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Abstract 
This thesis project provides a method to simulate the internal mechanical properties of the 
undeformed human lower limb when an external force is applied. The value of the external 
force is determined by the deformed magnetic resonance imaging (MRI) images, which is 
converted into displacement instead. The purpose is to predict the area of the lower limb that 
is at most risk of wounds. The tissues of the human lower limb that are concerned in this 
study are: skin, fat, muscle, fascia, tibia bone, fibula bone and bone marrow. MRI images 
taken of an undeformed lower limb from experimental people is used to create a three-
dimensional finite element model. During the simulation, the finite element model considers 
the nonlinear behaviors of individual soft tissues instead of lumping them together. 
Simulation results are presented as a curve of the external force and deformation of the 
different types of lower limb tissues and it shows the stress distribution in the lower limb. 
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Summary 
Due to the lack of knowledge about internal mechanical condition of human soft tissues when 
applied external forces, many people are suffering from pressure ulcers (PUs) and skin 
wounds caused by the body-tight external supports. This thesis is to investigate the internal 
mechanical properties of human lower limb tissues affected by external forces by the finite 
element method (FEM) in order to improve the quality of life for patients. For the sake of 
reaching the purpose, it is necessary to know how the different soft tissues of the lower limb 
respond to the external force and which area is most dangerous.   
 
Since clinical experiment is time-consuming and costly, computer simulation is an efficient 
and cost-effective way to replace. In order to use the method of FEM to simulate the 
mechanical properties of human lower limb, creating a three-dimensional finite element 
model is needed. First use modern musculoskeletal imaging techniques to get the anatomical 
structures of human lower limb. In this study the MRI images of a section from a human 
lower limb are used. There are two sets of MRI images in total acquired from the same 
subject’s lower limb: one is undeformed while the people was lying on the bed and relaxed; 
and the other one is deformed while there was an indenter compressing the lower limb. The 
set of deformed one is used to prove the validity of the simulation. By the help of the softwares 
MIMICS and 3-matic, the 3D solid models of both undeformed and deformed lower limb are 
obtained. Another software ANSA transfers the undeformed model from a 3D solid model to a 
3D finite element model (FE model). According to the deformed solid model, the geometry 
and the position of the indenter head are found by CATIA. Finally, all the parts are imported 
into ABAQUS and different material properties are assigned to them (in order to make the 
simulation closer to the real experiment, the support cover-straps are added to tighten the 
lower limb). After the boundary condition of the model is set, the simulation of stress analysis 
was run to get the result.  
 
In this study it is assumed that all tissues are isotropic and some tissues are seen as 
uncompressible such as fascia. Under external loading, the different tissues have different 
reactions. Muscle has larger deformation than other tissues and one of the reasons is that 
muscle has the largest volume of lower limb. The stress analysis results show that the fascia is 
most likely to increase the risk of wounds since fascia has the largest von Mises stress and the 
relatively higher stresses of it are widely distributed. During the process of pressuring, the 
fascia is under more pressure than other tissues. However, fat and muscle act as a protection 
for the fascia, which means that more fat or muscle will reduce the prevalence of pressure 
ulcers (Pus) and deep tissue injuries (DTIs). 

 

Keywords: 
Human soft tissues, PUs, DTIs, Finite Element Method, bio-image, MRI images, internal 
mechanical properties, stress analysis, large deformation 
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1 Introduction 
In this chapter the background and the purposes of this thesis are presented, following with some 
other general information of this work. 

 

1.1 Background 
Force exerted onto the human soft tissues is an undeveloped research area, despite the fact that 
many suffers from pressure ulcers (PUs) and skin wounds due to body-tight external supports (i.e. 
prosthetics, orthosis, shoes, wheelchairs and beds). Methods for detection are mainly visual 
investigation of the skin and blood circulation reperfusion tests by simple indentations by hand. 
The prevalence of PU and deep tissue injuries (DTI) is unclear and vary among populations and 
situations. Impairment of mobility, pathologies in the vascular or respiratory systems are some of 
the factors for increased risk of PUs and DTIs. Factors such as increased age and cardiovascular 
diseases also increase the risk of PUs and DTIs. 
 
Over the past few years, state of the art academic literature [1] suggests that internal tissue loads 
in form of strains and stresses is the major contributor to these injuries. With the long time trend 
to refurbish and recalibrate external supports for patients of all ages and conditions to increase 
quality of life, the need for reliable prediction and simulation methods is large. This is both 
timesaving and cost effective. By use of simulation methods, the influence of variations in human 
tissue types and changes in geometry of external supports is much easier to study than by use of 
physical testing. Using simulation instead of invasive methods also decreases ethical issues. In 
order to increase the quality of life for these people who are suffering from pressure ulcers and 
deep tissue injuries, this study of the internal mechanical conditions for human lower limb when 
applied external force is needed. 

 

1.2 Purpose and research questions 
The purpose of this Master thesis is to develop methods and processes to investigate, simulate and 
analyze how external forces affect different types of human tissues by using the finite element 
method (FEM). Finite element analysis (FEA) has been used in many studies to simulate the 
behavior of soft tissues under external loading [2]. The goal is to predict areas of increased risk of 
wounds based on the simulation and analysis and increase the quality of life for patients. 
Furthermore, a better understanding about the mechanisms that drive the development of wounds 
over time is gained. 
 
In order to carry out this study, a research object is selected and it is a section of human lower 
limb. Developing a three-dimensional finite element model of the lower limb to gain knowledge 
and understanding about the stresses and strains that arise due to external loading in form of 
body-tight external supports are the things needed to do. At the same time, it is necessary to find 
the curve of the external force and deformations of the different types of lower limb tissues. With 
regard to the simulation of the lower limb, the following research questions are formulated: 

1. How do the different soft tissues of the lower limb respond to the external force? 
2. Which part of the lower limb is most likely to increase the risk of wounds? 
3. How much the parameters of the different materials of soft tissues should be in order to 

have a more accurate model compared with the real deformed model? 
 
The following picture is showing the process of this work. See Figure 1.1. In this study, the main 
thing is to create the undeformed 3D FE model of the lower limb and import it to ABAQUS to run 
the stress analysis. The creation of the undeformed 3D FE model and the setting of boundary 
conditions for the simulation are based on the two sets of MRI images that are taken from real 
experiments. The first set is undeformed images of the lower limb which is taken while people is 
lying on the bed and stay relaxed. The second set is deformed images of the lower limb that is 
taken when there is an indenter compressing the people’s lower limb. 
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Figure 1.1: Process of this thesis work 

 

1.3 Delimitations 
Because of the particularity and complexity of human tissues, the status of these tissues will be 
different in response to different conditions and it is hard to control. Even though a lot researches 
have been done for this thesis, there are some unavoidable limitations:  

1. The acute and long-term changes in geometry and mechanical responses are not 
considered in this model. 

2. This research is just studying the tissues of the human lower limb and it is only a section 
of the limb. 

3. Because of the lack of literature of some materials’ data, it is not considering the effects of 
blood vessel. 

 

1.4 Outline 
This thesis work is divided into eight chapters as shown below: 

1. In chapter one, it discusses the background, the purposes and some other general 
information of this thesis. 

2. In chapter two the related theories from the literature are presented in detail. For example: 
What is bio-image analysis and how does it work? 

3. Chapter three is a “Method and implementation” chapter, which means in this chapter it 
discusses how to carry out the work. How to create the 3D finite model and how to use 
ABAQUS to do the simulation. 

4. In chapter four the results of the simulation are obtained and the results are compared or 
analyzed with the real experiment model.  

5. “Discussion and conclusions” is the fifth chapter. The conclusions derived from chapter 
four are described and further work that can be done to improve this project is presented. 

6. The next chapter is the “Reference”. In this chapter it shows all the references used in this 
work. 

7. Chapter seven lists the terms which appears more number of times in the text. 
8. The last chapter is “Appendices” which includes the simulation data, plots and graphs. 
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2 Theoretical background 
In this chapter, a detailed theoretical explanation of this study is given. Based on the creation 
of physical model and mechanical model, bio-imaging analysis and finite element method are 
introduced. In terms of simulation of 3D FE model, dynamic explicit method, large 
deformation and strain energy function are presented.  

 

2.1 Bio-image analysis 
Thanks to substantial improvements in optics, imaging sensors and florescence labeling 
methods, microscopy grows very fast. It is able to collect large amounts of images with 
minimal intervention, especially cellular and molecular images, which leads to a data 
explosion resulting in requiring automatic processing. Bio-image analysis is a method that 
uses cutting-edge techniques from the fields of Image Processing and Computer Vision to 
achieve insights into biological problems through analysis of large-scale image datasets 
automatically [3]. 
 
Compared to image analysis, in the light definition, bio-image analysis also aims at mimicking 
the way people see the world and how people identify its visible structures. However, more 
importantly, the goal of bio-image analysis is to measure biological structure and phenomena 
in order to study and understand biological systems in a quantitative way [4]. In bio-image 
analysis, the focus is the objectivity of quantitative measurement and then is to study its 
underlying mechanisms in a scientific way. 

 

2.1.1 Types of bio-images 
Recent developments in image informatics in the medical field have significantly raised the 
diversity of image types, which can derive from nearly every type of radiation. Indeed, some of 
the most exciting developments in medical imaging have arisen from new sensors that record 
image data from previously little used sources of radiation, such as PET (positron emission 
tomography) and MRI (magnetic resonance imaging). Some sense radiations are in new ways, 
as in CAT (computer-aided tomography), where X-ray data is collected from multiple angles 
to form a rich aggregate image [5]. This project is based on the MRI images of people’s lower 
limb. 

 

2.1.2 Tools of bio-image analysis 
According to Kota Miura et al. [4], four different categories of tools based on similar 
algorithms, called graphical user interface (GUI), command line interface (CLI), image 
databases and libraries, are usually used for bio-image analysis. 
 
GUI software takes advantages of parameter tweaking, algorithm updating during the process, 
allowing to select interesting regions and studying their influence by trying out different 
algorithms. In this category some softwares are very prominent such as ImageJ, Icy, 
CellProfiler and Bitplane Imaris. 
 
For CLI softwares, users have to know some knowledge to send command by the terminal to 
apply processing and analyzing of images interactively. For example: The Unix-style 
command line language and file system. Matlab, LabVIEW, Python are the most 
representative among this kind of software. 
 
The tools of the third category that consist of image database are coming out because of the 
increase in the number and size of image data. Owning to database management systems, 
organizing the huge data, controlling the remote view of images and launching batch analysis 
scripts in the interesting field can be defined by users.  BisQue, Avadis iMANAGE, OMERO, 
etc. are the most common applied by users. 
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As for the fourth category of tools that are built up by libraries, even though they are primary 
used by programming or scripting via the interface and often used as back end, these tools are 
unpopular among those biologists. 

 

2.1.3 Steps of bio-image analysis 

Step 1: Using a given application to separate the interesting objects in an image is the first 
step of bio-image analysis and this process is notoriously called segmentation. More precisely, 
it is a process that partitions a digital image into disjoint (non-overlapping) regions, each of 
which typically corresponds to one object. Once isolated, these objects can be measured and 
classified [6]. 
 
There are a number of techniques for cutting up objects in a bio-image. Different techniques 
have different algorithms, which can produce different results. Based on all the algorithms 
segmentation techniques can be divided into two basic classes: Region-based Segmentation 
and Boundary-based Segmentation. Region-based segmentation uses the similar properties in 
an image to separate the image into different parts while Boundary-based segmentation uses 
different properties to build up object boundaries according to the image’s pixels. 
 
Step 2: Every image contains different features (geometry, orientation, scale, etc.) that can 
be classified into primitives. Because of these features, feature extraction can be applied to 
make preparation for selecting and classifying tasks. Those features selected have a big effect 
on discrimination during the classification task. Based on all the features they can be divided 
into two classes: low-level features such as pixel-level features; and high-level features such as 
domain-specific features. Extracting low-level features is directly from original pictures, 
which is relatively easy. However, extracting high-level features is based on low-level features, 
which needs more time and energy [7]. 
 
There are four aspects of feature extraction: feature construction; feature subset generation 
(or search strategy); evaluation criterion definition (e.g. relevance index or predictive power); 
and evaluation criterion estimation (or assessment method) [8]. Filters, wrappers, training 
algorithm and multiple splitting are most used during this step. 
 
Step 3: The last step of bio-image analysis is: object classification and interpretation. 
According to the characteristics of the extracted features, a suitable classifier should be chosen 
to classify the feature vectors. Different classifiers have their own advantages and 
disadvantages. Here are some widely used classifiers: Artificial Neural network, Decision tree, 
Support Vector Machine and Fuzzy Measure [9]. 
 
Object interpretation requires that the analyst knows aspects of the study area in addition to 
the spectral response of the image [10]. Both criterion of object classification and object 
interpretation should be decided first before starting the analysis. 

 

2.2 Finite element method 
The Finite Element Method (FEM) or Finite Element Analysis (FEA) is a numerical technique 
used to solve engineering, mathematics or physics problems which have complicated 
structures and properties. Those problems cannot be handled by analytical methods because 
sometimes they do not have exact solutions or they are formed as complex mathematical 
expressions which need a large amount of computation. As such, FEM is a very important and 
common method used in the field of engineering even though it just provides an approximate 
solution: structure analysis, solid mechanics, thermal analysis, fluid mechanics, electrical 
analysis and biomechanics. For example, finding the stress-strain curve of the multi-
combined components when applied load is one of the first applications of FEM [11]. 
 
From a simple perspective, FEM is a method based on simplification and idealization. When 
faced with the realistic problem, firstly simplifying the physical model is needed no matter 
how discontinuous the material and how arbitrary the geometry is. Then finding the 
mathematical model to describe the properties of the system is the second step. The most 
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important thing of FEM is to discretize the model, which is the third step. During this step, 
the model is divided into small pieces or units (finite elements) interconnected at common 
points which are called nodes. A special or particular arrangement of the elements is called a 
mesh. Using this FE mesh represented by a system of algebraic equations to carry out the next 
calculation and analysis to find the unknowns is the last step of FEM. The accuracy of the 
FEM solution is depending on the number of the elements in the whole model. The simple 
schematic of the FEM process can be seen as Figure 2.1: 

 

Figure 2.1: FEM process Schematic 
 

There are two outstanding characteristics of FEM [12]: 1. Using piece-wise approximations of 
physical fields makes FEM be a useful method for engineering problems. Increasing the 
number of the elements of model will increase the precision of the result; 2. Locality of 
approximation plays an important role to solve the discretized problems with a lot of 
unknowns at the nodes. 
 
Based on this project that wants to find the stresses and strains of the different tissues of a 
human lower limb due to the external force, the fundamental concept of FEM for structural 
analysis problem and the method of FEM formulation are discussed. 

 

2.2.1 Fundamental concept of FEM  
Many engineering phenomena can be expressed by “Governing Equation” and “Boundary 
Conditions” while these equations cannot be solved by hand. FEM transfers these unable 
solved equations to a set of simultaneous algebraic equations as: 

 𝐾 𝑢 = 𝐹                                                                            2-1 
 
𝐾  is the property, 𝑢  is behavior and 𝐹  is action [13]. The following table has a good 

explanation of these three parameters.  

Table 2.1 [12]: 
 Property K  Behavior u  Action F  

Elastic Stiffness Displacement Force 
Fluid Conductivity Velocity Body force 

Thermal Viscosity Temperature Heat source 
Electrostatic Dielectric permittivity Electric potential Charge 

 
In order to have a good understanding of the algebraic equations, in this part a simple 
example of one-dimensional finite elements is given. At beginning there is a uniform elastic 
bar element with length 𝐿, cross-sectional area 𝐴 and elastic modulus 𝐸, which can be seen as 
a line in Figure 2.2. There are two nodes are located at two ends. These two nodes can have 
displacement in the axial direction. 𝑢! and 𝑢! are the axial displacements respectively due to 
the nodal forces 𝐹! and 𝐹!. It is assumed that the nodal forces and nodal displacements are in 
the same direction and they are positive. 
 

Real World 

Simplified Physical Model 

Mathematical Model 

Discretized Model (Mesh) 

Analysis and Results 
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Figure 2.2: Two-node bar element 
 
From the described problem and Figure 2.2 the axial strain 𝜀 and the internal stress 𝜎 can be 
written as: 

𝜀 = !!!!!
!

                                                                                 2 - 2 

𝜎 = 𝐸𝜀 = 𝐸 !!!!!
!

                                                                2 – 3 

 
Since 𝐹! = −𝜎𝐴 and 𝐹! = 𝜎𝐴 it can be obtained that: 

𝐴𝐸
𝐿 𝑢! − 𝑢! = 𝐹! 

𝐴𝐸
𝐿 𝑢! − 𝑢! = 𝐹! 

 
Or: 

𝑘 −𝑘
−𝑘 𝑘

𝑢!
𝑢! = 𝐹!

𝐹!
, 𝑘 = !"

!
                                 2 – 4 

 
The matrix equation in Equation 2-4 is rewritten as: 

𝑘 𝑢 = 𝑓                                                                        2 – 5 
 
Where 𝑘  is the element stiffness matrix (Property), 𝑢  is nodal degree of freedom (d.o.f.) of 
the element (Behavior) and 𝑓  is the forces vector (Action) that is applied to the element. 
Since this is a two-node bar element 𝐾  is a 2 by 2 matrix. Now the model is changed from a 
two-node bar element to a structure with two bar elements. See Figure 2.3. 

 

Figure 2.3: Structure with two bar elements 
 
The cross-sectional area 𝐴 and elastic modulus 𝐸 are the same as above while for the length: 
bar element 1—𝐿1 and bar element 2—𝐿2. The force 𝐹! is divided into two parts (𝐹!1 and 𝐹!2) 
due to the interaction between two bar elements. For bar element 1: 

𝜀! =
!!!!!
!!

                                                                                 2 - 6 

𝜎! = 𝐸𝜀! = 𝐸 !!!!!
!!

                                                                2 - 7 



Theoretical background 

12 

𝐹! = −𝜎!𝐴 =
!"
!!

𝑢! − 𝑢!                                                2 - 8 

𝐹!1 = 𝜎!𝐴 =
!"
!!

𝑢! − 𝑢!                                               2 – 9 

 
Combined equation 2-8 and equation 2-9, the following function is obtained: 

𝑘! −𝑘!
−𝑘! 𝑘!

𝑢!
𝑢! = 𝐹!

𝐹!1
, 𝑘! =

!"
!!

                                        2 – 10 

 
Same for bar element 2: 

𝑘! −𝑘!
−𝑘! 𝑘!

𝑢!
𝑢! = 𝐹!2

𝐹!
, 𝑘! =

!"
!!

                                      2-11 

 
Since 𝐹!1 + 𝐹!2 = 𝐹!, then 𝐹! is equal to: 

𝐹! = 𝐹!1+ 𝐹!2 = −𝑘!𝑢! + 𝑘! + 𝑘! 𝑢! − 𝑘!𝑢!                                   2 – 12 
 
The structure stiffness equation can be expressed finally as: 

𝑘! 𝑘! 0
−𝑘! 𝑘! + 𝑘! −𝑘!
0 −𝑘! 𝑘!

𝑢!
𝑢!
𝑢!

=
𝐹!
𝐹!
𝐹!

                                           2 – 13 

 
Or: 

𝐾 𝑈 = 𝐹                                                                        2 – 14 
 
Where 𝐾  is called the structure stiffness or the global stiffness matrix (Property), 𝑈  is the 
nodal d.o.f. of structure (Behavior) and 𝐹  is the total load on structure nodes (Action). In 
equation 2-13 there has zeros indicates that is because the bar element 1 is not connected to 
node 3. 
 
Based on this simple example this method can be extended to more elements or big structures, 
which also is not limited to just one direction. This is the basic idea of FEM. 

 

2.2.2 Method of FEM formulation 
When faced with the numerical simulation of multidimensional problems with strong 
distortions the appropriate method of FEM algorithms should be chosen. There are typically 
three main algorithms of continuum mechanics in FEA based on the meshing and the 
material of the model: Lagrangian Formulation, Eulerian Formulation and Arbitrary 
Lagrangian-Eulerian Formulation (ALE). From the names of these algorithms it can be seen 
that ALE Formulation is a combination of Lagrangian and Eulerian viewpoints. 
 
Lagrangian Formulation: It is a method that is commonly used in structural 
mechanics. The reference coordinate system in the Lagrangian Formulation is the material 
coordinate. In this formulation the model is attached to the mesh and deformed together, 
which means every individual node of the computational mesh in the model will move 
together with the related material particle [14]. See Figure 2-4. The Lagrangian Formulation 
has the advantages of eliminating the forces of constraint, imposing the boundary conditions 
on the material’s interfaces simply and tracking different particles’ properties more easily. 
Although there are many advantages in the Lagrangian Formulation it has an unavoidable 
drawback. During the simulation large element distortions and interfering meshes will lead to 
an unstable and inaccurate numerical analysis. While this drawback can be solved by 
resorting to frequent re-meshing operations, which simultaneously will also lead to an 
increase computational time. 
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Eulerian Formulation: This method is more widely used in fluid dynamics. Here the 
discretized mesh is fixed in space and the materials’ particles are continuous moving through 
the controlled volume. During this process the elements large distortion are eliminated by the 
relative ease. Instead of a material coordinate system, the Eulerian Formulation has a spatial 
coordinate system. Compared to the Lagrangian Formulation the Eulerian Formulation has 
more weaknesses: longer computational time because of wide-mesh domain, hard to track the 
history of the material, diffusion between material boundaries and so on [15]. 
 
Arbitary Lagrangian- Eulerian Formulation (ALE): This method combines the 
advantages of the Lagrangian Formulation and the Eulerian Formulation while minimizing 
the disadvantages. In the ALE method, the mesh is chosen to be independent of the fluid 
motion and it can be moved continuously in the normal Largangian method or it can be fixed 
in space as in the Eulerian method. In this method it has less the element distortion and 
tangling. With the development of the ALE method in the last three decades, the problem of 
mesh entanglement is solved and the phenomena of mesh interaction is eased to some extent. 
This method has become a powerful analysis tool for large deformation problems [16]. 

 

Figure 2-4: One-dimensional example of Lagrangian, Eulerian and ALE mesh and particle 
motion [14]. 
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2.3 Dynamic explicit method  

2.3.1 Theory of dynamic explicit 
The FEM method usually uses implicit or explicit time stepping methods. Dynamic explicit 
method in ABAQUS is a mathematical way for integrating the equations of motion with time 
in which the inertia effects are considered.  
 
The equation of the motion in the explicit method is using explicit central difference 
integration rule [17]: 

𝑥!!
!
! = 𝑥!!

!
! + ∆!!!!!∆!!

!
𝑥!                                                    2-15 

𝑥!!! = 𝑥! + ∆𝑡!!!𝑥!!
!
!                                                        2-16 

 
Where 𝑥  is the displacement, 𝑥  is the velocity and 𝑥  is the acceleration. 𝑖  refers to the 

increment number while 𝑖 + !
!
 and  𝑖 − !

!
 refer to the mid-increment values. 

 
The dynamic finite element formulation is established according to the dynamic equilibrium 
by the following matrix set of non-linear equations: 

𝑀!𝑥! + 𝐹!"#! = 𝐹!                                                                2-17 
 
Where the symbol 𝑀 is the diagonal lumped mass matrix, 𝐹!"# is the vector of internal forces 
caused from the stiffness and 𝐹 is the external applied force vector. The non-linear set of 
equations 2-17 can be re-expressed as the following equation by combing the equation 2-15: 

2𝑀! !!!
!
!!!!!

!
!

∆!!!!!∆!!
+ 𝐹!!"! = 𝐹!                                                       2-18 

 
Or 

𝑥!!
!
! = 𝑀!!! 𝐹! − 𝐹!"#!

∆!!!!!∆!!

!
+ 𝑥!!

!
!                               2-19 

 
Since the explicit method is conditionally stable then it must use small time steps and it must 
satisfy for courant condition: 

∆𝑡 ≤ !
!!"#

                                                                          2-20 

 
Where 𝜔!"# is the element maximum eigen-frequency. 

 

2.3.2 Advantages of dynamic explicit method 
There are some strong points of dynamic explicit method in ABAQUS: 

1. Neither iteration nor convergence checking is required. 
2. Has a very robust contact algorithm. 
3. Don’t need large disk space. 
4. Provides a more efficient solution for very large problem. 
5. Contains many capabilities to simulate quasi-static problems. 
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2.4 Large deformation 

 

Figure 2-5: Deformation of a small element sketch  
 

In Figure 2-5 there is a small element 𝑑𝑟 (𝑃𝑄) deformed by the deformation of the structure 
(caused by tensile, rotation and so on) and it becomes 𝑑𝑟! (𝑃!𝑄!). The displacement of the 
small element is 𝑢 vector. 

𝑢 = 𝑟! − 𝑟                                                                           2-21 
 
Or  

𝑢! = 𝑥!! − 𝑥!                                                                         2-22 
 

Then 

𝑥!! = 𝑢! + 𝑥!                                                                          2-23 
 
Where 𝑟! and 𝑟 are the vectors of  𝑃!𝑄! and 𝑃𝑄 respectively. Assume that the length of the 
small element is 𝑑𝑙 and it becomes 𝑑𝑙! after deformed. Then: 

𝑑𝑙 ! = 𝑑𝑥!𝑑𝑥!                                                                         2-24 

𝑑𝑙! ! = 𝑑𝑥!!𝑑𝑥!!                                                                      2-25 
 
Combined equation (2-23) and equation (2-25), the following function can be obtained: 

𝑑𝑙! ! = 𝑑 𝑢! + 𝑥! 𝑑 𝑢! + 𝑥!                                                         2-26 

              𝑑𝑙! ! = 𝑑𝑥! +
𝜕𝑢!
𝜕𝑥!

𝑑𝑥! 𝑑𝑥! +
𝜕𝑢!
𝜕𝑥!

𝑑𝑥!  

= 𝑑𝑥!𝑑𝑥! +
𝜕𝑢!
𝜕𝑥!

𝜕𝑢!
𝜕𝑥!

𝑑𝑥!𝑑𝑥! +
𝜕𝑢!
𝜕𝑥!

𝑑𝑥!𝑑𝑥! +
𝜕𝑢!
𝜕𝑥!

𝑑𝑥!𝑑𝑥!      

                                   = 𝑑𝑙 ! + !!!
!!!

!!!
!!!

𝛿!"𝛿!" +
!!!
!!!

𝛿!"𝛿!" +
!!!
!!!

𝛿!"𝛿!" 𝑑𝑥!𝑑𝑥! 

= 𝑑𝑙 ! + !!!
!!!

!!!
!!!

+ !!!
!!!

+ !!!
!!!

𝑑𝑥!𝑑𝑥!                                      2-27 

 
In Equation 2-27, 𝛿!", 𝛿!", 𝛿!", 𝛿!", 𝛿!" 𝑎𝑛𝑑 𝛿!"  are the Kronecker deltas and represent the 
second order identity tensor. The Green-Lagrange strain 𝐸!" is derived by equation 2-27: 
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𝐸!" =
!!!

!
! !" !

!!!!!!!
= !

!
!!!
!!!

!!!
!!!

+ !!!
!!!

+ !!!
!!!

                                             2-28 

 

Strains smaller than 3%-5% are considered as small deformations, in this case 
!!!
!!!

!!!
!!!

 can be 

ignored in the process of calculation. Otherwise it is called large deformations and the 
appropriate formulation must be chosen for simulation since the system is not linear anymore. 
For this study the human soft tissues are not applicable to use linear elasticity because during 
the simulation the strains of some tissues are much bigger than 3%-5%. Some of the tissues in 
this study are defined as hyperelastic materials. 

 

2.5 Strain energy function 
A constitutive model that links the mechanical structure of the human lower limb to its 
material properties is useful for many bioengineering purposes, especially in this project to 
find the displacements of the tissues when applying the corresponding stress values. From a 
modeling perspective, the human lower limb that consists of different tissues is described as 
hyperelastic materials. The constitutive model of a hyperelastic model is derived based on 
strain energy functions [18]. 
 
The energy stored in a system due to undergoing deformation is called strain energy. 
Therefore, strain energy functions are scalar valued functions relating the deformation 
gradient to the strain energy of the system, which is objective. For isotropic materials, 𝑊 
stands for strain energy. It can be expressed as: 

𝑊 = 𝑓 𝑪  or 𝑊 = 𝑓 𝑭                                                               2-29 
 
Where 𝑪 is the right Cauchy-Green deformation tensor and 𝑭 is the deformation gradient 
tensor [19].  

𝑪 = 𝑭!𝑭                                                                                   2 - 30 
 
Analog to the three principal strains there are three principal stretch ratios 𝜆!, 𝜆!, 𝜆!. These 
principal stretch ratios are the eigenvalues of the tensor 𝑭. The three stretch invariants of the 
tensor 𝑪 are defined as: 

                    𝐼! 𝑪 = 𝑡𝑟 𝑪 = 𝜆!
!!

!!!                                                                  2 - 31 

   𝐼! 𝑪 = !
!
𝑡𝑟(𝑪)! − 𝑡𝑟 𝑪! = 𝜆!

!𝜆!
!!

!,!!! , 𝑖 ≠ 𝑗                                            2 – 32 

𝐼! 𝑪 = det(𝑪) = 𝜆!
!!

!!!                                                                    2 -33 
 
These strain energy functions involve strain invariants (𝐼!, 𝐼!, 𝐼!) and a certain number of 
hyperelastic parameters if the material is isotropic. If the hyperelastic material is also 
incompressible then: 

𝐽 ≡ 𝑑𝑒𝑡𝑭 = 𝜆!𝜆!𝜆! = 1                                                    2 - 34 

𝜆! = 𝜆!𝜆! !!                                                                        2 – 35 

𝐼! 𝑪 = 1                                                                                2 – 36 
 
There are several models used by strain energy functions while just some of them will be 
introduced in this chapter. 

 

2.5.1 Neo-Hookean model  
The Neo-Hookean model that is similar to Hooke’s law can normally be used to predict 
isotropic rubber-like materials’ nonlinear stress-strain properties when applied large 
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deformations. It is a hyperelastic material model. Comparatively speaking, the Neo-Hookean 
model is the simplest strain energy model only with a single parameter. The strain energy 
function of a Neo-Hookean model is described as follows: 

                                                                  𝑊 = 𝐶!" 𝐼! − 3                                                            2 – 37 
 
Where 𝐶!" is the constant of the hyperelastic material and 𝐼! is the first invariant of the right 

Cauchy-Green deformation tensor.  𝐶!" =
!
!
𝜇! and 𝜇! is the shear modulus [20]. As shown by 

Holzapfel [19], the Neo-Hookean model was first set up by the vulcanized rubber study. The 
stress-strain curve of Neo-Hookean model is not the same as that of linear elastic materials. It 
is initially linear. However, at a certain point, the curve will plateau due to the released energy. 
Then it will increase again. It is known that Neo-Hookean model is not suitable for large 
strains. 

 

2.5.2 Mooney-Rivlin model  
The Mooney –Rivlin model is an extension of the Neo-Hookean model, which was introduced 
by Melvin Mooney [21] and it is expressed in terms of invariants by Ronald Rivlin [22]. 
Instead of one invariant of the right Cauchy-Green deformation tensor, the Mooney –Rivlin 
mode has a linear combination of two invariants while the materials are assumed to be 
isotropic and incompressible as in the Neo-Hookean model. The strain energy function of this 
model can be written as: 

                                                        𝑊 = 𝐶!" 𝐼! − 3 + 𝐶!" 𝐼! − 3                                         2 – 38 
 
Where 𝐶!" and 𝐶!" are constants that define the isotropic material.  𝐼! and 𝐼! are the 1st and 2nd 
invariants of the right Cauchy-Green deformation tensor. The material constants are related 
to the shear modulus, according to: 

                                                          𝜇! = 2 𝐶!" + 𝐶!"                                                                 2 – 39 
 
Where 𝜇!  is the initial shear modulus. The Mooney –Rivlin model is one of the first 
hyperelastic models that can predict the nonlinear behavior of isotropic rubber-like materials 
accurately. 

 

2.5.3 Polynomial model  
The Polynomial model has two different expressions: one is the Full Polynomial model and 
the other one is the Reduced Polynomial model [23]. In this part it is discussed about the Full 
Polynomial model that is formulated in terms of two strain invariants 𝐼! and 𝐼! of the right 
Cauchy-Green deformation tensor and 𝐶!" represent material constants: 

𝑊 = 𝐶!" 𝐼! − 3 ! 𝐼! − 3 !!
!,!!! + !

!!
𝐽!" − 1 !!!

!!!                       2 – 40 

 
𝐷! is a material constant that controls bulk compressibility, 𝑁 is the number of terms and 𝐽!" is 

the elastic volume ratio. 𝐶!" + 𝐶!" =
!!
!

, 𝜇! is initial shear modulus; 𝐷! =
!
!!

, 𝐾! is initial bulk 

modulus. When 𝑁 = 1 and 𝐶!! = 0, Equation 2-40 can be derived as the Mooney –Rivlin 
model. When 𝑁 = 2, the Polynomial model is mostly used to model mechanical behavior of 
biological tissues. For the incompressible materials, 𝐽!" = 1 thus the second term in Equation 
2-40 is zero. 

 

2.5.4 Yeoh model  
To a certain extent the Yeoh model is also called the Reduced Polynomial model, which is in 
the form of a third-order polynomial that only depends on the first strain invariant 𝐼!. The 
Yeoh model is also a hyperelastic material model based on a series expansion and has a good 
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fit for large strains. It was introduced by Yeoh in 1993 [24]. The expression of the Yeoh model 
is: 

𝑊 = 𝐶!! 𝐼! − 3 !!
!!! + !

!!
𝐽!" − 1 !!!

!!!                                    2 – 41 

 

Where 𝐶!! and 𝐷! are material constants. The initial shear modulus 𝜇! = 2𝐶!". 𝐷! =
!
!!

, 𝐾! is 

initial bulk modulus. 𝐽!" is the elastic volume ratio. For incompressible (rubber-like) material 
the second term in this function will be ignored. 

 

2.5.5 Veronda-Westmann model  
Veronda-Westmann model is one of the best hyperelastic models providing a very good match 
to stress-strain curves of soft tissues and recently has become more popular in modeling 
breast tissues [25]. In 1970 Veronda and Westmann [26] first introduced this model. This 
model depends on the three strain invariants of the right Cauchy-Green deformation tensor: 𝐼!, 
𝐼! and 𝐼! and it is defined as: 

𝑊 = 𝐶! 𝑒!! !!!! − 1 − 𝐶! 𝐼! − 3 + 𝑔 𝐼!                                 2 – 42 
 

Where 𝐶!, 𝐶! and 𝐶! are material constants. For an incompressible material, 𝐼! = 1 and then 
𝑔 𝐼! = 0. 

 

2.5.6 Ogden model   
Based on the Ogden’s phenomenological theory of elasticity, the Ogden model was established 
by Ray Ogden in 1972 [27]. It is a more general formulation to describe more complex 
materials’ non-linear stress-strain behaviors. Its general form is: 

𝑊 = !!
!!
𝜆!

!! + 𝜆!
!! + 𝜆!

!! − 3!
!!! + !

!!
𝐽!" − 1 !!!

!!!                            2 -43 

 
Where 𝑁 is the order of this equation and 𝜆!, 𝜆!, 𝜆! are the principal stretch ratios. 𝜇!, 𝛼! and 
𝐷! are material constants that are determined by experiments. 𝐽!" is the elastic volume ratio. If 
it is an incompressible material the second term of equation 2-43 is equal to zero, and the 
above can be rewritten as: 

  𝑊 = !!
!!
𝜆!

!! + 𝜆!
!! + 𝜆!

!! − 3!
!!!                                                  2 – 44 

 
When 𝑁 = 1 and 𝛼 = 2, the Ogden model reduces to a Neo-Hookean model. If 𝑁 = 2, 𝛼! = 2 
and 𝛼! = −2 the Ogden model becomes a Mooney-Rivilin model. Being different from the 
Neo-Hookean and the Mooney-Rivilin models, the Ogden model is expressed by principal 
stretch ratios, while the Neo-Hookean and the Mooney-Rivilin models are presented by 
invariants. The Ogden model acts more accurately in the analysis of the behavior of a rubber 
component than the Neo-Hookean model and the Mooney-Rivilin model, especially Ogden’s 
3rd model. 

 

2.6 Ogden model application for human tissue  

The Ogden model can also be expressed as: 

𝑊 = !!!
!!!

!
!!! 𝜆!

!! + 𝜆!
!! + 𝜆!

!! − 3 + !
!!

𝐽!" − 1 !!!
!!!                    2 – 45 

 

Where 𝜆! = 𝐽
!!
! 𝜆!  (𝑖 = 1, 2, 3) and 𝐽 is the Jacobian determinant. Other parameters are the 

same as above in Section 5. The initial shear and bulk modulus 𝜇! and 𝐾! are given by: 
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𝜇! =
!
!

𝜇!!
!!! 𝛼!                                                                           2-46 

𝐾! = 2𝐷!!!                                                                            2-47 
 
The Poisson ratio used in the analysis can be determined from the used values for the initial 
shear and initial bulk modulus by the equation: 

𝜈 = !!!!!!!
!!!!!!!

                                                                            2-48 

 
This model is the most commonly used model by now. At beginning it was frequently applied 
to analyze rubber-like materials because of its good treatment for large deformations 
(strain >5%). Another advantage of this model making it more popular is that test data can be 
used directly. Also compared to other models the Ogden model is more flexible [28].  
 
With the development of bio-engineering recently the Ogden strain energy function has 
played an important role among many researchers in modeling non-linear behavior of soft 
tissues. Human tissues consist of different tissue groups and soft tissue is a group of tissues 
that binds, supports and protects the human body. Here are some examples of human soft 
tissues: blood vessels, skin, fat, ligaments, fascia or articular cartilages and so on. Due to the 
fibers of soft tissues have their own sensor of directions, soft tissues have the mechanical 
property of anisotropy. From a microscopic sight soft tissues are non-homogeneous since it is 
a mixture of different components. Soft tissue has the characteristic of nonlinear hardening at 
the response of tension and the strength of the tension is determined by the strain rate [29]. 
Soft tissues will also have large deformation when applied to loads. All these properties make 
soft tissues become complex during the analysis. On the other hand, to some extent soft 
tissues’ properties are similar to rubber-like materials. Thus the Ogden model is more 
commonly used to analyze the mechanical properties of soft tissues. 
 
The following figures shows some applications of the Ogden model used for modeling 
different human soft tissues to analyze its mechanical properties. See Figure 2-6. 

 
(a) 
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(b) 

Figure 2-6: (a) Using Ogden model to simulate the stress for a cyclic strain for vocal fold 
tissue ── stress-strain curve [30]; (b) Using Ogden model to simulate the interaction 
between body and support for human gluteal soft tissue [31]. 
 
 
 



Method and implementation  

21 

3 Method and implementation 
3.1 Literature review  
Since literature review is a part of writing which is used to guide the readers to understand the 
conceptual literature, based on the framework of this project some current knowledge about 
the problem or issue are discussed in this study. A well-organized literature review will 
provide a good platform for people to choose the proper research methods. 

 

3.1.1 What is PUs and DTIs?  
Pressure ulcers (Pus) are an abbreviation of pressure ulcers and it also can be called pressure 
sores or bedsores. Because of prolonged sitting or lying which causes sustained pressure on 
the skin and underlying tissue the blood flow around the area reduces in result of injuries and 
an ulcer may form. Shear is another major cause of PUs, as it can pull on blood vessels that 
feed the skin. In addition to this, there are some other factors that may increase the risk of PU 
development: diseases, moisture, poor nutrition, advanced age. According to literature [31], 
PUs most often develop on skin that covers bony areas of the body, such as the sacrum, the 
heels, the tailbone and the hips, but some other sites will also be affected, for example, the 
knees, the ankles or the elbows.  
 
There are six stages of pressure ulcers while just four stages are numbered to indicate the 
increasing degrees of skin/tissue damage. The other two stages are qualitative descriptors that 
do not necessarily reflect the ulcer severity [32]: 
 
Stage 1: Nonblanchable erythema: Usually it happens over a bony prominence where it has 
red or discolored but intact skin with different characteristics such as hardness and 
temperature compared to surrounding areas. When you pressure on it, the reddened area is 
still nonblanchable. See Figure 3-1: 

 

Figure 3-1: Nonblanchable erythema stage [33] 
 
Stage 2: Partial thickness skin loss: The epidermis of the skin is broken and it has a shallow 
open ulcer with a base of red pink wound. May also present as drainage or pus leakage. See 
Figure 3-2: 
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Figure 3-2: Partial thickness skin loss stage [33] 
 

Stage 3: Full thickness skin loss: Not just epidermis of skin is broken but also the dermis while 
the bone, muscle or tendon are not involved. It always happens with redness around the edge 
of the sore, odor or pus. See Figure 3-3: 

 

Figure 3-3: Full thickness skin loss stage [33] 
 
Stage 4: Full thickness tissue loss: This stage is a worse phenomenon than stage 3. The wound 
extends into muscle and may expose bone, tendon and muscle in a result of high possibility of 
infection. See Figure 3-4: 

 

Figure 3-4: Full thickness tissue loss stage [33] 
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Unstageable (Full thickness skin or tissue loss – depth unknown): The ulcer is completely 
covered by eschar (a hard, thick, black or brown scab) or slough (a gray, green, tan or brown 
mucus like substance). Because of the ability of protection these sloughs/eschars should not 
be removed so that the depth of the wound is hard to tell. See Figure 3-5: 

 

Figure 3-5: Unstageable stage [33] 
 

Suspected Deep Tissue Injury – depth unknown: Because of the damage of the underlying 
tissue a bluish, purple or maroon area of discolored intact skin or a blood-filled blister occurs 
caused by pressure or shear. See Figure 3-6: 

 

Figure 3-6: Suspected Deep Tissue Injury stage [33] 
 
Based on the stage (suspected Deep Tissue Injury) of PUs deep tissue injury is a unique form 
of pressure ulcers. Its abbreviation is DTIs. Deep tissue injury is really a developing 
expression that expounds pressure ulcers that appears primarily as bruised or dark tissue [34] 
in another way. Because of potential rapid deterioration DTIs have a dangerous lesion, which 
results in a new term for clinicians diagnosing more accurately. Due to the injuries of PUs and 
DTIs, the quality and expectancy of life face a serious menace and it will also cause a high 
budget of healthcare. 
 
In order to prevent or relieve the jeopardy of PUs and DTIs, the study of mechanisms such as 
mechanical strains and stresses that cause PU and DTI in weight-bearing tissues during 
sitting, lying or applied by other external force is becoming more important [35]. This thesis 
project is inspired by the demand of studying mechanism of the human body especially the 
different tissues’ responses of external forces and the lower limb is chosen as the object to 
study. 
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3.1.2 Magnetic resonance imaging (MRI) 
Magnetic resonance imaging (MRI) is also called nuclear magnetic resonance imaging (NMRI) 
or magnetic resonance tomography (MRT). It is an imaging technology using the differences 
between magnetic properties of atomic nuclei to produce the three-dimensional detailed 
images of the anatomy and the physiological processes of the body in both health and disease. 
Nowadays MRI is widely used as a medical diagnosis tool. 
 
MRI uses a powerful magnetic field, radio frequency pulses and a computer to produce clear 
pictures of organs, soft tissues, bone and virtually all other internal body structures instead of 
X-rays and it is harmless and noninvasive to the human body. One of the biggest advantages 
of MRI is its excellent contrast resolution. It can detect minute contrast differences in tissue, 
which is better than CT scanner and X-rays.  Making images in every imaginable plane is 
another advantage of MRI, which is impossible for CT scanner and X-rays [36]. 
 
Generally speaking, MRI is using the body’s natural magnetic to produce the desired pictures 
from any part of the body. As it is known, water is the biggest composition of the human body 
and the water molecule (H2O) has two parts of hydrogen and one part of oxygen, which makes 
the human body with the most atoms of hydrogen. A hydrogen atom consists of a nucleus 
containing a single proton and of a single electron orbiting the nucleus. The proton of the 
atom has an intrinsic property known as spin and because of that the hydrogen atoms become 
aligned in the direction of a very strong magnetic field [37]. The MRI scanner uses radio 
frequency (RF) pulse to excite when the spins are aligned. The protons absorb energy and spin 
in different directions in a variable magnetic field. When the field is turned off, all the protons 
slowly return to their normal spin and release their extra energy. During this process, it 
develops a special radio signal that can be picked up and sent to the computer system by 
receivers and transformed into an image. MRI provides different image contrasts of the body 
tissue: T1-weighted images (T1w) and T2-weighted images (T2w). T1w images are more 
commonly used to delineate anatomical structures due to its high tissue contrast while T2w 
images are often used to highlight areas of disease [38].  
 
With the developing of applications of MRI in the medical area there are a lot of MRI image 
resources of different parts of the human body. Some typical images emerged by MRI is 
shown in Figure 3-7: 

      

                                     (a)                                                                                                (b) 
Figure 3-7: Typical images using MRI technique in different parts: (a) MRI of brain [39]; 

(b) MRI of spine [40] 
 

Since the studying object of this thesis is the lower limb of human body the MRI images of the 
lower limb are used. Those pictures are shown in the end of this chapter. 
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3.1.3 Anatomy of lower limb  
Anatomy is a science of studying the structure of organisms and their parts. Based on the 
research object anatomy can be divided into three wide areas: human anatomy, zootomy, and 
plant anatomy. While based on the research scale anatomy is classified as macroscopic 
anatomy and microscopic anatomy. Macroscopic anatomy is also seen as gross anatomy that 
is a study of an organism’s body parts using the naked eyes. As for microscopic anatomy it is a 
study of the cells and tissues of various structures using optical instruments.  
 
The lower limb of the human body is mainly used to support the weight and apply different 
movements. With the viewpoint on a basic macroscopic scale the lower limb consists of four 
major parts: the hipbones, the thigh, the leg and the foot. For this thesis project the study 
object – lower limb is more specialized as the leg, extending from the knee to the ankle. See 
Figure 3-8: 

 

Figure 3-8: Schematic diagram of the study part of lower limb 
 
In a more detailed way to describe the leg it is separated into three parts: anterior 
compartment of the leg, lateral compartment of the leg and posterior compartment of the leg 
(includes superficial posterior and deep posterior) due to the bones together with the 
interosseous membrane and fascia [41].  
 
The Anterior compartment of the leg: consists of (1) muscles supplied by the 
common or deep fibular nerve or by both; (2) the deep fibular nerve, one of the terminal 
branches of the common fibular nerve; (3) the anterior tibia a smaller division of the popliteal 
artery. 
 
The Lateral compartment of the leg: consists of (1) the fibularis muscles located 
between the anterior and posterior intermuscular septa and (2) the superficial fibular nerve 
supplying blood for the fibularis longus and brevis. 
 
The Posterior compartment of the leg: consists of (1) muscles supplied by the tibia 
nerve; (2) the deep transverse fascia running between the medial border of the tibia and the 
posterior border of the fibula; (3) the tibia nerve providing the nerve supply; (4) The posterior 
tibia artery a larger division of the popliteal artery. 
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Figure 3-9: Simplified diagram of the compartments of lower limb by cutting section [42] 
 
Since the human body is a very complicated machine consisting of many different organs all 
the components have their own characteristics and properties. The lower limb is also not an 
exception. In order to make this work easier, not all the tissues of the lower limb are 
considered and some of the tissues are simplified artificially. All the tissues of the lower limb 
considered (except blood vessel) are shown in Figure 3-10. The reason for not considering 
blood vessel will be discussed in Section 3.2. 

 

Figure 3-10: Tissues are considered of this work [43] 

 

3.2 Numerical modeling 
The experimental approach is a method based on experience and the trial and error method, 
which is normally time consuming and costly. What’s worse, it will sometimes lead to ethical 
issues. Conversely using a numerical modeling method can prevent these shortcomings. 
 
Since the resources for this thesis work are limited, there are a lot preparations to be done 
before creating the numerical modeling of lower limb. Just a set of undeformed lower limb 
MRI images and a set of deformed lower limb MRI images were given from the same subject’s 
lower limb. See Figure 3-11: 
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(a)                                                                                         (b) 
Figure 3-11: (a) Some pictures of the MRI images of undeformed lower limb; (b) Some 

pictures of the MRI images of Deformed lower limb 
 
The MRI images were taken from a male suject  with a resolution of 72, 512px*512px and a 
slice spacing of 3.5 mm. The undeformed MRI images were taken when the man was relaxed 
while the deformed MRI images were taken when the indenter head was pushed into the 
man’s lower limb. 

 

3.2.1 The MRI images of the lower limb study 
Based on the materials that were available for this project the first issue was to find the 
position and geometry of the indenter head that was used for pushing the undeformed lower 
limb and know how much the displacement of indenter head moving was. The position and 
size of the indenter head are hard to determine just with these MRI images except that the 3D 
model based on these MRI images is already created (same for the support cover). The 
method to find the position and size of the indenter head is depicted in Section 3.2.2. In this 
part it just shows how to find the indenter head’s displacement.  
 
Since these two sets of MRI images were taken from the same lower limb of the same section 
and slice thicknesses of MRI images are the same, then finding the displacement of the 
indenter head is possible, which can be converted to find the deformation of the lower limb. 
Among the set of deformed MRI images found the image that had the largest deformation and 
compared it with the same level slice of the undeformed MRI images. See Figure 3-12: 
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(a) 

 

(b) 
Figure 3-12: Comparison of two MRI pictures with same scale: Yellow line is 

perpendicular to purple line and yellow line is just touching the skin. 
 
The two reference points in these two pictures RP.1 and RP.2 are at the same position of the 
bone since the bone is almost unmoved. Line 1 and Line 2 are in parallel. Through 
measurement ∆𝑥! = 6.35 cm and ∆𝑥! = 5 cm, which means the displacement of the indenter 
head is 1.35 cm.  
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3.2.2 The environment of numerical modelling 
In order to perform the numerical analysis several softwares are used in this work. 

 

MIMICS: It was used to reconstruct the 3D soft tissue-skeletal geometry both for the 
undeformed and the deformed model in order to find the boundaries between different tissues 
of the lower limb. Materialise Mimics is a software developed by Materialise (Materialise, 
Leuven, Belgium) especially for medical image processing. This software is suitable for 
segmenting a variety of 3D medical images such as CT, MRI and CBCT to have a high accurate 
3D model of the patient’s anatomy. After obtaining the geometry it can also be exported to 
other softwares to create a solid model. In this project it used MIMICS 17.0 to carry out the 
work. Figure 3-13 shows the 3D geometry created by MIMICS (both for the undeformed 
model and the deformed model). 

        

(a) 

 

(b) 
Figure 3-13: (a) 3D geometry of undeformed model; (b) 3D geometry of deformed model 
 
In Figure 3-13: (a) It shows 6 different tissues (skin, fat, fascia, muscle, bone and bone 
marrow) without blood vessels. Because of the relatively low quality of the MRI images it was 
hard to catch and track blood vessels to create a 3D model in MIMICS. (b) The 3D geometry 
of the deformed model just contained 4 different tissues since this model was only used to find 
the sizes and positions of the indenter head and support cover according to the deformation of 
the skin tissue. While the 3D geometry of the undeformed model was used to do the 
simulation to analyze the strain-stress of different tissues when applied force, so it was more 
specific.  
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3-matic: It is a unique and useful software also developed by Materialise which combines 
CAD tools with pre-processing capabilities. It works on triangulated (STL) files and is more 
popular for organic/freeform 3D data. Imported the anatomical data obtained from previous 
step (MIMICS) into Materialise 3-matic to create the solid model of the undeformed model. 
The solid model was finally imported into a pre-processor. This was a foundation step for the 
next stage (meshing).  
 
During this process of creating the solid model the most important part was to create the 
common boundaries between the different tissues. These common boundaries would have an 
essential effect on the simulation, which helped the different tissues to have the common 
nodes at the interfaces when applied meshing. The common nodes were used to ensure the 
continuity of the displacement of the whole model. In 3-matic Research 9.0 it has a 
command named Create Non-manifold Assembly which was used to create the common 
boundaries for the undeformed solid model. See the common boundary between skin and fat 
in Figure 3-14. Together with some other command tools such as Wrap, Reduce and Smooth 
the solid model of the undeformed model was obtained. For example, see the solid model of 
skin tissue in Figure 3-15. 

     

                                        (a)                                                                                      (b) 

 

(c) 
Figure 3-14: (a) Overall view of skin and fat; (b) An enlarged view of Portion 1; (c) The 

green surface is the common boundary between skin and fat-in order to see it clearly the 
fat tissue is transferred 𝟏𝟎𝒎𝒎 along the X-axis direction. 

 
From the Figure 3-14 (b) it can be seen clearly that the skin and fat have the same contour 
between each other. 
 

Common boundary-green 
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Same for the deformed model to create the solid model for skin tissue in order to find the 
indenter head and support cover.  

 

Figure 3-15: A section of solid model of skin tissue. 
 
For convenience, the model is cut to illustrate that it is a solid. 

 

CATIA: In order to find the position and size of the indenter head the solid model of skin 
tissue of deformed model should be imported to CATIA V5. Since only the contact area (See 
Figure 3-16) of the deformed model was useful then just a section of the skin solid model was 
imported to CATIA.  

 

Figure 3-16: Section to be used in CATIA. 
 
The basic method to find the indenter head is described in Figure 3-17. The indenter head was 
considered as a cylinder and in Figure 3-17 it is drawn as a circle. Since the indenter head was 
used to press the skin then it was completely in contact with the skin. And also because the 
indenter head was almost incompressible the contact area of skin should be an arc. Find the 
Points 1, 2 and 3 and then the circle can be found. As for the length of the indenter head, it 
needs to find the two points that have the largest deformation located on the horizontal 
direction along the middle section and measure the distance between these two points. Based 
on this information the indenter head was created. See Figure 3-18. 
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Figure 3-17: Method to create the Indenter Head in 1D 
 

 

Figure 3-18: Indenter head and section of skin solid model 
 
Same for the support cover, from the deformed solid model it can be seen there is a ligature 
mark on the surface of the skin. Based on the ligature mark the support cover was created 
successfully. See section 3.2.3. 

 

ANSA: It is a powerful software which is used for model preparation in many industries. 
With its novel concepts such as topology and geometry abstraction, it becomes a new and 
prevalent tool acting in CAE industry. In this project it was used to create the mesh of the 
undeformed solid model. The result is shown in Figure 3-19. 
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                                      (a)                                                                                                (b) 
Figure 3-19: Meshing of the undeformed solid model (a) from outward; (b) from inside. 

 

ABAQUS: After getting the undeformed meshing model it should be imported to 
ABAQUS/CAE 6.14 to conduct the simulation. ABAQUS is a suitable software for finite 
element analysis. Because of the advantages of ALE formulation, it is mostly used in 
ABAQUS code. The elements of the undeformed 3D FE model were connected by nodes and 
divided into 6 sets based on the 6 kinds of tissues. Each set has its own material properties. 
The equations for describing the mechanical behavior of these sets were known. Then 
ABAQUS calculated the stiffness matrix of each element, and the stiffness matrix of the 
whole structure was also determined. According to the structural stiffness matrix, the 
deformations and the boundary conditions the response of the 3D FE model to the external 
forces were known.  
 
The processes of the simulation that are modeled (pre-processing), simulated (processed) and 
visualized (post processing) in the virtual environment were done in this software, which is 
described more in detail in Section 3.2.3. 
 
ABAQUS does not have built-in system of units, which means the users should assign the 
input data with consistent units. The unit system used in this project is shown in table 3.1. 
ABAQUS is divided into different modules (See Figure3-20) and according to these modules 
to do the simulation of this work is presented in next Section. 

Table 3.1: SI (𝐦𝐦) unit system 

 Length Force Mass Time Stress Energy Density Ace 

SI 
(mm) 

mm N T(10!kg) s MPa( !
!!!) mJ (10!!J) T/mm! mm/s! 

 

Figure 3-20: Flow chart of ABAQUS simulation 
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3.2.3 Simulation of the 3D FE model of the lower limb 
In this part it describes the different steps of the simulation in ABAQUS in detail. 

 

3.2.3.1 Part and Mesh 

Part: There were four parts used in total in this simulation. One was the 3D undeformed 
solid model of lower limb, one was the indenter head used to push the lower limb model and 
the last two were the support covers – two straps for this model. For the 3D undeformed solid 
model, it was already obtained from 3-matic and for the indenter head model it was gained 
from CATIA, which is depicted above. For the support cover they were created as shell in 
ABAQUS, which is shown in Figure 3-21. 

 

Figure 3-21: Part of support cover 

 

Mesh: Meshing the 3D undeformed solid model was achieved by ANSA. As for the indenter 
head and support cover the automatic mesh generation feature in ABAQUS was used to 
mesh them and it is shown in Figure 3-22. The mesh densities, element type and total number 
elements are presented in Table 3.2.  

   

                                          (a)                                                                                           (b) 

Figure 3-22: (a) Meshed indenter head; (b) Meshed support cover 
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Table 3.2: Meshing details of parts. 
 Type Element size Element 

type 
Element shape Element 

number 
Lower limb Solid 1mm-3mm C3D4 Tetrahedron 619733 
Indenter head Solid 1.5mm C3D8R Hexahedral 3600 
Left strap Shell 2mm S4R Quadrangle 1500 
Right strap Shell 2mm S4R Quadrangle 1925 

 

3.2.3.2 Properties and Assembly 

Properties: In this simulation the properties of the respective parts were assigned in 
section. All the lower limb tissues were assumed isotropic and the viscoelastic properties of 
some tissues were ignored. Muscle, fat and skin were modeled by adapting the Ogden material 
model while the fascia was modeled as an incompressible material using the Polynomial 
material model. The material constants that were used for the different models can be seen in 
tables: 

Table 3.3: Material constants of the Ogden model for muscle, fat and skin.  
 −  MPa  MPa!!  
Muscle [44] 𝛼! = 1.316 𝜇! = 1.026 ∙ 10!! 𝐷! = 19.499 
 𝛼! = −18.359 𝜇! = 1.452 ∙ 10!! 𝐷! = 166.315 
Skin [45] 𝛼! = 26.000 𝜇! = 1.000 ∙ 10!! − 
Fat [46] 𝛼! = 0.770 𝜇! = 1.653 ∙ 10!! − 
 

Table 3.4: Material constants of the Polynomial model for the fascia. 
𝑪𝟏𝟎 MPa  𝑪𝟎𝟏 MPa  𝑪𝟐𝟎 MPa  𝑪𝟏𝟏 MPa  𝑪𝟎𝟐 MPa  
−0.2221 0.29097 −0.0011257 0.0047267 0.079602 

 
In this work the fibula was assumed to have the same properties as the tibia and they were 
elastic materials as bone marrow, indenter head and support cover. See table 3.5: 

Table 3.5: Material properties of bone, bone marrow. 

 Material Young’s modulus 𝑴𝑷𝒂  Poisson’s ratio 

Tibia [47]  11.8 ∙ 10! 0.30 

Fibula  11.8 ∙ 10! 0.30 

Bone marrow [48]  2 ∙ 10! 0.17 

Indenter head Steel 210 ∙ 10! 0.30 

Support shell PPA 0.2 0.40 
 
Since this simulation was simulated using ABAQUS/Explicit, the density of every material 
should be considered. [49], [50] 

Table 3.6: Material densities of different materials. 
Material Bone Bone 

Marrow 
Fascia Fat Muscle Skin PPA Steel 

Density 
[T/mm!] 

4.49
∙ 10!!" 

1.40
∙ 10!!" 

1.00
∙ 10!! 

9.16
∙ 10!!" 

1.05
∙ 10!! 

1.14
∙ 10!! 

1.10
∙ 10!! 

7.80
∙ 10!! 

 

Assembly: The four parts were assembled in the assembly module. According to Section 
3.2.2, the positions of the indenter head and support cover were already determined. Then the 
indenter head needed to be adjusted based on its position against to the lower limb. It was 
moved very close to lower limb instead of touching it. From the deformed lower limb it was 
known that the support cover was tying the indenter head and lower limb. But in the assembly 
module the position of the support cover at the beginning  was a little far from the lower limb. 
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During the simulation the support cover would move and close to the lower limb and tie it. 
See Figure 3-23: 

 

Figure 3-23: Assemble of two parts. 

 

3.2.3.3 Step and Interaction  

Step: The step module is used to define the sequence of the analysis. The different types of 
load and boundary conditions are assigned in the specific steps. In this simulation, two steps 
of “Dynamic Explicit” were added after the default initial step. The first step was to move the 
indenter head to push the lower limb with the status of support cover unchanged. The second 
step was to close the two straps to tighten the lower limb. A stable time increment of 1 µs and 
automatic mass scaling was applied for a time period of 0.2 s for each step. In the structural 
analysis, the output requested were the stresses, strains, displacement and force acting on the 
whole model. 

 

Interaction: A general contact was created between the four parts with a friction 
coefficient of 0.1 and hard contact behavior. Because the residual initial strain caused by the 
interference would act on the contact surface and affect the size of the model on numerical 
errors during the analysis, the set of contact initializations was done to adjust the initial 
positions of the nodes on the contact surfaces without changing any stress and strain.  

 

3.2.3.4 Boundary conditions  

Boundary conditions: The boundary conditions applied in each step were defined in 
this module. For the initial step, the top and bottom surfaces of the lower limb were fixed in 
the direction of moving in the Z-axis and of rotating in the X-axis and Y-axis. The ends of the 
tibia bone were fixed in the direction of moving in the three axes. Since the only study object 
was the lower limb, the indenter head and straps were controlled as rigid body in this 
simulation. The straps were set unmoved in all directions except the direction of X-axis. In the 
first step the indenter head was moved 13.5 mm only along the Y-axis direction to push the 
lower limb while the straps were kept unchanged. The second step was to use the support 
cover to tighten the lower limb. The left strap of support cover moved 3 mm in the X-axis 
while the right was moving -3 mm. During the movement of the indenter head and straps, the 
simulation was added a smooth step to make the quasi-static analysis stable without 
producing a vibration caused by the loading rate. 
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3.2.3.5 Job and Visualization 

After creating the whole model, it was run using 4 processors for almost 90 hours and the 
results were extracted from the output files. The following picture shows the status of the 
model when the first step is finished. See Figure 3-24.  

 
Figure 3-24: The status of the simulation when the step 1 is finished from the virtual 

environment 
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4 Findings and analysis 
It is possible to simulate the internal mechanical conditions by use of the FEM method 
through controlling the displacement of the indenter head and straps. After many times of 
trying and long days of simulation, the final results are obtained. 
 
To prove the simulation of this study is reliable, first the relationship between the kinetic 
energy and internal energy of the model has to be checked. The kinetic energy of the 
deforming material should not exceed a small fraction of its internal energy throughout the 
quasi-static analysis (typically the small fraction is 1%~5%). The following picture shows the 
curves of these two energies changing by as a function of time:  

 
Figure 4-1: Energy-Time curves of Kinetic Energy (rose red) and Internal Energy (orange) 
 
From this picture, it shows the kinetic energy is much smaller than the internal energy and the 
fraction is less than 1%, which means that the results of this simulation are trustworthy. 

 

4.1 Results 
Compared the results with the real experiment: 

  

                                             (a)                                                                                         (b) 
Figure 4-2: (a) Deformed model created based on deformed MRI images; (b) Undeformed 

model after simulation  
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(a) 

 
(b) 

Figure 4-3: Comparison of deformed MRI images and FE simulation with same scale 
(choose the same level of height) 

Combined Figure 4-2 and Figure 4-3, it can be said that the result of simulation is very close 
to the real experiment, which makes this thesis study more convincing.  
 



Findings and analysis  

40 

 
(a) 

 
(b) 

Figure 4-4: Contour plot of FE model showing the von Mises effective stress: (a) from the 
whole view; (b) from the cross-section view 

 
Figure 4-4 shows the von Mises stress of the 3D FE model. Compared to other tissues, bone 
and fascia are highly strained. Unlike bone, the fascia is a very soft material. When bone has 
so high stress it will not have any influences. However, the fascia will be compressed during 
the process of compressing the lower limb. The peak stress of the whole model is on the bone 
~0.6 MPa while the peak stress of the fascia is ~0.5 MPa. From the results it can be seen that 
muscle has the least stress. 

 

4.2 Analysis of simulation  

4.2.1 Indenter head 

 
Figure 4-5: Force – Displacement curve of the indenter head 
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The reaction force of the reference point of the indenter head along the indenter head axis (Y-
axis) during the time changing of simulation step 1 is shown in Appendices (also for 
displacement - time). Figure 4-5 is based on these data. From the curve it can be seen that the 
external force (Reaction force) becomes larger when the movement of the indenter head is 
continuing. When the first step finishes, the indenter moves -13.49 mm in the Y-axis direction 
and the corresponding reaction force is ~-28 N. External forces increase relatively slow before 
10 mm while after 10 mm it has a significant growth. 

 

4.2.2 Lower limb 
1. Displacement of different tissues in U2 (Y-axis) direction 

 
Figure 4-6: The selected nodes for drawing curve of displacement – time: red points 

 
 

 
Figure 4-7: Displacement of different tissues with time 

 
From the above pictures the displacement of all the tissues after 0.2𝑠 become stable, this is 
because the indenter head stopped moving when the first step is over. During the first 0.2𝑠, all 
the tissues move different distances in the Y-axis direction because of the different degrees of 
compression of these tissues. 
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2. Deformation of different tissues in U2 (Y-axis) direction 

 
(a) 

 
(b) 

Figure 4-8: Cross-section view of lower limb: (a) before simulation; (b) after simulation 
 

Figure 4-8 shows the compression of the lower limb in two different statuses (before 
simulation and after simulation) along the indenter head axis (Y-axis) in the time range of 0 s-
0.2 s (first step finished) from the view of cross-section. In this figure orange, purple, green 
and red stand for the length of skin, fat, fascia and muscle respectively. Though calculating the 
displacement of these nodes (red points), the curves of time-deformation of different tissues 
can be obtained (data of displacements of these nodes are shown in Appendices Section 8-2). 
See Figure 4-9: 

 
Figure 4-9: Curves of deformation-time of different tissues 
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Table 4-1: Data of deformations of different tissues 
Time [s] Deformation [mm] 

 Skin Fat Fascia Muscle 
0	

0,01	
0,02	
0,03	
0,04	
0,05	
0,06	
0,07	
0,08	
0,09	
0,10	
0,11	
0,12	
0,13	
0,14	
0,15	
0,16	
0,17	
0,18	
0,19	
0,20	

 

0,00	
2,85 ∙ 10!!	
1,52 ∙ 10!!	
4,80 ∙ 10!!	
1,32 ∙ 10!!	
2,04 ∙ 10!!	
2,36 ∙ 10!!	
2,98 ∙ 10!!	
3,42 ∙ 10!!	
3,79 ∙ 10!!	
4,04 ∙ 10!!	
4,49 ∙ 10!!	
4,86 ∙ 10!!	
5,08 ∙ 10!!	
5,26 ∙ 10!!	
5,40 ∙ 10!!	
5,50 ∙ 10!!	
5,57 ∙ 10!!	
5,60 ∙ 10!!	
5,60 ∙ 10!!	
5,60 ∙ 10!!	

 

0,00	
3,04 ∙ 10!!	
3,72 ∙ 10!!	
4,94 ∙ 10!!	
1,93 ∙ 10!!	
3,59 ∙ 10!!	
5,33 ∙ 10!!	
7,23 ∙ 10!!	
9,07 ∙ 10!!	

1,08	
1,23	
1,38	
1,50	
1,61	
1,69	
1,76	
1,82	
1,85	
1,87	
1,88	
1,89	

 

0,00	
1,30 ∙ 10!!	
1,47 ∙ 10!!	
5,04 ∙ 10!!	
2,26 ∙ 10!!	
5,01 ∙ 10!!	
8,62 ∙ 10!!	
1,26 ∙ 10!!	
1,67 ∙ 10!!	
2,08 ∙ 10!!	
2,44 ∙ 10!!	
2,76 ∙ 10!!	
3,07 ∙ 10!!	
3,34 ∙ 10!!	
3,56 ∙ 10!!	
3,74 ∙ 10!!	
3,88 ∙ 10!!	
3,97 ∙ 10!!	
4,03 ∙ 10!!	
4,05 ∙ 10!!	
4,05 ∙ 10!!	

 

0,00	
8,40 ∙ 10!!	
1,33 ∙ 10!!	
3,26 ∙ 10!!	
1,17 ∙ 10!!	
2,72 ∙ 10!!	
4,97 ∙ 10!!	
7,74 ∙ 10!!	

1,08	
1,40	
1,72	
2,03	
2,30	
2,55	
2,75	
2,91	
3,03	
3,11	
3,15	
3,17	
3,18	

 

 
Skin, fat, fascia and muscle exhibit a distinct initial elastic response, which can be seen from 
the steep deformation increase. Compared to fat and muscle, the deformation of fascia and 
skin are very small. After the first step along the U2 direction (Y-axis), the fascia and the skin 
deform around 0.5 mm, fat deforms 1.88 mm and muscle deforms 3.18 mm. One reason is that 
the initial tissue thickness of these tissues are different, and the other one is because the 
different properties of these tissues. The deformation rate of muscle is the biggest while fascia 
and skin changes very slowly. Figure 4-10 shows how much external force is needed when the 
deformation of the tissues change. It is true for all tissues that the deformation is bigger as the 
external force is bigger. But the rates of these curves are different. Fascia has the biggest slope. 
That means that the fascia needs larger external force than other tissues when they have the 
same deformation. Fascia and skin is difficult to deform after reaching 0.17 s since they have 
hyperelastic properties and become incompressible when they are already compressed to a 
certain level. 

 
Figure 4-10: Curves of different tissues: Deformation – Time 
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3. Von Mises stress of different tissues 

 
Figure 4-11: Von Mises effective stress of different tissues after step 1 with same scale 

 
From Figure 4-11, it shows that the different tissues of the lower limb have different reactions 
when applied the external force. The fascia has the biggest von Mises stress and muscle has 
the smallest even though the external force is the same for them. From the picture it can also 
be seen that the relatively larger effective stresses of skin, fat and muscle are most focusing on 
the area where the indenter head touches. However, for fascia, the relatively larger effective 
stresses are widely distributed. This phenomenon is same for step 2 (See Appendices). This 
means that the fascia is the easiest vulnerable part while muscle is the safest tissue. 

When using the skin material parameters for fat, run the simulation again. It is found that the 
von Mises stress on fascia increases. See Figure 4-9: 

 
(a) 
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(b) 

Figure 4-12: Comparison of von Mises stress of fascia: (a) original; (b) fat uses the same 
material properties of skin 

 
From the red square areas of these two pictures it shows that both the maximum stress and 
minimum stress of the fascia increase with the positions unchanged. When there is no fat (fat 
uses skin’s material parameters), the maximum stress of the fascia increases by 0.4 kPa (0.021 
kPa for the minimum stress). In the yellow circle areas, the stress distribution changes 
significantly. All of these show that fat is protecting the fascia. It helps relieve some of the 
pressure on the fascia. It can also be found that muscle has the same function as fat for the 
fascia after studying the model using same skin material parameters for muscle. 

 

4.2.3 Straps 

 
Figure 4-13: Curves of Displacement – Time: Left strap 

 
In Figure 4-13 it can be seen before the left strap moving along the X-axis, the left strap 
already has a very small force. This is because during the first step the lower limb has a whole 
movement to the left and touches the left strap. Compared with Figure 4-5, in can be seen that 
the reaction force of the strap is higher than that of the indenter head. Since the first step is 
pushing the indenter head along Y-axis, the lower limb is already compressed. Moving the 
strap to tighten the lower limb is the second step. It is harder to compress the lower limb since 
it is compressed already. 
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5 Discussion and conclusions 
5.1 Discussion of methods 

 

Figure 5-1: Process of this study 
 

In Figure 5-1 it shows the process to carry out the simulation of this thesis work. Based on the 
MRI images of the interception of the lower limb, first use MIMICS software to create the 3D 
geometry model. Then use 3-matic to obtain the 3D solid model and use ANSA to get the 3D 
FE model. The next step is using ABAQUS to run the simulation to get the reaction of the 
different human tissues due to the external force. The last step is to compare the results of the 
simulation with the deformed model created by the deformed MRI images.  
 
In other words, Figure 5-1 illustrates the methods involved in this study. During the step of 
creating the 3D geometry model it is the use of bio-image method. With the advance in 
science and technology, bio-image method has a great development and it is more commonly 
used in medical research. MIMICS and 3-matic which are developed by Materialise are the 
products of the age of bio-image. Use Mimics for the segmentation of 3D medical images and 
use 3-matic for 3D measurements and engineering analyses can obtain highly accurate 3D 
solid models of patient’s anatomy. When creating the 3D solid model of this study, the fascia 
is a little thicker than it should be. This is caused by the function of creating common 
boundary in 3-matic. But this will not have much impact on the final results. 
 
Creating the 3D FE model in ANSA and running the stress analysis simulation in ABAQUS 
involves the method of finite element analysis. FEA, the numerical method for solving 
mathematical problems which are formulated by the physical problems in reality, has been 
used in many studies to simulate the behavior of soft tissues subjected to external loading 
since the development of the new area ── bio-engineering. According to the literature [2], 
FEA can be used to predict the stress-strain distribution within the tissues. Then it is possible 
to use FEA to simulate the 3D FE model by ABAQUS in this study. 
 
Since the strains of some tissues of the lower limb during the simulation are bigger than 5% 
(considered as large deformation), then these tissues (fascia, muscle, fat and skin) are seen as 
hyperelastic materials. The appropriate constitutive model of a hyperelastic model is chosen 
by the literature [44] [45] [46]. Muscle, fat and skin use the Ogden model and the fascia uses 
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the Polynomial model. The material constants of these hyperelastic models are selected by the 
double-checking of the related references.  
 
At beginning, ABAQUS/Standard was used to do this complex simulation, however, it needed 
a large number of iterations and sometimes it couldn’t converge. Finally, the method was 
changed to ABAQUS/Explicit since ABAQUS/Explicit doesn’t have a problem of converging 
and it can reduce the computation time greatly. 
 
After getting the results of the ABAQUS simulation, comparing the results with the deformed 
model is the last step, which is called method-comparison study. This is further evidence that 
this thesis study is rigorous and accurate.  
 
According to the purpose of this thesis: develop methods and processes to investigate, 
simulate and analyze how external forces affect different types of human tissues, from these 
processes and methods described above combined with the results it is apparent that the 
purpose of this work is already achieved.   

 

5.2 Discussion of findings 
The most findings are obtained based on the step 1 of this simulation. This is because step 1 
and step 2 are doing the same thing for the stress analysis in essence. Adding step 2 is to make 
the result closer to the experiment. 
 
During this study, it is found that skin, fat, fascia and muscle have different deformations 
when applied external force. The deformations are related to the initial tissue thickness of 
these tissues. Muscle has the largest volume in the lower limb, which makes it deform larger 
than other tissues when compressing. However, fascia has the biggest rate of deformation. 
When an external force is applied, the fascia is the one who changes the fastest. 
 
At the same time, the fascia is the tissue that has the biggest area to endure the stress and the 
stress on the fascia is relatively higher than other soft tissues, which makes the fascia become 
the most dangerous part of increased risk of PUs and DTIs. Since the blood vessels grow 
mostly among fat or fascia. The blood vessels are suppressed since fascia has relatively larger 
stress when applied external force. Then blood cannot flow, which makes PUs and DTIs even 
worse. 
 
Through comparison with the model which uses the same skin material parameters for fat 
(another model same skin material parameters for muscle), it can be seen that actually fascia 
is protected by fat and muscle. When fat uses the same material parameters as skin, fascia will 
have even more stress. In other words, the thinner people are, the greater pressure on the 
fascia. It is likely to cause circulation disorder and produce soreness for this kind of people. If 
there is no protection from fat and muscle, the body part can easily get injuries by the 
oppression of fascia. 
 
After trying a lot of simulations using different material parameters, the final suitable material 
parameters used for the different tissues are found. Some material constants are selected from 
the references (described in Chapter 3). For fascia, the material constants can also be found in 
some references but they are not accurate for the simulation. Finally, the material parameters 
of fascia have been corrected: Polynomial strain energy function model──𝐶!" = −222.1 kPa; 
𝐶!" = 290.97 kPa; 𝐶!" = −1.1257 kPa; 𝐶!! = 4.7267 kPa and 𝐶!" = 79.602 kPa. 

 

5.3 Conclusions 
FEM is a very promising and useful tool to simulate the human tissues and predict the contact 
stresses and internal mechanical conditions in reality. During the process of this study 
accurate material models and boundary conditions should be used for the FE model. This 
work has satisfied these basic requirements. Muscle, fat and skin use hyperelastic materials of 
the Ogden model while fascia uses hyperelastic materials of Polynomial model. Bone and bone 
marrow have the elastic properties. All the boundary conditions are set as the same as the real 
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experiment based on the deformed MRI images. Human tissues mostly exhibit anisotropic 
behavior, however, in this study it has been assumed that all tissues are isotropic and some 
tissues are seen as uncompressible such as the fascia. 
 
After this study, the three research questions are solved.  

1. How do the different soft tissues of the lower limb respond to the external force? 
Under external loading, the different tissues have different reactions. Muscle has 
larger deformation than other tissues and one reason is that muscle has the largest 
volume of the lower limb. Fascia has the largest von Mises stress and the relatively 
higher stresses of it are widely distributed. 
 

2. Which part of the lower limb is most likely to increase the risk of wounds? 
The results show that fascia is most likely to increase the risk of wounds. During the 
process of pressuring, the fascia is under more pressure than other tissues. However, 
fat and muscle have a protection for fascia, which means more fat and muscle will 
reduce the prevalence of PUs and deep tissue injuries (DTIs). 
 

3. How much the parameters of the different materials of soft tissues should be in order 
to have a more accurate model compared with the real deformed model? 
The parameters of all those human tissues are shown in table 3.4 - 3.6. 

 
Currently, we have only investigated the internal mechanical conditions due to shape 
constraint of the deformed MRI images. The displacements of the indenter head and the strap 
are fixed. And during this study the blood vessels are not modeled and considered. In reality 
blood vessels do have effects on internal mechanical conditions. It would be very interesting 
to implement a realistic material model for the walls of the blood vessels and investigate 
internal mechanical conditions with changing blood pressure in the vessels. Furthermore, the 
material properties for the same tissues can differ from person to person.  
 
For the future work, there are three aspects that can be improved to make the prediction more 
reliable: 1. FEM simulation should use the different material properties based on different 
experiment subjects to see how the internal mechanical conditions change. 2. Try the different 
positions of the indenter head to do the simulation to see if the results are the same. 3. During 
the modeling of the lower limp blood vessels should be considered. If it is possible people can 
also take the blood pressure into consideration. 
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8 Appendices 
8.1 Reaction force and displacement of reference point of the indenter 
head 

Time [s] – Reaction force [N] Time [s] – Displacement [mm] 
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8.2 Displacements of those nodes in Figure 4-2 during the step 1 

 
Time [s] – Displacement [mm] 

SKIN: 
 
Left: node 1,  
Number of node: 
62223 
 
Right: node 2, 
Number of node: 
86406 
 

  
FAT: 
 
Left: node 1,  
Number of node: 
86406 
 
Right: node 2, 
Number of node: 
37769 
 

  
FASCIA: 
 
Left: node 1,  
Number of node: 
37769 
 
Right: node 2, 
Number of node: 
73610 
 

  



 

iii 

MUSCLE: 
 
Left: node 1,  
Number of node: 
73663 
 
Right: node 2, 
Number of node: 
49310 
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8.3 Simulation results of von Mises effective stress of different tissues 
after step 1 with same scale 

 
Figure 8-1: Contour plot of skin 

 

 
Figure 8-2: Contour plot of fat 
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Figure 8-3: Contour plot of fascia 

 

 
Figure 8-4: Contour plot of muscle 
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8.4 Simulation results of von Mises effective stress of different tissues 
after step 2 with same scale 

 
Figure 8-5: Contour plot of skin 

 

 
Figure 8-6: Contour plot of fat 
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Figure 8-7: Contour plot of fascia 

 

 
Figure 8-8: Contour plot of muscle 

 


