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1 Preface 
This report is a part of a special project in Medicine and Technology conducted at the Technical 

University of Denmark (DTU) and University of Copenhagen (KU). The subject of this report is 

connective tissue biomechanics and modelling of connective tissue. The report focuses on tendons 

and their properties. The project was carried out during the period between 7th of April and 14th of 

June and is nominated to 5 ECTS points. Furthermore, the project is seen as a preliminary project for 

a Master’s thesis which is to be conducted from the beginning of August later this year. 

2 Introduction 
The aim of the project is to get a deeper understanding of connective tissue biomechanics, with 

special emphasis on tendons. This project consists of a thorough literature review, where articles 

within the appropriate field were reviewed and studied. The anatomical structure of tendons and 

their mechanical properties will be presented and furthermore, a section on modelling connective 

tissues is presented. 

Tendons are an interesting part of the human body to examine and many questions remain 

unanswered regarding the tissue. In vitro studies of connective tissue have demonstrated that stress 

or strain rate influence the mechanical properties of the tissue (Wang, 2006). The direct mechanisms 

remain unknown, but are believed to be attributable to the relative viscosity of these tissues 

(Hoffmann, II, Duquette, & Grigg, 2005). The central problem here is that it is impossible to 

determine the viscous component of the tendon.  

A possible way to come closer to understanding the mechanical behavior of tendons could be to 

apply a modelling approach. Based on existing knowledge from the literature this thesis will: 

1. Describe the anatomical structure of tendons. 

2. Review how tendon mechanical properties can be examined experimentally. 

3. Review how tendon mechanical properties can be examined using computational modelling. 

4. Propose a potential modelling study of tendon biomechanics in order to quantify the effect 

of different viscous fractions on the mechanical behavior.  

3 Anatomy and Structure of the Tendon 
This section will introduce the basic anatomy and structure of the tendon.  

Tendons are essential in human locomotion as they are responsible for transmitting muscle forces to 

bone (Wang, 2006). The principal component of tendons is the fibrous protein collagen, with other 

components of the tendon being proteoglycans, glycoproteins, water and cells. The most abundant 

tendon component is type I collagen, which constitutes about 60% of the dry mass of the tendon and 

about 95% of the total collagen (Wang, 2006). Collagen serves as the main load carrying element in 

the tendon (Fung, 1993). Additionally, the tendon, that functions primarily to transmit tension, has a 

parallel-fiber structure. The fiber bundles appear wavy in unloaded condition but under tension they 

straighten out (Fung, 1993). When the tensile force is released, the tendon resumes its normal wavy 

appearance (Kannus, 2000). 



The structure of the tendon is a multi-unit hierarchical structure composed of collagen molecules, 

fibrils, fiber bundles, fascicles and tendon units that run parallel to the tendon’s long axis (Wang, 

2006). This hierarchical structure is illustrated in Fig. 1. 

 
Figure 1: Illustrates the hierarchical structure of the tendon as well as the different sub-units (Wang, 2006). 

The fibril is the smallest functional unit of the tendon and consists of collagen molecules that are 

aligned end-to-end. The next level in the tendon hierarchy is composed of collagen fibers. The 

collagen fibers are made up of collagen fibrils and are bound together by endotenons, which is a thin 

layer of connective tissue that contains blood vessels, lymphatic’s and nerves (Wang, 2006). The 

collagen fibers make up the basic unit of the tendon (Kannus, 2000). These fiber bundles then form 

fascicles, and bundles of fascicles are then enclosed by the epitenon, making up the tendon unit and 

thereby completing the hierarchical structure of the tendon (Wang, 2006). 

The three-dimensional ultrastructure of tendon fibers and fiber bundles is highly complex. Within 

one collagen fiber, the fibrils are not only orientated longitudinally but also transversely and 

horizontally. Furthermore, the longitudinal fibers do not only run in parallel but also cross each 

other, forming spirals (Kannus, 2000). The hierarchical assembly of the collagen fibers leads to a large 

variety of mechanical properties. Understanding the hierarchical structure of the tendon is therefore 

a key to the understanding of their mechanical properties (Fratzl, 2008).  

The basic function of the tendon is to transmit forces created by the muscles to the bone, thereby 

making joint movement possible. The complex macro- and microstructure of tendons and tendon 

fibers described above make this possible. Additionally, the internal structure of the fibers forms a 

buffer medium against forces of various directions, which prevents damage and disconnection of the 

fibers (Kannus, 2000). 

3.1 The Achilles Tendon and the Patellar Tendon 
The tendons that were of special interest in this project were the Achilles tendon and the patellar 

tendon, but these tendons both experience high values of stress (Biewener, 2008) and (Hansen, 



Bojsen-Moller, Aagaard, Kjaer, & Magnusson, 2005). This section describes the different anatomy 

and function of the two tendons. 

The Achilles tendon is the strongest and thickest tendon in the human body. It begins near the 

middle of the calf and is the conjoint tendon of the gastrocnemius and soleus muscles (Fig. 2). The 

calcaneal insertion (insertion to the heel bone) of the tendon is specialized and designed to aid the 

dissipation of stress from the tendon to the calcaneus (Doral, et al., 2010). Direct in vivo 

measurements of forces during various activities, revealed loading in the Achilles tendon as high as 9 

kN during running, which is up to 12.5 times body weight (Komi, 1990). The Achilles tendon’s main 

purpose is to provide ankle plantarflexion. Other functions include acting as a checkrein during 

eccentric contraction to prevent excessive ankle dorsiflexion and forward launching during 

ambulation (Pedowits & Kirwan, 2013).  

 
Figure 2: Posterior and lateral view of the calf showing the Achilles tendon, its insertion the calcaneus and the 

two calf muscles, gastrocnemius and soleus (Healthwise, 2014). 

The patellar tendon is an essential component of the extensor mechanism of the knee (DeFrate, Nha, 

Papannagari, Moses, Gill, & Li, 2007). The patellar tendon extends from the apex of the patella to the 

tibial tuberosity (Fig. 3) and thus its function is to transmit force from the contracting quadriceps 

muscle to the tibia to produce movement. During locomotion and jumping activities the patellar 

tendon is subjected to considerable forces, which may play a role in the etiology of patellar 

tendinopathy (Hansen, Bojsen-Moller, Aagaard, Kjaer, & Magnusson, 2005). 

 
Figure 3: Frontal view of the patella tendon, and its connections with the quadriceps muscle and the tibia (The 

Center for Orthopaedics & Sports Medicine, 1998). 



It should be noted that the structure of these two tendons are not identical and their function is 

essentially different. The patellar tendon has aligned collagen fascicle bundles but in the Achilles 

tendon theses bundles are intertwined. The spiraling of the fibers of the tendon produces an area of 

concentrated stress and confers a mechanical advantage (Doral, et al., 2010).  Additionally, their 

composition varies where the two tendons have different proportions of collagen I and III, 

proteoglycans and water (Seynnes, 2014).  This would mean that beside from different anatomical 

locations, the two tendons can also display different mechanical properties. 

4 Mechanical Properties of the Tendon 
Tendons are soft connective tissue exhibiting nonlinear viscoelastic properties (Clemmer, Liao, Davis, 

Horstemeyer, & Williams, 2010) as they are a biphasic tissue having fluid and solid phases. The fluid 

phase constitutes 60-70% of the total weight of the tendon and the solid phase, which consists of the 

highly organized collagen fibril network, constitutes over 15% of the wet weight (Korhonen & 

Saarakkala, 2011). Viscoelastic materials have the properties of both viscous and elastic materials 

and can be modeled by combining elements that represent these characteristics (Clemmer, Liao, 

Davis, Horstemeyer, & Williams, 2010). The material properties of tendons depend, in part, on the 

rate at which the tendon is loaded and most studies find higher failure stresses and failure strains at 

faster strain rates (Wren, Yerby, Beaupré, & Carter, 2000). 

Because tendons are viscoelastic, they both possess elastic and viscous mechanical properties and 

possess time-dependent mechanical behavior. This produces some important mechanical 

consequences for tendons. The major characteristics of a viscoelastic material such as tendons are 

hysteresis, stress-relaxation, and creep. Additionally, different strain rates affect their mechanical 

properties. These characteristics will be defined in the following subsections as well as how the 

mechanical properties of tendons are obtained with experimental testing. 

4.1 Experimental testing 
The mechanical properties of isolated tendons are normally determined via tensile tests (Butler, 

Grood, Noeys, & Zernicke, 1978) where the outcome of such a test can be analyzed with the stress-

strain curve.  In tensile testing, a tissue sample is fixed with two ends, e.g. by using metallic clamps 

and the sample is then stretch to a predefined stress or strain (Korhonen & Saarakkala, 2011). An 

example of this experimental setup is illustrated in Fig. 4 and then a typical tendon stress-strain curve 

can be seen below in Fig. 5. 



 
Figure 4: Experimental setup to test for the mechanical properties of tendons (Wren, Lindsey, Beaupré, & 

Carter, 2003). 

 
Figure 5: A tendon stress-strain curve (Wang, 2006). 

The initial region of the curve in Fig. 5 is the so called ‘toe’ region, where the tendon is strained up to 

2% (Wang, 2006). The toe is believed to be due to structural change in fibril organization from a 

crimped or wavy pattern to a more straightened, parallel arrangement (Butler, Grood, Noeys, & 

Zernicke, 1978). Next region on the curve is the linear region, where the tendon is stretched less than 

4% and collagen fibers lose their crimp-pattern (Wang, 2006) and are more parallel in arrangement 

(Butler, Grood, Noeys, & Zernicke, 1978). This linear region represents the response of collagenous 

tissue to further elongation and the slope of the region is referred to as the Young’s modulus of the 

tendon. If the tendon is stretched over 4%, microscopic tearing of the tendon fibers occurs, and if the 

strain goes beyond 8-10%, macroscopic failure occurs (Wang, 2006). As Fig. 5 depicts, further stretch 

will cause rupture of the tendon. 

Alternative methods to test for mechanical properties of tendons are e.g. by using ultrasound and 

Atomic Force Microscopy (AFM). Fukashiro et al. successfully used ultrasonography to test the 

characteristics of human tendon in vivo (Fukashiro, Itoh, Ichinose, Kawakami, & Fukunaga, 1995) as 

well as Hansen et al., where they assessed mechanical properties of the human patellar tendon, in 

vivo, using ultrasonography (Hansen, Bojsen-Moller, Aagaard, Kjaer, & Magnusson, 2005).  Atomic 

force microscopy can be used to explore the mechanical properties of single collagen fibrils as done 

by Heim et al. where they measured the elastic modulus of individual intact native collagen fibrils 

and reported values ranging from 1-2 GPa (Heim, Matthews, & Koob, 2006).  



In order to give the reader a sense of the magnitude of the tensile strength of at least one type of 

tendon, a study by Johnson et al. (1994) can be referred. In that study they found that the ultimate 

tensile strength of the human patellar tendon for younger donors (29-50 yrs.) was 64.7 ± 15.0 MPa, 

whereas it was 53.6 ± 10.0 MPa for older donors (64-93 yrs.). These values coincide with another 

study by (Wren, Yerby, Beaupré, & Carter, 2000) where they reported that failure stresses are in the 

range of 50-125 MPa. 

It is important to note that biomechanical data on tendon properties obtained in vitro is most likely 

biased by treatments such as freezing or clamping. In case of clamping, stresses in the tendon may be 

distributed differently than in vivo. Additionally, the extraction of the tendon could affect the 

amount and distribution of the aqueous extracellular matrix (Seynnes, 2014). This illustrates the 

importance of acquiring biomechanical measurements in vivo. 

4.2 Hysteresis 
During a hysteresis test, the force is monitored while the specimen is elongated to a peak strain and 

returned to the starting length at a constant displacement rate (Butler, Grood, Noeys, & Zernicke, 

1978). Hysteresis is represented as the loop that the loading and unloading curves produce during 

cyclic tensile test of tendon structures and represents the amount of energy (usually heat), that is 

disposed in the tissue during deformation. Hysteresis values have been reported in the range of 3-

38%, based on tensile testing of isolated specimens (Kubo, Kawakami, Kanehisa, & Fukunaga, 2001). 

Hysteresis is present because the tendon structures are viscoelastic materials and they therefore 

return slowly to their original shape (Fratzl, 2008). The area within the loop represents the energy 

lost as heat due to internal damping, while the area under the unload curve is the energy recovered 

in elastic recoil (Kubo, Kawakami, Kanehisa, & Fukunaga, 2001). In simple terms: the larger the area 

within the loop, the larger the hysteresis. 

 
Figure 6: Visualization of hysteresis, where the hysteresis is represented by the grey area. When the tendon is 

loaded and unloaded, the unloaded curve does not follow the loading curve. The energy is lost as heat (Robi, 

Jakob, Matevz, & Matjaz, 2013). 

4.3 Stress relaxation 
To measure force relaxation effects, the tissue is stretched at a rapid rate until a peak strain is 

reached. Once the peak strain is reached, the tissue is maintained at a fixed length and the drop in 

force is measured over time. This is illustrated below in Fig. 7. The strain rate that is used to stretch 



the tissue will affect the resulting force relaxation response. In general, the more rapid the strain rate 

is, the larger its peak force and subsequently the resulting relaxation will be greater (Butler, Grood, 

Noeys, & Zernicke, 1978). 

 
Figure 7: Stress-relaxation test. Predefined strain is applied and the corresponding stress is followed as a 

function of time (Korhonen & Saarakkala, 2011). 

4.4 Creep 
As a tendon is held in a stretched position, the energy stored within the tendon will decrease over 

time (Paxton & Baar, 2007). This behavior is known as creep. A creep test is performed by applying a 

constant force to the tissue specimen. This constant force then causes the tissue to lengthen over 

time (Butler, Grood, Noeys, & Zernicke, 1978). An example of the typical force-time and 

displacement-time curves for a creep test on a connective tissue is shown if Fig. 8. 

 
Figure 8: Creep test. Constant stress is applied to the tissue and the corresponding strain is measured as a 

function of time (Korhonen & Saarakkala, 2011). 

4.5 Strain rates 
Because of their viscoelasticity, tendons are more deformable at low strain rates. Therefore, the 

tendons absorb more energy, but are less effective in transferring loads. At high strain rates, tendons 



become less deformable with a high degree of stiffness and are more effective in transferring large 

loads (Wang, 2006). This arises because as more and more of the collagen is straightened out, the 

stiffness increases, making the tendon less deformable. 

5 Modelling the Tendon 
When it comes to modelling a complex structure like the tendon, certain assumptions must be made 

for the sake of simplicity. One of those assumptions is that the tendon is modelled as a whole and 

the different sub-structures are not taken into account. This is done to avoid pitfalls due to lack of 

knowledge about the interaction between these sub-structures (Seynnes, 2014).  

This chapter introduces what has been done so far in terms of modelling tendons. Models that have 

been presented in the literature are reviewed and the difference between the models is discussed.  

5.1 Models in the Literature 
A vast amount of studies have been carried out in this field in terms of modelling connective tissues 

and this section covers some of the mathematical models that have been presented in the literature. 

5.1.1 Elastic Models 

Early models that were used to predict mechanical behavior of connective tissues neglected the time 

dependent components of tissue behavior and focused on describing the non-linear aspects of the 

stress-strain response. Elastic models assume that ligaments and tendons do not display time 

dependent behavior and thus, they focus on describing these nonlinear aspects of their mechanical 

response (Woo, Johnson, & Smith, 1993). Later on, viscoelasticity became accepted as the 

appropriate mechanical response by tendons (Butler, Grood, Noeys, & Zernicke, 1978). One reason 

for the viscoelasticity of tendons is that a viscous fluid (often just water) is flowing during 

deformation of the tendon (Fratzl, 2008). For this reason, the remainder of this section will focus on 

viscoelastic models. 

5.1.2 Viscoelastic Models 

Viscoelastic models incorporate time dependent effects into their mathematical description and are 

divided into the following two types: 

 Quasi-Linear Viscoelasticity (QLV) model. 

 Single Integral Finite Strain (SIFS) model (Woo, Johnson, & Smith, 1993). 

5.1.2.1 Quasi-Linear Viscoelastic (QLV) Model 

The Quasi-Linear Viscoelasticity (QLV) model combines elastic and time dependent components of a 

tissue’s mechanical response using a hereditary integral formulation. The exponential form of the 

stress-strain relation for uniaxial tension was incorporated into this general viscoelastic model (Woo, 

Johnson, & Smith, 1993). 

In QLV theory, stress can be expressed as: 

 (   )   ( )  ( ) 

where G(t) is a function of time, t, called the reduced relaxation function, λ is the stretch ratio, and 

  ( ) is the time-independent elastic response. The function   ( ) plays the role assumed by the 



strain ɛ in the conventional theory of viscoelasticity, and is by definition the tensile stress 

instantaneously generated in the tissue when a step function of stretching λ is imposed on the 

specimen (Fung, 1993). The stress at time t is then given by: 
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Based on association with linear viscoelasticity, but with σe assuming the traditional role of strain 

within the linear theory, the reduced relaxation function can be chosen as: 
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This can be rewritten in terms of exponential integrals as: 
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The above expression can be simplified further if    and    differ sufficiently so that   << t <<   . The 

expression of the relaxed function G(t) can then be written as: 
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where γ is the Euler constant, τ is time and C is the integral constant. This formulation has been used 

to model the canine medial collateral ligament (MCL) as well as to fit data obtained from incremental 

stress-relaxation experiments (Elliott, et al., 2003). The above formulations can be found in (Woo, 

Johnson, & Smith, 1993). 

5.1.2.2 Single Integral Finite Strain (SIFS) Model 

The Single Integral Finite Strain (SIFS) viscoelastic model has been used to model the human patellar 

tendon. This structurally motivated continuum model offers advantages of incorporating a general 

non-linear, three-dimensional description of a tissue’s mechanical behavior. In the SIFS model, 

different constitutive equations are used for different levels of strain (Woo, Johnson, & Smith, 1993). 

 



The model can be written as: 

         {     ( )  ( )     ( )}  (     )∫  ( ){     ( )  ( )     ( )}   
 

 

 

where T is the Cauchy stress, p is the indeterminate part of the stress arising due to the constraint of 

incompressibility, I is the identity tensor, B is the left Cauchy-Green strain tensor, G(t) is the time-

dependent relaxation function, C0 is the instantaneous modulus,    is the long time modulus, μ is 

the shear modulus, and I(s)=trC, where C is the right Cauchy-Green strain tensor. This model reduces 

to the appropriate case of finite elasticity at very short times and, if linearized, yields classical linear 

viscoelasticity (Woo, Johnson, & Smith, 1993). 

5.1.2.3 Maxwell, Voigt and Kelvin (standard linear solid) Models 

In addition to the viscoelastic models mentioned above, Y.C. Fung presents three mechanical models 

that describe the viscoelastic behavior of materials (Fung, 1993). These models are the Maxwell 

model, the Voigt model and the Kelvin (standard linear solid) model. These models are presented in 

Fig. 9 below. 

 
Figure 9: Three mechanical models of viscoelastic material. (a) Maxwell, (b) Voigt, (c) Kelvin (standard linear 

solid). F=Force, μ=spring constant, η=damping coefficient and x=distance (Korhonen & Saarakkala, 2011). 

These models are composed of combinations of purely elastic linear springs with spring constant μ, 

and purely viscous dashpots with coefficient of viscosity η. The linear spring is supposed to produce a 

instantaneously a deformation proportional to the load at any instant and the dashpot is supposed to 

produce a velocity proportional to the load at any instant (Fung, 1993). For the Maxwell model, the 

dashpot and the spring are connected in series while for the Voigt model they are connected in 

parallel. The Kelvin model is different, where we have two systems in parallel, with one system 

composed of a spring and dashpot connected in series and the other composed only of a spring. 



The Maxwell, Voigt and Kelvin (standard linear solid) models have a time-dependent component that 

allows for the modelling of creep, stress-relaxation and hysteresis. The following section aims at 

describing the difference between these viscoelastic models. All equations are from (Korhonen & 

Saarakkala, 2011). 

The viscoelastic models are composed of elastic and viscous components. The elastic component is 

presented as follows: 

     

where σ is stress, ϵ is strain, and E is the elastic (Young’s) modulus. The above equation is also known 

as Hooke’s linear elastic model. On the other hand, the viscous component (dashpot) is velocity 

dependent and is presented as: 

   
  

  
 

where η is the damping coefficient, F is force and x is the deformation or elongation. It should be 

noted that F and x can be replaced with stress (σ) and strain (ɛ). This also applies for the equations 

presented below. 

The Maxwell model consists of a linear spring connected in series with a linear dashpot. Because 

these components are linear, the force in the spring is related linearly to its extension and the force 

in the dashpot is related linearly to its rate of extension (Traberg, Lecture 11: Viscoelastic materials 

[PDF document], 2013). In the Maxwell model, both the spring and dashpot experience the same 

force, while their deformation and velocity is different. The total velocity becomes: 

  

  
 

 

 

  

  
 

 

 
  

This equation describes the force, strain, and their rates of change with respect to time in the 

Maxwell model. In the Voigt model, the forces of the spring and dashpot elements are different, but 

their deformation is the same. Thus the total force is the sum of forces acting on the spring and 

dashpot: 

      
  

  
 

In the Kelvin model, the combination of two springs and one dashpot complicates the equation of 

motion. The same principles, as with the Maxwell and Kelvin models can be applied, i.e. that the 

elements that are side by side undergo the same deformation but different force, while those that 

are arranged consecutively, experience the same force but different deformation. The equation of 

motion becomes: 
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5.2 Modelling the Achilles Tendon 
The model in this project will ultimately test the hypothesis that the tendon behavior is consistent 

with certain fractions of viscosity and elasticity. As a first step in the modelling process, a model of 

the Achilles tendon was developed from MRI images.  

5.2.1 Methods 

In order to model a tendon, MRI images of the lower leg were obtained. These images were then 

used to segment the Achilles tendon from the rest of the data. This was done using the 3D image 

processing software, ScanIP. The DICOM images were imported to ScanIP from a disc and can be 

seen in Fig. 10. 

 

Figure 10: The MRI data that was imported to ScanIP. 

The below figure shows a part of the ScanIP workspace with three different 2D views and a 3D view.  



 
Figure 11: The different image planes seen in ScanIP. As can be seen in the top right corner, the resolution is not 

great. Top left: Frontal plane. Top right: Transverse plane. Bottom left: Sagittal plane. Bottom right: 3D view. 

5.2.1.1 Cropping 

In order to ease the image processing, the data was cropped. The area of interest was isolated, 

cropping out other irrelevant anatomical structures. Since the Achilles tendon was the structure of 

interest, the cropping was aimed at acquiring images that showed the structure of the tendon well. 

The cropped data can be seen in Fig. 12.  

 

Figure 12: The MRI data after it had been cropped. The Achilles tendon appears as a grey structure going from 

the calcaneus and up the leg. 



5.2.1.2 Filtering 

Filters can be applied in order to smooth the surface of the structure. In this project, the tendon 

structure was smoothed using the Recursive Gaussian filter. In Fig. 14 this Gaussian filter has been 

applied to the structure. 

5.2.1.3 Segmentation 

The segmentation applied can be referred to as semi-automatic. Fig. 13 below illustrates which part 

of the tendon has been segmented.  

 

Figure 13: Posterior view of the right foot. The figure illustrates the segment of the tendon that has been 

modelled. 

Firstly, the left part of Fig. 14 was obtained using automatic segmentation. Certain grayscale values 

belonging to the tendon were defined using the Threshold tool which creates a mask by setting an 

upper and lower limit of a range of greyscale values. To determine the required range, a greyscale 

profile line within the 2D slice view was created. Using this profile line, the change in greyscale values 

over the length of the line could be seen. The tendon then appears as the higher intensity pixels. The 

greyscale range can then be set to fit with the values corresponding to the tendon. Furthermore, the 

FloodFill tool was used to create a continuous structure of the pixels that fall within that specified 

range and the software obtained the structure seen in the left of Fig. 14. As can be seen, the 

structure is not continuous and the software did not manage to identify the complete tendon 

structure.  After performing the automatic segmentation by the software, some manual editing was 

done by using a painting tool in the ScanIP software. This tool was used to fill in the cavities seen in 

the left part, thereby creating a more continuous structure as seen in the right part of Fig. 14. 

5.2.2 Results and Discussion 

The final result can be seen in the right part of Fig. 14. The structure is not perfect and the author is 

aware of that. Some more work has to be done and perhaps a more relevant data set could be 



relevant. It should be noted that the images used in this project were gathered with another purpose 

in mind and the image quality might be better suited for that purpose rather than the one in this 

particular case.  

The structure in the right part of Fig. 14, although not perfect, can still be considered a small 

improvement compared to the one on the left. The manual editing has made the structure a bit more 

continuous and the cavities presented on the left have been filled.  

 As for the structure obtained in the left part of Fig. 14, a couple of reasons might affect the poor 

results of the tendon structure. On one hand, this can be due to inadequate definition of the 

greyscale values belonging to the tendon. So, greyscale values that actually belong to the tendon are 

not a part of the defined greyscale value region. Due to the poor image quality, defining what was 

the tendon and what was not proved difficult. On the other hand, the image resolution is quite poor, 

making precise distinction between anatomical structures difficult. According to ScanIP the 

resolution of these images are 512x512 pixels which cannot be considered a very good resolution. By 

increasing the resolution we can obtain clearer images, and again improve all image processing. 

In the left part of Fig. 14 it can be seen that the slice thickness is perhaps too great. According to 

ScanIP the slice thickness of the images is 3 mm, which is well outside a preferred range of 0.7-1 mm 

(Traberg & Salmingo, Conversation about resolution, 2014). The individual slices are obvious in the 

figure which affects the continuousness of the structure. This “ladder” shape can be avoided by 

decreasing the slice thickness, thereby smoothing out the surface of the structure. This again, reflects 

the fact that the images were obtained in another purpose with different emphasis in mind than in 

this project. 

In order to obtain a more continuous and complete structure of the tendon, some better data is 

required. The data should be gathered with the purpose of segmenting the tendon structure, thereby 

creating an optimal data set to work with. 

 
Figure 14: Showing the tendon structure obtained with automatic segmentation (left) and then after the 

manual editing using the paint tool (right). 



6 Future Work 
This project can be seen as a proposal for the author’s Master thesis which is scheduled to start in 

August. The thesis will build upon the work presented in this paper as a certain foundation has been 

established with the work done so far.  

One of the things that need to be done is to obtain more suitable data for modelling of the tendon. 

Like presented in section 5.2, the current data set was lacking in quality and did not give adequate 

results. To take the next step in terms of this project, MRI or CT scans of either the patella tendon or 

the Achilles tendon will most likely be obtained. It is important that the images have acceptable 

resolution and slice thickness as it eases the image processing and allows for better modelling 

results. Furthermore, as far as image processing with ScanIP goes, the author must also keep on 

improving his knowledge and skills with the software which is of course a big part of obtaining more 

adequate modelling results. 

Finally, when adequate data has been obtained, a Finite Element (FE) model of the tendon structure 

will be developed and that will be the main focus of the upcoming thesis. 

7 Summary 
This project has allowed the author to obtain considerable knowledge on connective tissues, where 

the main focus was on tendons, their mechanical properties and modelling of the tissue. Thorough 

literature review was conducted which gave a clear perspective on what had already been done 

within the field of connective tissue biomechanics.  

The anatomy and structure of the tendon was examined and presented, along with the mechanical 

behavior that the tissue displays when experimentally tested. Furthermore, viscoelastic models that 

have been published in the literature and have been used to describe the mechanical behavior of 

tendons were presented.  

The Achilles tendon was modelled using the image processing software ScanIP. The results presented 

in this paper were perhaps not of great quality. One way to improve the quality of the model is to 

obtain better imaging data that allow more adequate image processing and modelling. Although the 

final result was not perfect, the knowledge and experience acquired throughout the process is 

valuable and will ensure a good start of the author’s Master thesis.   
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