80 (rate of collagen fibre loading), 𝑐5 = 928 

(Young’s modulus of straightened fibres) and 𝑐2 = 0 to describe a Neo-Hookean 

material. In order to create a smooth transition between functions, 𝑐6 was computed 

as follows: 

 𝑐6 = 𝑐3(ec4(λ∗−1) − 1) − c5λ∗ [ 15 ] 

The subject-specific load acting on the free Achilles tendon during the 70% MVIC was 

estimated by dividing the measured ankle plantarflexion torque at 70% MVIC by the 

Achilles tendon moment arm derived from Kongsgaard et al. (2011). These subject-

specific forces were subsequently applied along the principal axis of the tendon model 

via the most proximal nodes with the most distal nodes fixed.  
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4.3.5 SUBJECT-SPECIFIC MATERIAL COEFFICIENTS 

Subject-specific material coefficients were obtained using a 3 parameter bounded, 

gradient-based optimisation (fmincon, MATLAB, Mathsworks) that adjusted material 

coefficients c1, c4 and c5 until the RMS error between the longitudinal tendon strain in 

the finite element model under load and the corresponding measured experimental 

tendon strain at 70% MVIC was minimised. Material coefficients c2 = 0  and c3 = 19.4  

were fixed based on the average values by Shim et al. (2014). An optimal solution was 

accepted using the same criteria as used by Shim et al. (2014).  

4.3.6 STRESS ANALYSIS 

Von Mises stresses for 4092 data points in each tendon were computed for each 

combination of subject-specific and generic geometry and material properties. High 

stresses in the regions where boundary conditions were applied were not included in 

accordance with Saint-Venant’s principle (Horgan, 1989). Linear regression analysis 

was subsequently performed to determine how different combinations of subject-

specific and generic tendon geometry and material properties affect the slope of the 

regression lines for each tendon.  

4.4 RESULTS 

4.4.1 SUBJECT-SPECIFIC EXPERIMENTAL MEASURES AND MATERIAL 

COEFFICIENTS 

Average resting Achilles tendon length, volume and mean CSA were 62.4 ± 12.7 mm 

(Range: 43 to 77 mm), 3617 ± 984 mm3 (Range: 1902 to 4450 mm3) and 57.5 ± 10.7 

mm2 (Range: 44-71 mm2) respectively. The minimum CSA occurred at 72 ± 21% of the 

distance from the distal to proximal end of the tendon (Range: 45-99%). The Achilles 

tendon strain measured during the 70% MVIC was 5.93 ± 1.29% and corresponded 

with an ankle plantarflexion torque of 98 ± 26 Nm. The subject-specific material 

coefficients determined using mathematical optimisation were found to be c1 = 40 ± 

10, c4 = 13 ± 11 and c5 = 1390 ± 342.  
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4.4.2 TENDON STRESS ANALYSIS  

When the subject-specific resting Achilles tendon geometry was subjected to a load 

corresponding to a 70% MVIC of the ankle plantarflexors, the peak stress for generic 

(69 ± 13 MPa) and subject-specific material properties (70 ± 13 MPa) occurred in the 

mid-proximal region for all tendons (35-88% from the distal to the proximal end) and 

was within 9.9 ± 7.9% of the location of the tendon minimum CSA. The region of 

greatest stress varied in size, with some tendons experiencing multiple regions of high 

stress. A graphical representation of the von Mises stresses in the free tendon for each 

combination of subject-specific and generic tendon geometry and material properties 

is presented in Figure 4-3, which shows that there was substantial variation in stress 

distribution between tendons of different geometry, but little difference between 

tendon pairs that have subject-specific versus generic material properties. 

Scatterplots of the local stress for combinations of subject-specific and generic free 

tendon geometries and material properties are displayed in Figure 4-2. When the 

tendon geometry was the same (either subject-specific or generic), changing material 

properties from generic to subject-specific had little effect on the slopes of the 

regression lines Figure 4-2 (A-B). The mean slopes of these regression lines were 1.028 

and 1.024 respectively, indicating that the generic material coefficients slightly 

underestimated the nodal stresses relative to the subject-specific material coefficients. 

When the material properties were fixed (either subject-specific or generic), changing 

the tendon geometry from generic to subject-specific had a large effect on the slopes 

of the regression lines Figure 4-2 (C-D). The standard deviations of the slope of the 

regression lines in Figure 4-2 (C-D) were 26 times higher than the corresponding 

standard deviations Figure 4-2 (A-B).  

4.5 DISCUSSION 

This study used subject-specific measures of free Achilles tendon geometry and 

material properties in conjunction with a finite element model to demonstrate that the 

stress distribution in normal, healthy free Achilles tendon during loading is more 

dependent on subject-specific tendon geometry than subject-specific material 

properties. This study therefore highlights the importance of incorporating subject-
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specific geometry in models of tendon and also suggests that tendon geometry may be 

a key determinant of the risk of tendon injury.  
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Figure 4-2 Scatterplots and linear regression lines of local stresses (MPa) for 

combinations of subject-specific and generic geometry and material properties for 

each tendon (n=8). Comparisons are for same geometry with different material 

properties (A-B) and the same material properties with different geometry (C-D). The 

mean slope (m) computed across all tendons are also displayed in each panel. The grey 

identity line represents perfect agreement.   

  

m= 1.03 ± 0.03 m= 1.02 ± 0.03  

m= 1.06 ± 0.83

  
 m= 1.02 ± 0.03  

m= 1.02 ± 0.74

  
 m= 1.02 ± 0.03  
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4.5.2 SUBJECT-SPECIFIC GEOMETRY AND MATERIAL PROPERTIES OF THE 

FREE ACHILLES TENDON  

Free tendon resting length, CSA and volume in the present study ranged from 43-77 

mm, 44-71 mm2 and 1902-4450 mm3, respectively. These ranges are in general 

agreement with those reported in other studies (Kongsgaard et al., 2011; Obst et al., 

2014a) and suggest a variance of approximately 40% exists between individuals on 

these measures. Furthermore, the minimum CSA of the Achilles tendon was located in 

the mid-proximal region at 72 ± 21% from the calcaneus to the soleus muscle-tendon 

junction as reported for healthy, young adults (Muraoka, Muramatsu, Fukunaga, & 

Kanehisa, 2004). However, several differences in the Achilles tendon geometry 

measures of this study compared to those used in the similar finite element modelling 

study by Shim (2014) should be noted. Firstly, Shim et al. (2014) used only three cross-

sectional ultrasound measures within the free tendon mid-section to morph their 

tendon meshes based on a subset (n = 10) of 18 tendons (average age: 75 years) from 

Wren (2001). Geometry in the present study was instead measured along the full 

length of the free tendon, thereby allowing capturing its full in-vivo three-dimensional 

geometry with high fidelity. The CSA of tendons in the present study (57 ± 11 mm2) 

were slightly less than the tendons from Shim et al. (2014) (75 ± 11 mm2) as might be 

expected due to differences in age. The grip to grip tendon length of 100 mm used by 

Shim et al. (2014) was also longer compared to in the present study 62 ± 13 mm which 

suggests Shim et al. (2014) may have included a portion of the aponeurosis in their 

tendon mesh and probably explains the more pronounced thinning in the mid-section 

of the cadaver tendons in Shim et al. (2014) compared to those in the present study. 

The free Achilles tendon strains of 5.9 ± 1.3% at 70% MVIC in the present study was 

also similar to the 6.2 ± 0.9% reported by Obst et al. (2014a) for strain measures made 

at the same contraction intensity. Furthermore, the values for Achilles tendon modulus 

reported in the present study (1.4 ± 0.3 GPa) were within the range of values reported 

in other in vivo studies including 1.2 ± 0.2 GPa (Maganaris & Paul, 2002), 1.7 ± 0.3 GPa 

(Arya & Kulig, 2010) and 2.0 ± 0.4 GPa (Kongsgaard et al., 2011).  
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4.5.4 TENDON STRESS ANALYSIS 

The main finding of this study was that the local stress in the free AT was more 

sensitive to subject-specific estimates of tendon geometry than material properties. 

We specifically found that when material properties were changed from generic to 

subject-specific, there was little change in the local stresses within the tendon. In 

contrast, when the geometry was changed from generic to subject-specific, the local 

stresses differed markedly between tendons. The findings of the present study are 

therefore in general agreement with those of Shim et al. (2014) and suggest that 

tendon geometry is a critical factor in determining stress distribution within the free 

Achilles tendon.  

When subjected to a 70% MVIC the peak stress on the free subject-specific tendon was 

70 ± 13 MPa, which is at the lower end of the range of values from experimental 

studies which report absolute peak stress of 70-110 MPa (Komi, 1990; Kongsgaard et 

al., 2005). We also found that the peak stress location was in the mid-proximal region 

for all subject-specific meshes (on average 67 ± 22% of the distance from calcaneus to 

soleus muscle-tendon junction), irrespective of whether the material properties were 

generic or subject-specific. The region of peak stress also closely corresponded with 

the minimum tendon CSA which occurred at 72 ± 21% of the distal to proximal length 

of the free tendon , which is also known to be the region where tendon pathology and 

injury are reported to most commonly occur (Claessen et al., 2014; Maffulli et al., 

2004). An important practical implication of these findings is that tendon geometry 

appears be a key determinant of the stress experienced by a tendon and may 

therefore be an important risk factor for tendon injury. 
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Figure 4-3 Von Mises stress for different combinations of subject-specific and generic tendon geometry and material properties. The top 

row shows pairs of tendons with the same subject-specific geometry but with generic material properties (left tendon) versus subject-

specific material properties (right tendon). The bottom row shows pairs of tendons with the same generic geometry but with generic 

material properties (left tendon) versus subject-specific material properties (right tendon). Every tendon pair has the same force 

boundary conditions and is displayed in posterior view. 

70 MPa 10 MPa 80 MPa 10 MPa 60 MPa 10 MPa 
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4.5.5 LIMITATIONS 

There are several limitations to our study. Firstly, material properties in our model 

were assumed to be homogeneous. However although regional variation in Achilles 

tendon strain under load has been reported (Bogaerts, Desmet, Slagmolen, & Peers, 

2016), it is unknown if this variation is caused by local variation in tendon material 

properties, geometry and/or force. The use of shear wave imaging to specify regional 

material properties (DeWall, Slane, Lee, & Thelen, 2014; Slane, Martin, DeWall, Thelen, 

& Lee, 2017) might enable the implementation of material heterogeneity into future 

models. We also made several assumptions when estimating the force acting on the 

tendon which included a generic Achilles moment arm, absence of co-contraction of 

ankle dorsiflexors and that the plantarflexor muscle force was transmitted via the 

Achilles tendon. Further, the slack length of the tendon was assumed to coincide with 

the measured free tendon length in the neutral ankle position at rest (0% MVIC). This 

assumption would be expected to cause an underestimation of true tendon strain at 

70% MVIC as there is already a passive strain on the tendon at neutral ankle position of 

1.68 ± 0.66% with knee full extended (Peixinho, 2008), which would lead to a 

corresponding overestimate of the tendon modulus. While these abovementioned 

assumptions may have had an effect on the absolute value of our material property 

estimates, the variation in material properties between subjects remains relatively 

unaltered, and so the overall conclusion of our study that tendon stress is more 

sensitive to subject-specific variation in tendon geometry than subject-specific 

variation in tendon material properties remains unchanged. In addition to including 

localised material properties, future tendon models could be further personalised by 

representing actions of individual muscles using a musculoskeletal model, 

incorporating the effects of subtalar position, and representing the tendon 

microstructure including sub-tendons (Handsfield et al., 2017) and twist (Pękala et al., 

2017) obtained from high resolution images. As such models become more 

personalised it could be expected that their ability to predict the stress and strain 

environment of the tendon and hence risk of tendon injury might also improve. 
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4.5.6 CONCLUSION 

The stress experienced by healthy free Achilles tendon is more dependent on subject-

specific tendon geometry than subject-specific material properties and suggests 

geometry is an important determinant of tendon stress and hence injury risk. These 

findings reflect the sizeable between-subject variation in free Achilles tendon 

geometry reported in this and other studies (Obst et al., 2014a; Shim et al., 2014).   
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5 INFLUENCE OF FREE ACHILLES TENDON GEOMETRY AND 

MATERIAL PROPERTIES ON TENDON STRESS IN 

TENDINOPATHY 

I have made a substantial contribution to the conception and design of this study, the 

collection of the research data and the finite element analysis and the interpretation of 

results, as well as to the drafting and critical revising of the manuscript.  

Ms Wencke Hansen  14/07/2017 
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5.1 ABSTRACT 

Achilles tendon mechanical properties and geometry are altered in Achilles 

tendinopathy. The purpose of this study was to determine the relative contributions of 

altered mechanical properties and geometry to free Achilles tendon stress distribution 

during a sub-maximal contraction in tendinopathic relative to healthy tendons. 

Tendinopathic (n=8) and healthy tendons (n=8) were scanned at rest and during a sub-

maximal voluntary isometric contraction using a three-dimensional ultrasound 

technique. Images were manually segmented and rendered into subject-specific finite 

element (FE) meshes. The average resting CSA of the free tendon was on average 35% 

greater for the tendinopathic tendons. At the same tensile force, the tendinopathic 

tendons experienced a strain of 7.1 ± 2.9% compared to 5.9 ± 1.3% for controls. 

Material properties for each tendon were determined using a numerical parameter 

optimisation approach that minimised the difference in longitudinal strain measured 

and the corresponding longitudinal strain experienced by the finite element mesh 

when computationally subjected to an equivalent load. The mean Young’s modulus for 

tendinopathic tendons was 40% of the corresponding control value. Finite element 

analyses revealed that tendinopathic tendons experience 24% less stress at 

submaximal loading compared to healthy tendons. The lower tendon stress in 

tendinopathy was due to a greater influence of tendon CSA, which alone reduced 

tendon stress by 30%, compared to Young’s modulus, which alone increased tendon 

stress by 8%. These findings suggest that the greater tendon CSA observed in 

tendinopathy compensates for the substantially lower Young’s modulus, and thereby 

protects pathological tendon against excessive stress. 

5.2 INTRODUCTION 

Achilles tendinopathy is a common tendon injury which is prevalent in, but not 

exclusive to, athletic populations (Kongsgaard et al., 2005; Rolf & Movin, 1997). Up to 

25% of affected patients will eventually require operative treatment and 20% of those 

undergo further surgery (Alfredson, 2003). Achilles tendinopathy is most commonly 

located in the mid-portion of the free tendon, 2-6 cm from the calcaneal insertion 

(Åström & Rausing, 1995; Maffulli et al., 2004; Rolf & Movin, 1997) and is 

characterised by collagen bundle disruption, hypercellularity, hypervascularity and 
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altered collagen, glycosaminoglycan and fluid content (Khan et al., 1999). These 

alterations contribute to an overall reduction in Achilles tendon material properties, 

with Young’s modulus reported to be approximately 15-50% lower in tendinopathic 

compared to healthy Achilles tendons (Arya & Kulig, 2010; Helland et al., 2013). A 

further adaptation in Achilles tendinopathy is tendon thickening, which increases the 

tendon CSA by 20-65% (Arya & Kulig, 2010; Helland et al., 2013; Leung & Griffith, 

2008). As a lower Young’s modulus would result in greater tendon stress under the 

same external load, tendon thickening may be an adaptation that at least partially 

compensates for the reduction in tendon material properties, thereby protecting the 

tendon from high stress. To our knowledge, no studies to date have quantified the 

relative contributions of reduced tendon material properties and increased CSA 

observed in Achilles tendinopathy to the stress experienced by the Achilles tendon 

under load.  

The relative effects of variations in tendon geometry and material have previously 

been investigated using subject-specific finite element models of the healthy Achilles 

tendon. Shim et al. (2014) used three-dimensional reconstructions of the Achilles 

tendon from transverse ultrasound images together with corresponding load-

elongation data for fresh-frozen cadaver tendons and reported that tendon stress 

during loading was more sensitive to subject-specific variations in tendon geometry 

than subject-specific variations in tendon material properties. Hansen et al. (2017) 

similarly reported that free Achilles tendon stress magnitude was more influenced by 

tendon geometry than material properties based on in vivo estimates of tendon 

geometry and material properties. Handsfield et al. (2017) further reported that the 

Achilles tendon may experience non-uniform tissue deformation between tendon 

regions when in vivo measures of sub-tendon geometry and tendon twist were 

incorporated in their finite element model. Taken together, the abovementioned 

finite-element studies suggest that the mechanical behaviour of the healthy Achilles 

tendon under load is particularly sensitive to tendon geometry. As both tendon 

geometry and material properties are altered in Achilles tendinopathy, the purpose of 

this study was to determine the relative contribution of altered material properties 

and geometry to tendon stress in tendinopathic compared to healthy free Achilles 
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tendons. It was hypothesised that the greater CSA in tendinopathic compared to 

healthy tendon would compensate for the reduced Young’s modulus in tendinopathy.  

5.3 METHODS 

5.3.1 PARTICIPANT CHARACTERISTICS  

Eight participants with mid-portion Achilles tendinopathy (6 males, 2 females; age: 37 

± 11 years, height: 177 ± 9 cm, weight: 78 ± 13 kg) and 8 age-matched controls with 

normal, healthy Achilles tendons (5 m, 3 f; age: 29 ± 4 years, height: 180 ± 6 cm, 

weight: 75 ± 14 kg) participated in the study. The eligibility criteria for the 

tendinopathy group were symptomatic mid-portion Achilles tendinopathy (pain, 

discomfort, tenderness to palpation, focal thickening), minimal duration of symptoms 

of 3 months, and a Victorian Institute of Sports Assessment–Achilles tendon (VISA-A) 

score of less than 80 points (Robinson et al., 2001). Potential participants were 

excluded if they had insertional tendinopathy, lower limb musculoskeletal injuries, or 

had undergone lower limb surgery. The study was approved by the Institutional 

Human Research Ethics Committee at Griffith University and all relevant ethical 

guidelines, including provision of written informed consent prior to participation in the 

study, were followed.  

5.3.2 EXPERIMENTAL DATA COLLECTION AND ANALYSIS PROCEDURES 

Participants attended the laboratory on one occasion in order to assess the three-

dimensional geometry of the free Achilles tendon at rest and to evaluate longitudinal 

tendon strain under load. Participants were positioned prone with knee extended with 

their ankle rigidly fixed in a dynamometer in neutral position with ankle axis aligned 

with the axis of the dynamometer for all scans. Achilles tendons of the right leg were 

scanned using a freehand three-dimensional ultrasound system developed by Obst et 

al. (2014a) that consisted of a two-dimensional ultrasound system (SonixTouch, 

Ultrasonix, Richmond, British Columbia, Canada)  and a five-camera optical tracking 

system (Optitrack V100:R2, Tracking Tools v2.5.2, NaturalPoint, Corvallis, OR, USA) 

with tracking accuracy < 1mm. Ultrasound images were acquired using a 58-mm linear 

transducer with a central frequency of 10 MHz, sampling frequency of 40 Hz and 

standardised B-mode image settings. The two-dimensional images were spatially 
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aligned using Stradwin software (Version 5.2) to form a reconstructed image stack. The 

three-dimensional point accuracy of spatial calibrations using an optical tracking 

system has been reported to be less than 1 mm (Hsu et al., 2006; Treece et al., 2003). 

Prior studies have established the validity and repeatability of the three-dimensional 

ultrasound system for in vivo measurement of Achilles free tendon morphology 

(length, volume, CSA, AP diameter and ML diameter) under passive and active loading 

conditions (Obst et al., 2014a; Obst et al., 2014b). After pre-conditioning of the tendon 

using at least two sub-maximal followed by four maximal contractions (Nuri et al., 

2016) the maximum voluntary isometric contraction (MVIC) torque was determined as 

greatest torque generated from 3 trials. Ultrasound scans were subsequently made at 

rest and during a 50% MVIC. All scans were performed by a single investigator using a 

single transverse sweep between the osteotendinous insertion and the 

musculotendinous junction. Real-time visual feedback of torque was provided to 

ensure the ankle torque was kept within  ± 5% of the target load. Volume 

reconstructions were performed based on at least 6 segmented cross-sections and 

their volumes determined using the standard algorithms provided in Stradwin (Treece 

et al., 1999). The average CSA of the free tendon was obtained from the ratio of 

measured free tendon volume to free tendon length. Free tendon length was defined 

as the distance between distal and proximal centroid. 

5.3.3 MESH GENERATION 

The surface geometries were imported from Stradwin into 3matics 9.0 (Materialise), 

where their longitudinal axes of inertia were aligned with the x-axis of the global 

coordinate system. The arranged geometry was exported as point cloud file into 

Continuum Mechanics Image analysis, Signal processing and System Identification 

(CMISS) (www.cmiss.org, freely available for academic use), Figure 5-1.  

From a transverse, high-accuracy MRI scan (Philips Ingenia 3T, slice thickness 3.5 mm, 

voxel size 0.6 mm x 0.6 mm, 50 slices, slice gap 0.3 mm) on a right healthy lower limb 

(f, 32 yrs, 177 cm, 64 kg), a point cloud of the Achilles tendon was generated with 

Mimics (Research 17.0, Materialise) and subsequently used to create an average three-

dimensional cubic hermite finite element mesh in CMISS. The resulting mesh consisted 

of 99 nodes and 64 elements. This mesh served as a generic model and later morphed 
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using the host mesh fitting method, which is based on freeform deformation 

technique, developed as part of the computational framework for the International 

Union of Physiological Society Physiome project (Fernandez et al., 2004). 40 target 

points selected from all subjects’ data points from ultrasound were used to create 

subject-specific meshes of all tendons (Hansen et al., 2017) with an average RMS error 

of 0.21 ± 0.07 mm between the subject-specific cloud and the morphed mesh. Manual 

adjustments were made to remove element distortions that occurred during 

morphing. The average tendon was created from the average 40 target points of all 

subject-specific target point sets and then morphed.  

 

Figure 5-1 Reconstructed three-dimensional ultrasound image of the free Achilles 

tendon showing (A) segmentation lines for six trans-axial image slices, and (B) fully 

rendered free Achilles tendon. 

5.3.4 BOUNDARY CONDITIONS, MATERIAL PROPERTIES AND FINITE 

ELEMENT MODEL 

Force boundary conditions were derived from the measured ankle plantarflexion 

torque divided by a generic ankle joint moment arm (Kongsgaard et al., 2011). The 

direction of the force vector was derived from individual muscle volumes of the Triceps 
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Surae based on one subject’s MRI scan. The resulting loading condition was applied to 

the nodes of the proximal face.  The nodes in the distal face were fixed.  

For the material parameter optimization, the non-linear least squares lsqnonlin 

algorithm in Matlab’s optimisation tool box was used (The MathWorks, USA). The 

optimization routine alters the values of the three parameters for the unloaded AT 

mesh iteratively until the distances between nodes of the finite element deformed 

mesh and the mesh generated from ultrasound images (taken during loading) are 

minimised. The average parameter set was determined to be the average of all 

optimised parameter sets. 

The free Achilles tendon was treated as incompressible, transversely isotropic and 

hyperelastic tissue made up of ground substance matrix and embedded collagen 

fibres. We used the exponential strain energy function for hyperelastic material 

developed by Weiss et al. (1996). The ground substance matrix was considered a Neo-

Hookean material with 𝑐2 = 0. The scaling parameter of the strain energy function (𝑐3 

=19.4) was obtained from literature (Shim et al., 2014). The remaining three 

parameters were optimised. 𝑐1 describes the scaling of ground substance, 𝑐4 describes 

the rate of the collagen fibre loading and 𝑐5 represents the Young’s modulus. While 𝑐4 

describes the tendon behaviour in the toe region, 𝑐5 influences the behaviour in the 

tendon’s elastic, linear region.  

5.3.5 STRESS ANALYSIS 

Peak stress within the tendon was identified, as well as its location as the percentage 

of the overall tendon length, Figure 5-2. High stresses in the regions where boundary 

conditions were applied were not included in accordance with Saint-Venant’s principle 

(Horgan, 1989).  The overall strain under load was determined as displacement of the 

proximal centroid node over the resting length. 

The results of the pathological and control data set were compared. The analyses on 

healthy tendons were based on a similar torque at 70% MVIC. In each tendon including 

the average tendons, we identified the local stress at more than 4000 Gauss data 

points under four combinations of material properties: average or subject-specific with 

healthy or pathological properties. This enabled cross-comparisons to isolate and 
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investigate the influence of geometry or material properties on tendon mechanics. 

These comparisons looked at differences between the stresses of 1) the healthy and 

the pathological average tendon with same material properties to investigate the 

influence of geometry, 2) healthy geometry and pathological geometry with healthy 

material properties to investigate the influence of geometry and 3) healthy and 

pathological material properties in a healthy tendon model. 

5.3.6 STATISTICAL ANALYSIS 

Independent sample t-tests (Two-Sample Assuming Unequal Variances) were used to 

compare outcome measures between groups. A two-tailed p-value < (α=0.05) 

indicated a significant difference between the cohorts. Linear regression was 

performed to demonstrate the effect of subject-specific versus average geometry and 

material properties on local tendon stress. The linear regression model was 

numerically evaluated on finite element outcome files using the LinearModel.fit 

algorithm in MATLAB R2013a. 

5.4 RESULTS 

5.4.1 EXPERIMENTAL MEASURES OF FREE ACHILLES TENDON RESTING 

MORPHOLOGY AND STRAIN UNDER LOAD  

Average resting CSA was higher for the tendinopathic compared to the healthy tendon 

(Table 5-1 Experimental measures of Achilles tendon resting morphology and strain 

under load for healthy and tendinopathic groups (n = 8 per group).  

5.4.2 MATERIAL PROPERTIES 

The average subject-specific material parameters were significantly higher in the 

healthy tendons than in the pathological tendons with 𝑐1,𝐻= 36 ± 10 and 𝑐1,𝑇= 11 ± 7 (t 

= 5.80, p < 0.01) and 𝑐4,𝐻= 17 ± 11 and 𝑐4,𝑇= 4 ± 2 (t = 3.19, p < 0.02). The Young’s 

modulus (𝑐5) was significantly lower for the tendinopathic tendon (555 ± 176 MPa) 

compared to the healthy tendon (1184 ± 342 MPa) (t = -1.02, p < 0.01).  
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Table 5-1 Experimental measures of Achilles tendon resting morphology and strain 

under load for healthy and tendinopathic groups (n = 8 per group). 

 Healthy Tendinopathy t, p 

At rest    

Length [mm] 62.4 ± 12.7 68.5 ± 16.1 -0.84, 0.42 

Volume [mm³] 3617 ± 984 5341 ± 2239 -1.99,0.07 

Average cross-sectional area [mm²] 57.5 ± 10.7 75.2 ± 17.8* -2.41, 0.03 

Under load    

Maximum voluntary isometric 

ankle plantarflexor torque [Nm] 

140.5 ± 37.2  102.5 ± 35.1 -2.1, 0.05 

Longitudinal strain [%] 5.9 ± 1.3 7.1 ± 2.9 -1.02, 0.33 

* indicates significantly different from healthy controls. 

5.4.3 STRESS ANALYSIS 

The stress distributions for the tendinopathic tendons under load (Figure 5-2) showed 

a high degree of variability in peak stress magnitude and stress location between 

tendons. The peak stress magnitude was significantly lower for the tendinopathic 

tendons (28.9 ± 12.3 MPa) compared to the healthy tendons (70.2 ± 13.2 MPa) (t = 

6.50, p<0.01). No differences in peak stress location were detected between groups 

(Tendinopathy: 56 ± 16% length from calcaneus to soleus MTJ; Healthy: 67 ± 22% 

length from calcaneus to soleus MTJ) (t = 1.13, p = 0.28).  

The change in local stress caused by the introduction of pathological properties to the 

healthy Achilles tendon is displayed in Figure 5-3. Replacing the healthy material 

properties with tendinopathic material properties resulted in increased overall tendon 

stress as indicated by the slope of the regression line which was greater than 1 (Figure 

5-3A). In contrast, replacing the average healthy geometry with the average 

tendinopathic geometry resulted in an overall decrease in tendon stress as indicated 

by the regression slope which was below 1 (figure 5-3B).  When the average geometry 

and material properties for the healthy tendon were replaced by average values for 

tendinopathic tendon, the slope of the regression line remained below 1, indicating 

that tendinopathic geometry has a greater influence on tendon stress than the 

influence tendinopathic material properties.  
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Figure 5-2 Von Mises stress [MPa] for tendinopathic Achilles tendons under load computed using subject-specific geometry and material 

properties. Red and blue indicate the highest and lowest stresses respectively. 

15 MPa 5 MPa 

MPaMP

30 MPa 5 MPa 

MPaMP



77 
 

 

(A) 

 

 

Healthy geometry 

& tendinopathic 

material properties  

 

 

(B) 

 

 

Tendinopathic 

geometry & healthy 

material properties 

 

(C) 

 

 

Tendinopathic 

geometry & 

material properties 

 

 

 Healthy geometry & material properties 

Figure 5-3 Scatterplots and linear regression lines of local tendon stresses (MPa) in the 

average healthy tendon geometry and material properties compared to (A) average 

healthy geometry with average tendinopathic material properties, (B) with average 

tendinopathic geometry and average healthy material properties, (C) with average 

tendinopathic geometry and material properties. The regression line and its slope (m) 

are displayed. The grey identity line represents perfect agreement.   

m = 0.698 

 

m = 0.763 

m = 1.079 
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Figure 5-4 Scatterplots and linear regression lines of local tendon stresses (MPa) for 

combinations of subject-specific versus average geometry and material properties for 

tendinopathic tendons. Comparisons are for (A) subject-specific versus average 

geometry at the same subject-specific material properties, and (B) subject-specific 

versus average material properties at the same subject-specific geometry.  

For the tendinopathic tendons, tendon stress was found to be more sensitive to 

variations in geometry assessed at each individuals subject-specific material properties 

(Figure 5-4A), than variations in material properties when assessed at each individuals 

subject-specific tendon geometry (figure 5-4B).  

m= 1.03 ± 0.12 

m= 0.92 ± 0.39 
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5.5 DISCUSSION 

Mid portion Achilles tendinopathy is characterised by tendon thickening and altered 

mechanical properties (Cook & Purdam, 2009). Whereas tendon thickening might be 

expected to decrease tendon stress for a given load, decreased tendon mechanical 

properties would be expected to increase tendon stress for a given load. This study 

investigated whether tendon thickening in Achilles tendinopathy was able to 

compensate for the loss of tendon mechanical properties. Finite element analyses 

revealed that pathological tendons experience less stress at submaximal loading 

compared to healthy tendons. The lower tendon stress in tendinopathy was due to a 

greater influence of tendon CSA compared to Young’s modulus on tendon stress. 

These findings suggest that the greater tendon CSA observed in tendinopathy 

compensates for the substantially lower Young’s modulus, and thereby protects 

pathological tendon against excessive stress. 

5.5.1 MORPHOLOGY AND MATERIAL PROPERTIES  

The resting free tendon's CSA in the present study was on average 31% greater for the 

tendinopathic compared to the healthy tendons, which is in close agreement with the 

value of 29% reported by Arya and Kulig (2010). The mean free Achilles tendon volume 

was similarly greater in the tendinopathy group in the present study, although this 

volume difference relative to the healthy tendons only approached statistical 

significance of p = 0.07.  We also found, via mathematical optimisation, that the mean 

Young’s modulus for pathological tendons was 40% of the corresponding healthy 

value. Arya and Kulig (2010) similarly reported a Young’s modulus in Achilles 

tendinopathy that was approximately half that for healthy tendons. It was also notable 

from our study that there was a substantial degree of inter-subject variability in free 

Achilles tendon morphology and mechanical properties within the tendinopathy group, 

which has been shown to be a critical determinant of tendon stress in healthy Achilles 

tendons (Hansen et al., 2017).  
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5.5.2 STRESS ANALYSIS 

Our finite element analysis based on subject-specific estimates of free AT morphology 

and mechanical properties revealed that tendon stress was on average 24% lower in 

the tendinopathic compared to the control tendons. The lower tendon stress in 

tendinopathy was likely due to a greater influence of tendon CSA, which reduced 

tendon stress by 30%, compared to material parameters, which increased tendon 

stress by 8%. This finding indicates that tendon thickening in tendinopathy is a 

favourable biological adaptation that compensates for reduced tendon mechanical 

properties and thereby protects the tendon from high stress. The findings of the 

present study extend those of Hansen et al. (2017) and Shim et al. (2014) who used the 

same finite element modelling framework to demonstrate that geometry is more 

influential than material properties in influencing the stress distribution in healthy 

tendon. When considered together, the overall findings from these finite element 

studies suggest that the stress experienced by the free Achilles tendon is highly 

dependent on subject-specific tendon geometry, and therefore that personalised 

three-dimensional tendon geometry should be an essential feature of efforts to model 

Achilles tendon stress.  

5.5.3 LIMITATIONS 

There are several limitations to our study. Firstly, we assumed that the Achilles tendon 

mechanical properties were homogeneous, which does not reflect the possibility that 

tendon material properties could be anisotropic (Bogaerts et al., 2016). However as 

the spatial variations of Achilles tendon mechanical properties are as yet unknown, 

and may even be homogenous in tendinopathy (Choi et al., 2016), this assumption 

seemed justified in the first instance. We also assumed that the boundary force 

applied to our finite element model could be represented by the measured ankle joint 

plantarflexion moment divided by the Achilles tendon moment arm, which neglects 

the effects of antagonistic co-contraction and assumes the force is fully transmitted to 

the Achilles tendon. Future studies may need to include subject-specific estimates of 

Achilles tendon moment arm which may also be assessed using freehand three-

dimensional ultrasound  (Obst, Barber, Miller, & Barrett, 2017) and include more 

detailed muscle force representations via musculoskeletal modelling approaches 
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(Pizzolato, Reggiani, Modenese, & Lloyd, 2017). The effect of more detailed 

representation of tendon microstructure including more detailed tendon architecture 

(Handsfield et al., 2017) and tendon twist (Pękala et al., 2017), as well as the effect of 

calcaneal rotation (Lersch et al., 2012), may also need to be reflected. In future it is 

also conceivable that such models could operate in near real-time and help guide 

tendon training programs that seek to use targeted mechanical loading as a way of 

optimising training adaptation. 

5.5.4 CONCLUSIONS 

This study demonstrated that tendon thickening may be viewed as a positive biological 

adaptation in tendinopathy that compensates for diminished tendon mechanical 

properties and helps protect the tendon against excessive loads.  Findings confirm the 

strong influence of tendon geometry on tendon stress distribution and affirm the 

importance of incorporating subject-specific tendon geometry in efforts to model 

tendon stress. 
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6 TENDON DAMAGE LOAD IS MORE AFFECTED BY 

TENDINOPATHIC ALTERATIONS IN ACHILLES TENDON 

MATERIAL PROPERTIES THAN TENDON GEOMETRY  

 

I have made a substantial contribution in the design of this study, data collection, 

model development, analysis and interpretation of the results, and the drafting and 

critical revising of the final manuscript.  

Ms Wencke Hansen  14/07/2017 
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6.1 ABSTRACT 

The purpose of this study was to determine how tendinopathic alterations in Achilles 

tendon geometry and material properties affect damage load and location. Six 

individuals with healthy Achilles tendons aged 29 ± 4 years and 6 individuals aged 37 ± 

8 years with clinically-defined unilateral Achilles tendinopathy participated in the 

study. The geometry of each Achilles tendon was assessed at rest and during a sub-

maximal isometric plantarflexion contraction using three-dimensional ultrasound. No 

significant differences in resting length, volume or average cross-sectional area were 

detected between healthy and tendinopathic tendons. Subject-specific finite element 

meshes for each tendon were subsequently generated and each tendon was modelled 

as an incompressible, transversely isotropic and hyper-elastic material. Material 

properties for each tendon were obtained using a numerical parameter optimisation 

method that minimised the error between the experimental and modelled tendon 

strain during the submaximal contraction. The Young’s modulus was significantly lower 

for the tendinopathic tendon (626 ± 135 MPa) compared to the healthy tendon (1181 

± 315 MPa). Tendon damage load was assessed at a theoretical damage strain of 12%. 

The subject-specific damage load was found significantly higher for the healthy tendon 

(12.5 ± 5.0 kN) compared to the tendinopathic tendon (5.7 ± 1.5 kN). A 59% decrease 

in the damage load was observed when the average material properties of the healthy 

tendon were replaced with average tendinopathic material properties while retaining 

the average healthy tendon geometry. Damage load increased by 23% when the 

average healthy geometry was replaced by average tendinopathic geometry while 

retaining average healthy material properties. A substantial variation in damage 

location was observed across all tendons. Overall findings of this study suggest that 

tendinopathic alterations in material properties are more influential than 

corresponding alterations in tendon geometry in determining the load required to 

cause tendon damage.  

6.2 INTRODUCTION 

Achilles tendinopathy accounts for 45% of all tendon injuries (Kongsgaard et al., 2005; 

Maffulli et al., 2004) and presents clinically as a painful, swollen tendon with reduced 

mechanical function (Van Dijk, Van Sterkenburg, Wiegerinck, Karlsson, & Maffulli, 
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2011). A tendinopathic tendon is characterised by altered tendon macrostructure and 

increased elasticity (Arya & Kulig, 2010). The main macrostructural alterations in 

Achilles tendinopathy are increased tendon volume and cross-sectional area (Child et 

al., 2010; Nuri, Obst, Newsham-West, & Barrett, 2017; Shalabi, Kristoffersen-Wilberg, 

Svensson, Aspelin, & Movin, 2004). The Young’s modulus for tendinopathic Achilles 

tendon was found to be 60% lower than for the healthy tendon (Chapter 4) and was 

similarly reported by Arya and Kulig (2010) to be 51% lower for tendinopathic tendon. 

In chapter 5 it was further demonstrated that tendinopathic tendons compared 

healthy tendons experience a lower stress under equivalent loading conditions 

because the greater cross-sectional area compensates for the substantially lower 

Young’s modulus, and thereby protects the tendinopathic tendon against excessive 

stress. Various factors are reported to predict Achilles tendon rupture including 

increased body weight, oral corticosteroid use, urban living and small tendon fibril size 

(Claessen et al., 2014). It is currently unknown how the tendinopathic alterations in 

Achilles tendon geometry and material properties affect the damage characteristics of 

the tendon including the magnitude of load required to cause tendon rupture.   

Experimental studies of the damage characteristics of the Achilles tendon to date have 

been conducted ex-vivo using either animal or human tendons (Butler et al., 1978; 

Shim et al., 2014; Wang & Ker, 1995; Wren et al., 2001). Human Achilles tendon are 

reported to have an ultimate tensile strain of approximately 12% (Wang et al., 2006), 

between 13 and 16% (Wren et al., 2001) or between 10% to 18% (Elliott, 1965). Strain 

is also reported to be the primary mechanical parameter governing tendon damage 

accumulation (Wren et al. (2003). Thermann et al. (1995) reported failure loads of 

4635 N or 4977 and Wren et al. (2001) reported 4617 N and 5579 N. Furthermore, the 

damage stress has been reported in cadaver studies as 71 ± 17 MPa and 86 ± 24 MPa 

(Wren et al., 2001), 11 MPa (Benedict et al., 1968) and 100 MPa (Butler et al., 1978). 

The location of Achilles tendon failure is believed to occur in the region associated with 

the smallest cross-sectional area (Claessen et al., 2014). Even though tendinopathy has 

been considered a precondition to tendon damage (Kannus & Jozsa, 1991), to the best 

of our knowledge the corresponding failure stress and/or strain has not been reported 

for tendinopathic Achilles tendons.  
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Computational models are an alternative method for investigating the damage 

characteristics of tendons. Lee et al. (2017) developed a model of tendon 

microstructure to demonstrate that tendon damage was initiated in the interfibrillar 

structures. At the macrostructural level, finite element analyses based on images of 

the living Achilles tendon has been used to investigate the mechanical response of the 

tendon to load (Handsfield et al., 2017; Hansen et al., 2017; Shim et al., 2014). In the 

only computational modelling study to date that has investigated tendon damage, 

Shim and colleagues (2014) reported that cadaver tendon material properties had a 

greater influence than tendon geometry on the damage load, whereas geometry was 

more influential in determining damage location. Shim et al. found the damage load to 

be 2125 N or 3440 N and the damage stress to be 999 MPa or 827 MPa for two 

different types of cadaveric tendons. However, no study based on the characteristics 

of tendons measured in-vivo has been conducted to date.    

The purpose of this study was to determine how tendinopathic alterations in Achilles 

tendon geometry and material properties affect damage load and location. It was 

hypothesised that tendinopathic tendons would experience a lower damage load 

compared to healthy tendons and that tendinopathic alterations in material properties 

would be more influential than corresponding alterations in tendon geometry in 

influencing the damage load.  

6.3 METHODS 

6.3.1 PARTICIPANTS  

Participants consisted of 6 healthy individuals (5 males, 1 females; age: 29 ± 4 years, 

height: 181 ± 7 cm, weight: 80 ± 12 kg) and 6 individuals with unilateral Achilles 

tendinopathy (6 males, age: 37 ± 8 years, height: 177 ± 10 cm, weight: 78 ± 15 kg). The 

eligibility criteria for the tendinopathy group were symptomatic mid-portion Achilles 

tendinopathy (pain, discomfort, tenderness to palpation, focal thickening), minimal 

duration of symptoms of 3 months, and a Victorian Institute of Sports Assessment–At 

(VISA-A) score of less than 80 points (Robinson et al., 2001). Potential participants 

were excluded if they had insertional tendinopathy, lower limb musculoskeletal 

injuries, or had undergone lower limb surgery. The study was approved by the 
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Institutional Human Research Ethics Committee Achilles tendon Griffith University and 

all relevant ethical guidelines, including provision of written informed consent prior to 

participation in the study, were followed. 

6.3.2 EXPERIMENTAL DATA COLLECTION AND ANALYSIS 

Participants were positioned prone with the knee in extension and their ankle 

strapped into the torquemeter apparatus in neutral ankle position. The axis of the 

talocrural joint was aligned with the rotational axis of the torquemeter. The Achilles 

tendon was pre-conditioned with Achilles tendon least 3 sub-maximal and 4 maximal 

voluntary contractions which were also used to determine the maximum voluntary 

contraction force. Scans of the free Achilles tendon were taken at rest and under 70% 

or 50% MVIC torque for the healthy and pathological, respectively. The force applied 

on the tendon was determined by dividing the measured applied torque by a generic 

lever arm of 43 mm (Kongsgaard et al., 2011). Each freehand three-dimensional 

ultrasound scan was undertaken using a previously published protocol (Nuri et al., 

2016; Obst et al., 2014a). The zero stress condition of the tendon was defined at rest in 

the neutral ankle position. The distance between the calcaneal notch and soleus 

muscle-tendon junction was defined as the free tendon and used as free tendon length 

in the analysis. 

6.3.3 MESH GENERATION 

Subject-specific point clouds for each tendon were created through segmentation and 

rendering. They were spatially aligned before their meshes were created through free 

form deformation in CMISS (Fernandez et al., 2004) and manually optimised to 

minimise distortions due to morphing. CMISS (www.cmiss.org) is a finite element 

software that is based on polynomial basis functions allowing coarse meshes and 

resultantly lean computing. All resulting subject-specific finite element meshes 

consisted of 99 nodes and 64 hexahedral or pentahedral elements with polynomial 

lines. Meshes describing the average healthy and pathological tendon were computed 

from the averages of all data points in each tendon group.  
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6.3.4 FINITE ELEMENT MODEL 

The Achilles tendon was modelled as an incompressible, transversely isotropic and 

hyper-elastic material (Shim et al., 2014; Weiss et al., 1996). Three material 

parameters of the strain energy function were optimised for each tendon: 𝑐1 describes 

the scaling of the exponential stress, 𝑐4 describes the rate of the collagen fibre loading 

in the tendon’s toe-region and 𝑐5 representing the Young’s modulus, which is 

influential in the tendon’s elastic region. The optimisation iterates until the error 

between the measured and modelled strain were minimised. 𝑐6 was subsequently 

calculated as a transition function (equation 15) per property set. Force boundary 

conditions were derived from the ankle plantarflexion torque divided by a generic 

ankle plantarflexor moment arm (Kongsgaard et al., 2005).  The direction of the force 

vector was derived from individual muscle geometries of the Triceps Surae based on 

one subject’s MRI scan (Sex: Female, Age: 32 years). The average material properties 

for healthy or tendinopathic tendons were determined as the mean value of all 

subject-specific values per group.  

6.3.5 SUBJECT-SPECIFIC ACHILLES TENDON DAMAGE LOAD, STRESS AND 

LOCATION 

For the damage analysis, force was equally and incrementally applied to the nodes of 

the proximal face with the nodes of the distal face fixed until the damage criterion was 

met. Tendon damage was defined to occur at a global strain of 12 % (Wang et al., 

2006). At this strain, the 15 adjacent data points with greatest stress were identified as 

the damage region. The coordinates of the data point with greatest stress within the 

region indicated the location of damage. The damage location was expressed as 

percentage of tendon length from calcaneal insertion to the soleus muscle-tendon 

junction. High stresses in boundary regions were excluded in accordance with Saint-

Venant’s principle (Horgan & Knowles, 1983).  
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6.3.7 EFFECT OF AVERAGE ACHILLES TENDON GEOMETRY AND MATERIAL 

PROPERTIES ON DAMAGE LOAD 

Four additional finite element analyses tested all four combinations of average healthy 

or tendinopathic material properties and average healthy or tendinopathic geometry 

to investigate their influence on tendon damage load.  

6.3.8 STATISTICAL ANALYSIS 

Independent samples t-tests were performed to compare volume, average cross-

sectional area and length, as well as damage load, stress and location between the 

healthy and tendinopathic tendons. All statistical analyses were conducted using the 

Statistical Package for the Social Sciences (Version 22, SPSS, Chicago, Illinois, USA) and 

significance was accepted if p < 0.05.  

6.4 RESULTS 

6.4.1 ACHILLES TENDON GEOMETRY  

There were no group differences in free Achilles tendon resting volume, average cross-

sectional area or length (Figure 6-1).  

 

Figure 6-1 (A) Cross-sectional area, (B) resting length and (C) resting volume for healthy 

and tendinopathic tendons. Data are mean ± one standard deviation. 
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6.4.3 ACHILLES TENDON MATERIAL PROPERTIES 

The scaling factor for the exponential stress 𝑐1 (t=5.36, p=0.00) and the rate of collagen 

fibre loading 𝑐4 (t=2.95, p=0.03) were significantly different between tendon groups 

(table 1). The Young’s modulus 𝑐5 was significantly higher for the healthy group (1181 

± 315 MPa) compared to the tendinopathic group (626 ± 135 MPa), (t=3.66, p=0.01), 

see Table 6-1). 

Table 6-1 Subject-specific material properties for healthy (n=6) and tendinopathic 

(n=6) tendons. 

Material 
coefficients 

c1 c4 c5 c6 

Healthy 27 7 766 -798 
26 7 706 -736 
45 26 1415 -1438 
51 39 1419 -1348 
43 20 1401 -1438 
40 14 1379 -1433 

Mean (SD) 39 (9) * 19 (11) * 1181 (315) * -1211  

Tendinopathic 7 4 499 -522 
16 5 618 -646 
23 1 461 -485 
14 6 615 -641 
9 3 799 -839 
8 4 762 -800 

Mean (SD) 13 (6) * 4 (2) 626 (124) * -655  

 

6.4.4 SUBJECT-SPECIFIC DAMAGE LOAD, STRESS AND LOCATION 

The subject-specific damage load was found to be 12.5 ± 5.0 kN in healthy tendons and 

5.7 ± 1.5 kN in tendinopathic tendons. Damage load (t=2.44, p= 0.02) and damage 

stress (t=2.44, p= 0.02) were significantly higher in the healthy compared to the 

tendinopathic group (Figure 6-2). There were no group differences in location, but a 

high degree of variability in damage location was noted across all tendons (Figure 6-3). 
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Figure 6-2 (A) Damage load, (B) stress and (C) site for healthy and tendinopathic 

tendons. Data are mean ± one standard deviation. The asterisk (*) indicates significant 

difference between healthy and tendinopathic. 

6.4.5 INFLUENCE OF AVERAGE MATERIAL PROPERTIES AND GEOMETRY ON 

DAMAGE LOAD  

The average lengths, volumes and cross-sectional areas of the healthy and 

tendinopathic tendons were 55.5 mm and 65.4 mm, 3384 mm³ and 4625 mm³, and 

61.0 mm² and 70.7 mm² respectively. A 59% decrease in the damage load was 

observed when the average material properties of the healthy tendon were replaced 

with average tendinopathic material properties while retaining the average healthy 

tendon geometry (figure 6-4). Damage load increased by 23% when the average 

healthy geometry was replaced by average tendinopathic geometry while retaining 

average healthy material properties (figure 6-4).  

 

Figure 6-3 Damage load for each combination of average geometry and average 

material properties for healthy (H) and tendinopathic (T) tendons. 
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Figure 6-4 Damage location (black) for healthy (n = 6) and tendinopathic (n = 6) tendons showing no consistent location across the tendons. 

Tendons 1-4 are anterior view and tendons 5-6 are posterior view (from left to right). 
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6.5 DISCUSSION 

This study investigated the effect of tendinopathic alterations in Achilles tendon 

geometry and material properties on damage load using a finite element modelling 

approach in conjunction with subject-specific measures of free Achilles tendon 

geometry. Analyses based on subject-specific tendon geometries and material 

properties revealed that the damage load was more than double for healthy compared 

to tendinopathic tendons. Subsequent analyses of a model based on average group 

geometry and average group material properties revealed that the damage load was 

more influenced by tendinopathic alterations in tendon material properties than 

corresponding alterations in tendon geometry.  

6.5.1 SUBJECT-SPECIFIC GEOMETRY AND MATERIAL PROPERTIES 

Although there were no significant group differences in subject-specific Achilles 

tendon geometry, tendon cross-sectional area and volume were found to be on 

average 26% and 32% higher for the tendinopathic compared to healthy tendons. The 

higher average cross-sectional areas and volumes in tendinopathy were consistent 

with higher values reported in the literature for tendinopathic tendons (Arya & Kulig, 

2010; Leung & Griffith, 2008), and reflect the higher fluid content in tendinopathic 

tendons. Tendon material properties were substantially inferior in the tendinopathic 

group, with Young’s Modulus in particular being 45% of the value for the healthy 

Achilles tendon. This value is in agreement with the 51% lower value reported by Arya 

and Kulig (2010) and reflects that substantial alterations in tendinopathic tendon 

microstructure (Silver, Freeman, & Seehra, 2003). These alterations include anisotropy 

and thinning of collagen I fibres and non-inflammatory collagen degeneration (Maffulli 

et al., 2004) related to an increase in collagen type III which is mechanically weaker 

(Arya & Kulig, 2010). 

6.5.2 SUBJECT-SPECIFIC DAMAGE LOAD, STRESS AND LOCATION 

The damage load associated with a strain of 12% was found to be 2.2 times higher in 

healthy tendons (12.5 ± 5.0 kN) than in tendinopathic tendons (5.7 ± 1.5 kN). 

Experimental ex-vivo studies have identified damage forces in the range of 4500-6000 

N (Thermann et al., 1995; Wren et al., 2001) and a computational study on two 
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different Achilles tendon types found damage loads of 2.1 kN and 3.4 kN (Shim et al., 

2014). The lower loads in the present study are likely related to several differences 

between the studies. Shim et al. (2014) based their research on cadaveric tendons of 

100 mm length which is longer than the lengths in this study (figure 1) and will 

influence the damage criteria (Haut, 1986). Shim et al. (2014) also defined Achilles 

tendon damage to occur at 100 MPa stress whereas this study defined damage at 12% 

strain. Experimental studies are often based on old tendons removed from their 

natural environment which possess different mechanical properties compared to 

young living tendons (Lewis & Shaw, 1997b; Woo, Lee, Gomez, Sato, & Field, 1987). 

The clamping of tendons during tensile testing also alters their mechanical behaviour 

outcome (Ng, Chou, & Krishna, 2005) influencing the required damage load. Despite 

the reported low values, the load on the Achilles tendon during running has been 

reported as 9 kN (Komi, 1990), which shows that the range found for damage in this 

study is plausible.  

The damage stress found in healthy tendons in this study is nearly 2.4-fold greater 

(~350 MPa) than the stress found in tendinopathic tendons (~150 MPa). The damage 

stress for healthy tendons has been reported in The stress values in the present study 

are generally higher than those previously reported, which are in the range 11-100 

MPa (Benedict et al., 1968; Butler et al., 1978; Shim et al., 2014; Wren et al., 2001).  

The tendency to overestimate the damage stress in the  which might be related to the 

fact that this study is the first to report such values in living young Achilles tendons 

instead of older, cadaveric tendons. As stress is linearly related to the Young’s 

modulus, the identified significant difference in damage stress found in this study is 

related to the significant difference in Young’s modulus between the tendinopathic 

and healthy tendon groups.  

The damage location in this study was not significantly different between the healthy 

and tendinopathic groups. However of particular note was the finding that there was 

no consistent pattern in the damage location within or between groups, with no two 

tendons experiencing failure in the same or similar location. These findings suggest the 

failure location in the Achilles tendon is highly subject-specific, and dependent on the 

unique geometry and material properties of individual tendons.  Considering that the 

damage might be expected to occur at a site of great stress (Reeves & Cooper, 2017), it 
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follows that local material properties coupled with the location of the region of 

minimal tendon cross-sectional area are likely to be important determinants of failure 

location. Indeed the finding from the present study that these features influence 

damage location is supported by the findings from chapter 4 and 5 that they also 

influence the magnitude and location of tendon stress during submaximal 

contractions.  

6.5.3 INFLUENCE OF AVERAGE MATERIAL PROPERTIES AND GEOMETRY ON 

DAMAGE LOAD  

The average tendinopathic tendon was found to have a 16% larger cross-sectional area 

and a 37% larger volume compared to the healthy tendon. These values are similar to 

those of Nuri et al. (2017) who reported a 61% greater CSA and 72% greater volume in 

tendinopathic compared to healthy tendons using the same three-dimensional 

ultrasound method used in the present study. When the differences in average Achilles 

tendon geometry and the average group material properties were used in the model, 

damage load was decreased by 59% when the average material properties of the 

healthy tendon were replaced with average tendinopathic material properties while 

retaining the average healthy tendon geometry. In contrast, damage load increased by 

23% when the average healthy geometry was replaced by average tendinopathic 

geometry while retaining average healthy material properties. Based on these findings 

it was concluded that material properties have a stronger influence than geometry on 

the damage load in tendinopathic compared to healthy tendons. These findings are in 

general agreement with the findings of Shim et al. (2014) who similarly that damage 

loads for normal tendons were more influenced by tendon material properties than 

tendon geometry. The main reason underlying the finding from the present study is 

the substantially inferior material properties in tendinopathic compared to healthy 

tendons, with the average Young’s modulus for the tendinopathic tendon being 

approximately half the value of the healthy tendon. The strong influence of damage 

load on material properties such as Young modulus is also because failure, by 

definition occurs at the ultimate tensile strain (12% in the present study). Any 

difference in Young’s Modulus between tendinopathic and healthy tendons would 

therefore be expected to have a large effect on the ultimate tensile stress on this part 
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of the curve. In contrast, geometry appears to be more influential than material 

properties in determining tendon stress at lower strains, such as those associated with 

a 50-70% maximum voluntary isometric contraction as reported in Chapter 4 for 

healthy tendons.    

6.5.4 LIMITATIONS 

The main limitation of this study was that the ultimate tensile strain for tendinopathic 

tendon is not known. In order to compare the damage characteristics of healthy and 

tendinopathic tendon, we therefore assumed the ultimate tensile strain for both 

groups was 12%. While this allowed us to establish an estimate of the relative 

contributions of average tendon geometry and average material properties to the 

damage, a better estimate may be obtained in future by matching the modelled failure 

strain to experimentally measured tendon strains for tendinopathic tendon. Other 

limitations of the study include the simplification of the Achilles tendon as isotropic 

material and the related use of homogeneous material properties. The effect of more 

detailed tendon architecture (Handsfield et al., 2017), tendon twist (Pękala et al., 

2017), regional anisotropy (Haraldsson et al., 2005; Magnusson & Kjaer, 2003), 

calcaneal rotation (Lersch et al., 2012) and the local effect of the lesion specific 

mechanics may need to be included in future models. A greater sample size in future 

studies would increase the power to detect possible group differences in parameters 

such as tendon cross-sectional area, volume and failure location.  

6.5.5 CONCLUSIONS 

Subject-specific finite element analyses revealed that the damage of tendinopathic 

tendons occurs at a lower load and a lower stress compared to healthy tendons. 

Damage analyses on average geometries and average material properties showed that 

tendinopathic alterations in material properties have a stronger influence on damage 

load than corresponding alterations in tendon geometry. Overall these findings 

indicate that the tendinopathic Achilles tendon is at greater risk of damage than for 

healthy tendon and that efforts to mitigate risk of tendon rupture in Achilles 

tendinopathy might focus on improving the tissue material properties.
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7 DISCUSSION 

The general aim of this thesis was to investigate how subject-specific tendon geometry 

and material properties affect mechanical stress and damage. To answer this, subject-

specific finite element models of living free Achilles tendons with and without 

tendinopathy were loaded using an isometric submaximal contraction. Shim et al. 

(2014) have previously reported stress distributions and damage in similar analyses 

which were computed using subject-specific finite element models of free Achilles 

tendons. Their models were based on sparse ultrasound cross-sections of tendons 

measured ex-vivo using two-dimensional sonography. The present thesis built on the 

work of Shim et al. (2014) but used in-vivo measures of the free Achilles tendon 

measured using three-dimensional ultrasound to investigate the relative influence of 

tendon geometry and material properties on tendon stress. The overall finding of this 

thesis was that the mechanical stress experienced by the tendon under an equivalent 

load varies substantially between individuals, due to the combined effects of 

differences in subject-specific geometry and subject-specific material properties. These 

findings have important implications for the understanding of tendon mechanics 

because they demonstrate the individuality of human Achilles tendons. This may be 

particularly important for the design of training and rehabilitation as a given exercise is 

likely to result in different stress distributions in different tendons. Such variance in 

stress between tendons might explain why certain therapies are effective for some 

patients but not for others. Given that there is increasing evidence of an optimal 

tendon strain range for maximising positive tendon adaptation (Wang et al., 2013), the 

findings of this thesis point to the need for personalised tendon training and 

rehabilitation that match the training tasks to the characteristics of the individual.  

This final thesis chapter provides a synthesis of the overall findings in the context of 

the relevant literature. The chapter begins with a discussion of the substantial work 

fundamental to the analytical tools required to create subject-specific finite element 

models of the human Achilles tendon and concludes with a discussion of the main 

limitations and suggestions for future research. 
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7.1 CREATING SUBJECT-SPECIFIC FINITE ELEMENT MODELS OF THE HUMAN 

ACHILLES TENDON 

A methodological pipeline was developed to perform subject-specific finite element 

analyses of living human Achilles tendons based on ultrasound measures. The 

procedure can be divided in five stages:  1) data collection, 2) medical image 

processing, 3) mesh creation, 4) parameter optimisation and 5) finite element analysis. 

This section provides an overview of the analytical tools developed, as well as the main 

technical challenges encountered and how they were addressed. 

7.1.1 DATA COLLECTION 

Experimental data in the form of freehand three-dimensional ultrasound images and 

ankle torque was simultaneously acquired as part of this study. The main technical 

challenges were to ensure adequate calibration of the ultrasound and camera systems, 

to maximise ultrasound image quality and to fixate the ankle. Good image quality 

meant to assure constant contact between transducer and skin at all times of the scan. 

This requirement was achieved by using a stand-off pad attached to the ultrasound 

probe and ultrasound gel. Fixation of the ankle to the torquemeter was required for 

two reasons: (1) to reduce heel lift during the scan which would alter the moment arm 

and hence alter the muscle force applied and (2) to ensure that the ankle axis was 

aligned with the plantarflexion axis of the torque transducer to prevent an offset 

between rotational axes. At first, the fitting for the ultrasound gel pad was found to be 

insufficient and had to be optimised. A new pad holder should hold a bigger gel pad 

more solidly and match the shape of the skin surface. These changes prevented loss of 

contact between skin and transducer but also prevented the transducer from applying 

pressure on the tissue surface which has been shown to cause alterations in the 

morphology of the scanned tissue (Kruse, Stafilidis, & Tilp, 2017). This was 

accomplished by designing and then manually moulding plastic to the desired shape 

before replacing the old fitting (Figure 7-1). A bigger issue was the occasional 

malalignment of coordinate systems between the motion analysis technology and the 

sonography system which caused random locating of images in space instead of 

creating an orderly stack. This issue was solved by regularly updating the alignment 

and recalibrating the motion analysis system and the ultrasound system. During the 
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calibration procedure, different lighting strategies and calibrating strategies were 

trialled. The strapping of the foot into the apparatus to avoid heel lift was also a 

challenge. Despite the anatomically shaped foot holder, the amount of pressure on the 

tissue required to hold the foot in place was painful for the subjects and caused one 

subject to withdraw from the study. Considering this pain and the muscular effort, it 

was a challenge for many subjects to perform a consistently strong contraction over 

the entire scan period for at least 4 sequences, even though they had a ± 5% tolerance 

zone around the required torque. 

55 mm 

 

Figure 7-1 The improved gel pad holder of the ultrasound transducer holds the gel pad 

more firmly for permanent gel-skin contact during the scan and has a deepening to 

avoid contact of the transducer with the skin. 

7.1.2 MEDICAL IMAGE PROCESSING 

The image processing was performed in two steps: 1) segmentation/rendering and 2) 

alignment. The segmentation of the ultrasound images required an image check first. 

Redundant images were often recorded during the final milliseconds of the scan. The 

result was a spatial overlay of images which required manual deletion of duplicates. 

During the segmentation, as pointed out in other studies using 3DUS (Nuri et al., 2016; 

Obst et al., 2014a), the interpretation of structure lines is often subjective. However, at 

this stage of method development, the potential error will be accepted for rendering. 

The rendered geometries were found to be located in random spatial positions due to 

the original subject positioning in the coordinate system of the 3DUS in the laboratory 

during data collection. Manual translation and alignment of the tendon geometries 

generalised their spatial positions so that a generic force vector can be applied to all of 

them during the finite element analysis.  
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7.1.3 PARAMETER OPTIMISATION 

Adapting the code of the parameter optimisation method to successfully run according 

to the needs of this study was the greatest challenge in this thesis. One of the 

adaptions made was the reduction of the number of optimisation nodes to 8. This 

simplification was driven by the observation of tendon torsion between resting and 

loading state of the tendon. The proximal faces of the two ultrasound-based 

geometries of resting and loaded state seemed transversally rotated from each other 

(Figure 7-2). This observation has previously been described as tendon twist under 

load (Obst et al., 2014b). To numerically display the torsion in a finite element analysis 

though, three-dimensional force boundary conditions would have to be quantitatively 

and spatially identified and defined for all individual muscles of the calf muscle group. 

That required force information was not available at the time of this study and the 

optimisation focussed on nodes that are located on the centroidal axis where torsion 

can be neglected. Testing the optimisation, it was found that the fundamental 

mathematical error which indicated convergence was not reducing below the 

threshold. This was due to the fact that that error was determined in three-dimensions 

but only a uniaxial force was applied to the model. As a result, the optimisation of 

coordinates in the two remaining axes was impossible and created large errors. This 

issue was solved by an adaption of code reducing the error determination to one 

dimension only.  

 

 

 

 

 

Figure 7-2 Proximal view on the torsion found between a tendon at rest (green mesh) 

and under 70% MVIC load (solid). 
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7.1.4 MESH DEVELOPMENT 

The development of the slave mesh was a challenge in the mesh creation. The issue 

arose at the derivatives of the collapsed elements which would not match, prevent the 

required continuity (Figure 2-7) and cause holes in the structure which prohibit a 

functional mesh. This issue was addressed by finding and adjusting the relevant code 

to waterproof the mesh. Further manual adaptions were made to selected fitted 

meshes, such as surface smoothing and reduction of structural artefacts, to allow lean 

convergence during the solving process in finite element methods. 

7.1.5 FINITE ELEMENT ANALYSIS 

The finite element analysis was run in the CMISS back end CM. The first challenge was 

the installation process itself which required a long time and much assistance from the 

developers. CMISS runs best under Linux, which is why this study first accommodated 

Ubuntu in VirtualBox, but the graphical performance was not adequate. For a better 

graphical processing, a dual system of Windows 10 and Linux Ubuntu was then set up 

which could accommodate CMISS/CM to satisfaction. Although CM itself is considered 

a programing language, one of the challenges was the variety of programming 

languages its finite element analysis and the related parameter optimisation hosts. CM 

has originally been developed in FORTRAN and extended with files in various 

languages, such as C/C++, perl which were included in the numerical processes of this 

study. Despite the language diversity, the lack of graphical user interface required any 

adaptation of the process in the relevant code itself was time-consuming. 

7.2 SUBJECT-SPECIFIC GEOMETRY AND MATERIAL PROPERTIES OF HEALTHY 

AND TENDINOPATHIC ACHILLES TENDON  

7.2.1 SUBJECT-SPECIFIC GEOMETRY 

Subject-specific geometry of the healthy and tendinopathic free Achilles tendon was 

assessed in the present thesis using three-dimensional sonography. The three-

dimensional ultrasound technology has previously been assessed to have high levels of 

validity and reliability for measures of free Achilles tendon length, volume and CSA 

(Obst et al., 2014a). The values for free tendon length, volume and CSA from this thesis 

were in close agreement with prior studies conducted in the same laboratory (Nuri et 
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al., 2016; Obst et al., 2014a), as well as other studies of healthy Achilles tendons (Arya 

& Kulig, 2010; de Oliveira et al., 2016; Kongsgaard et al., 2011; Magnusson et al., 2001; 

Zhao et al., 2009) (Table 7-1).  

Table 7-1 Healthy free Achilles tendon values for length, volume and CSA. 

Study 
Length  
[mm] 

Volume 
[ml] 

Cross-sectional area 
[mm²] 

Obst et al. (2014a) 61 ± 14 4.3 ± 1.2 71.3 ± 14.3 

Nuri et al. (2016) 68 ± 19 3.9 ± 1.3 - 

Arya and Kulig (2010) - - 56.2 ± 5.6 

Zhao et al. (2009) 64 ± 11 - 56.1 ± 11.2 

de Oliveira et al. (2016) - - 56.1 ± 13.8 

Magnusson et al. (2001) - - 78.1 ± 5.6 

Kongsgaard et al. (2011) 55 ± 9  67 ± 8 

This thesis 62 ± 13 3.6 ± 1.0 57.5 ± 10.7 

 

Compared to the number of studies on healthy Achilles tendons, relatively few studies 

have investigated free Achilles tendon morphology with tendinopathy (Arya & Kulig, 

2010; Leung & Griffith, 2008). The values for CSA from this study were in relative 

agreement with those by Leung and Griffith (2008) albeit slightly lower than the value 

reported by Arya and Kulig (2010), Table 7-2. The resting CSA of the free tendon in the 

present thesis was on average 35% greater for the pathological than for the healthy 

tendon. In agreement with qualitative observations (Arya & Kulig, 2010; Chimenti et 

al., 2014; Leung & Griffith, 2008) tendon volume was 47% higher in tendinopathic 

compared to healthy tendon in the present study, which reflects pathological 

alterations in tendon composition and structure.  

Table 7-2 Tendinopathic free Achilles tendon values for length, volume and CSA. 

Study Length [mm] Volume [ml] Cross-sectional area [mm²] 

Arya and Kulig (2010) - - 93 ± 14 
Leung and Griffith (2008) - - 77 ± 21 
This thesis 69 ± 16 5.3 ± 2.2 75.2 ± 18 
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7.2.2 SUBJECT-SPECIFIC MATERIAL PROPERTIES  

The material properties of healthy and tendinopathic tendon were determined in the 

present study using a numerical parameter optimisation method. The main parameter 

of interest was the Young’s modulus to describe the elasticity of the tendon. The 

values obtained in the present thesis were in relative agreement with those from other 

published studies (Table 7-3). Only one study though has directly compared Young’s 

Modulus for healthy and tendinopathic Achilles tendon (Arya & Kulig, 2010). While the 

estimates of Young’s Modulus from the present study tended to be lower than those 

reported by Arya and Kulig (2010), the relative differences were similar with the 

modulus for tendinopathic tendon being approximately half of the modulus of the 

healthy tendon.  

Table 7-3 Comparison of Young's modulus between healthy and tendinopathic free 

Achilles tendons. 

Study Healthy [MPa] Tendinopathic [MPa] 

Arya and Kulig (2010) 1671 ± 278 819 ± 217 

Zhao et al. (2009)  220 ± 83 - 

de Oliveira et al. (2016) 189 ± 99 - 

Kongsgaard et al. (2011) 2000 ± 400 - 

This thesis 1184 ± 342 555 ± 176 

7.3 FINITE ELEMENT ANALYSIS OF HEALTHY AND TENDINOPATHIC ACHILLES 

TENDONS 

7.3.1 STRESS ANALYSIS 

Stress in normal and tendinopathic free Achilles tendons was assessed in the present 

study using finite element methods (section 7-1) based on subject-specific three-

dimensional tendon geometry and material properties (sections 7-2 and 7-3). This 

section provides an integrated overview of the main findings of the stress analysis on 

healthy and tendinopathic tendon (chapters 4 and 5). The main findings from these 

chapters were that (1) Achilles tendon stress distribution is highly subject-specific (2) 

Achilles tendon geometry is more important than material properties in influencing 

the normal free AT stress distribution for both healthy and tendinopathic tendon, and 
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(3) the greater CSA in tendinopathic compared to normal tendons compensated for 

the compromised material properties of tendinopathy and resulted in lower overall 

tendon stresses in tendinopathic compared to healthy tendon.  

An important overall conclusion from this thesis is that the stress distributions 

experienced by the healthy free Achilles tendon are highly subject-specific. This has 

important clinical as well as theoretical implications. From a clinical perspective, it 

means that exercises used to train or rehabilitate the Achilles tendon are likely to have 

very different effects on the local mechanical environment of different tendons. For 

example, protocols involving heel raise exercises (Alfredson, Pietilä, Jonsson, & 

Lorentzon, 1998; Stanish, Rubinovich, & Curwin, 1986) or isometric contractions (Kay & 

Blazevich, 2009; Kubo, Kanehisa, & Fukunaga, 2002) are commonly prescribed for 

rehabilitation from Achilles tendinopathy. One possible reason for the variable clinical 

outcome from these protocols could be that the identified tendon stress and strain 

could be sub-optimal towards positive bioadaption (Wang et al., 2013). Therefore, it 

might be possible in the future to develop feedback tools that acknowledge subject-

specificity in geometry and material properties to optimise mechanical loading for 

positive tendon adaptation.  

The finding that tendon stress distribution was found to be more dependent on 

subject-specific tendon geometry than on subject-specific material properties confirms 

the findings of a similar study on cadaveric tendons (Shim et al., 2014). Both studies 

highlight the importance of incorporating subject-specific geometry in finite element 

tendon models. It was also found that the region of peak stress corresponded with the 

minimum CSA of the tendon, which coincides with the region most likely for lesions 

(Claessen et al., 2014; Maffulli et al., 2004). Subject-specific information about the 

potential area and the likelihood of tendon injury could provide useful information for 

the design of risk reduction or injury prevention strategies in Achilles tendon 

treatments. 

The average tendon stress in tendinopathic tendons (29 ± 12 MPa) was lower than the 

stress in healthy tendons (70 ± 13 MPa) and both values lie well below the reported 

100 MPa damage stress for cadaveric tendons (Wren et al., 2001). The stress for 

healthy Achilles tendons is in good agreement with other studies which report a peak 
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stress range of 48-110 MPa (Gu et al., 2008; Komi, 1990; Kongsgaard et al., 2005). The 

value for the tendinopathic tendon is similar to (21 ± 6) MPa found in a study on 

middle-aged male Achilles tendinopathic tendons (Arya & Kulig, 2010). In this study, 

the peak stress for the tendinopathic tendons was found to be (28.9 ± 12.3 MPa) which 

is lower than that for healthy tendons. Arya and Kulig (2010) also found the stress in 

healthy tendons to be 47% lower than in pathological tendons. It has been suggested 

that the mechanisms could be a compensation to maintain tendon functionality 

despite the pathology (Maganaris et al., 2017).  Differences in peak stress location as 

percentage of tendon length were found but were not significant between healthy (67 

± 22%) and tendinopathic (56 ± 16%) tendon groups. 

7.3.2 DAMAGE ANALYSIS 

Damage was defined to occur at 12% strain and to be located at the 15 adjacent Gauss 

points of greatest stress. The identification of exactly 15 points was performed 

manually and turned out a challenge as the distance between Gauss data points in the 

model is inversely proportional to the curvature of the surface, which has the effect of 

a greater density in lateral regions than in the centre of the tendon model. This 

procedure was very time-consuming and sometimes required the consultation of 

numerical data sheets to accurately identify damage load, stress and location.  

The damage load was found to be greater in healthy tendons than in pathological 

tendons, Table 7-4, which are greater than the previously reported range between 4.6 

kN and 5.1 kN found in experimental studies (Thermann et al., 1995; Wren et al., 2001) 

and the shape-dependent damage loads of 2.1 kN and 3.4 kN reported in a 

computational study (Shim et al., 2014). However, the values found in this study are 

plausible considering the limitations of the previous studies which are based on 

experimental ex-vivo studies. Our finding of damage load is also consistent with 

previously reported healthy maximum loads of up to 9 kN (Komi, 1990) measured 

invasively with a transducer during running. Our findings of damage stress were found 

to be greater in healthy than in pathological tendons, Table 7-4. While no damage 

stress has ever been reported for pathological tendons, the damage stress for healthy 

tendons has been reported up to 112 MPa which is substantially lower than the 

damage stress of 356 MPa found in this study. However, it should be noted that the 
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previous studies were based on older, cadaveric tendons. Due to their age and 

extraction from their natural environment, these factors are believed to have an 

impact on the mechanical behaviour of the tendon (Haut, 1986; Woo et al., 1987), and 

suggest that damage stress has previously been underestimated. 

Table 7-4 Results of damage stress, load and stress reported from computational 

(comp.) and experimental (exp.) ex-vivo studies and from this study. 

 
Author Tendon type 

Stress 
[MPa] 

Load [kN] 
Strain 

[%] 

comp. Shim et al. (2014) 
Shim et al. (2014) 

Achilles type 1 100 2.1 - 
 Achilles type 2 - 3.4 - 
exp. Thermann et al. 

(1995) 
Human Achilles - (4.6-5.0) - 

 Butler et al. (1984) Gracilis 112 ± 4 - 27 ± 1 

 Butler et al. (1984) Semitendinosus 89 ± 5 - 33 ± 2 

 Wren et al. (2001) Achilles 79  ± 22 5.1  ± 1.2 9  ± 2 

 Elliott (1965) Young tendon - - (10 – 18) 

 Johnson et al. 
(1994) 
Johnson et al. 
(1994) 

Young Patellar 65 ± 15 - 14 ± 6 

 Older Patellar 54 ± 10 - 15 ± 5 

 Wang et al. (2006) General - - 12 

 
Benedict et al. 
(1968) 
Benedict, Walker, 
and Harris (1968) 

Extensor 
digitorum longus 

92 - - 

 
Extensor hallucis 
longus 

75 - - 

 
Schechtman and 
Bader (2002) 

Extensor 
digitorum longus 

49 ± 14 - 8 ± 1 

 
This thesis  

Healthy Achilles 356 ± 157 12.5 ± 5.0  

 
Tendinopathic 
Achilles 

146 ± 50 5.7 ± 1.5  

7.4 LIMITATIONS AND FUTURE DIRECTIONS 

7.4.1 MODEL FIDELITY: MATERIAL PROPERTIES 

The main limitation of this thesis as stated in chapters 4-6 was that the tendon 

material properties were considered uniform for healthy and tendinopathic tendons. 

Assignment of localised tendon material properties remains challenging (Lavagnino, 

Arnoczky, Kepich, Caballero, & Haut, 2007). The need therefore exists to conduct 
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studies that quantify tissue anisotropy (Maganaris, Chatzistergos, Reeves, & Narici, 

2017; Reeves & Cooper, 2017), such as elastography (DeWall, Slane, Lee, & Thelen, 

2014; Haraldsson et al., 2005; Slane, Martin, DeWall, Thelen, & Lee, 2017) in normal 

and tendinopathic tendon. Notwithstanding the likelihood that material properties 

differ along the length of the healthy tendon (DeWall et al. 2014), there is also 

emerging evidence that material properties are altered in Achilles tendinopathy (Aubry 

et al. 2015).  

An attempt to model the influence of spherical inclusions of different elasticities on 

transverse tendon strain in tendinopathic compared to healthy tendon was recently 

reported (Chatzistergos, Maganaris, & Chockalingam, 2016). Transverse deformations 

under a longitudinal strain of 10% were initially mapped based on homogeneous 

material properties. By comparing transverse deformations between the models with 

uniform and non-uniform material properties at different locations along the tendon, 

it was shown that the inclusion altered the transverse deformations. Local stiffening of 

the lesion resulted in a positive difference in transverse deformation compared to the 

tendon with uniform material properties, whereas local softening caused a 

quantitatively larger negative difference in transverse deformation in the vicinity of the 

lesion. Better estimates of localised material properties will facilitate advances in use 

of FE models to characterise the local environment of the tendon in future studies. It is 

also noteworthy that no studies to date have investigated how altered material 

properties associated with a lesion influence three-dimensional stress-strain 

environment around the lesion. Validation of FE models that include tissue anisotropy 

will remain challenging as although it is possible to match model estimates of global 

strain with experimental strains, there is currently no way of validating localised 

stresses and strains (Maganaris et al. 2017).  
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Figure 7-3 Transverse deformation results of the three-dimensional FE study of a 

tendinopathic Achilles tendon. Tendinopathy was modelled as spherical inclusion of 

different elasticity compared to the tendon tissue (Chatzistergos et al., 2016). 

7.4.2 MODEL FIDELITY: BOUNDARY CONDITIONS 

The boundary conditions in FE models are notoriously difficult to estimate accurately. 

In the present thesis force boundary conditions were estimated from experimental 

measures of net ankle joint plantarflexion torque using a generic value for the Achilles 

tendon moment arm (Kongsgaard et al., 2005). This approach could be improved using 

subject-specific estimates of Achilles tendon moment arm, which can be reliably 

estimated using three-dimensional ultrasound (Obst et al. 2017). In the present thesis 

a single boundary load was applied to the tendon. In future studies it may be beneficial 

to better replicate the physiological way of muscle loading by representing the 

individual muscle forces generated by the Triceps Surae. 

7.4.3 MODEL FIDELITY: STRUCTURAL DETAIL 

The tendon was modelled as a single, incompressible, homogeneous and hyper-elastic 

material in the present thesis. It is well known that the Achilles tendon has 3 main 

fascicular compartments with unique fibre orientations that are twisted together 

(Szaro et al. 2009; Pękala et al., 2016). Future models could incorporate more detailed 

structural representations of these and other subject-specific tendon features 

including torsion and inter-fibrillar sliding which occur under load (Edama et al., 2015; 

Handsfield et al., 2017; Lee, Szczesny, Santare, & Elliott, 2017; Szaro, Witkowski, 

Smigielski, Krajewski, & Ciszek, 2009). Modelling methods such as MRI offer the 

opportunity to better quantify micro-structural detail of the tendon in future studies. A 
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poro-elastic FE model of the Achilles tendon would also provide the opportunity to 

model the interaction between solid and fluid components of the tendon, which are 

altered in tendinopathy (Nuri et al., 2017). Future models should also consider the 

inclusion of calcaneal rotation which has the potential to influence tendon 

deformation (Lersch et al., 2012) and can be measured  using three dimensional 

motion analysis.  

7.4.4 FUTURE APPLICATIONS OF ACHILLES TENDON MODELS 

An important future application of FE models of the Achilles tendon will be to enhance 

understanding of the local mechanical environment within the tendon. This is 

important because the mechanical environment of the tendon influences tendon 

biology throughout the lifespan. It has been demonstrated for example that both too 

much and too little strain leads to a catabolic response. In contrast, optimal cyclic 

tendon strain, which is believed to be around 6%, leads to an anabolic response, and 

hence improved tendon mechanical properties (Wang et al. 2013). Better 

understanding of these mechanobiological pathways has the potential to lead to 

improved methods for tendon training and rehabilitation. A need therefore exists to 

develop ways of translating the approach used in the present thesis into a user-friendly 

real-time feedback device that may be used in tendon training and rehabilitation 

settings.  

 Perhaps the greatest challenge will be to better understand the local mechanical 

environment in the region of the lesion in Achilles tendinopathy. The efficacy of new 

treatments for Achilles tendinopathy, including Autologous Tenocyte Injections, may 

be improved by developing rehabilitation protocols that optimise the mechanical 

environment and thereby maximise tissue regeneration. Detailed modelling of the 

Achilles tendon could provide new insight into why tendon injuries are more prevalent 

in males compared to females, and in middle age compared to older age. Subject-

specific FE models may also be used in the future to predict injury including rupture, 

and to monitor the effect of treatment on the structural and mechanical properties of 

the tendon. 
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CONCLUSIONS 

Based on the findings of this dissertation it is concluded that: 

1. There is substantial variation between individuals in the geometry of material 

properties of the healthy Achilles tendon.  

2. The stress magnitude and location experienced by the healthy Achilles tendon 

under load is highly subject-specific and dependent on the geometry and material 

properties of the tendon. 

3. The stress distribution in the normal and tendinopathic Achilles tendon is more 

sensitive to tendon geometry than to tendon material properties. 

4. The tendinopathic Achilles tendon experiences thickening and has inferior material 

properties. 

5. Tendon thickening in tendinopathic tendons appears to be a positive biological 

adaptation which compensates for inferior material properties and helps protect 

the tendon against further injury.  

6. Damage in tendinopathic tendons occurs at lower load and stress than for healthy 

tendons.  

7. Material properties have a stronger influence than geometry on damage load in 

healthy and tendinopathic tendons.  

8. Generic training and rehabilitation programs for the Achilles tendon are likely to 

result in very different tendon stresses and strains between individuals. The 

general findings of this thesis point to the need for personalised training and 

rehabilitation for the Achilles tendon that takes account of the substantial variation 

in tendon geometry and material properties between individuals to ensure an 

optimal loading stimulus is provided that maximises positive tissue adaptation for 

healthy and tendinopathic tendons. 
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