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Abstract 

 

Finite Element Method (FEM) is a numerical technique of obtaining solutions to boundary 

value problems. The practical application of Finite Element Method is called as Finite Element 

Analysis (FEA). FEA is the computational tool for performing engineering analysis. 

Biomechanical analysis involves dealing with the mechanical aspects of the biological systems. 

FEM techniques can be used to study the engineering analysis of different biological systems.  

 Femur bone is the longest and strongest bone of the human body. It undergoes mostly 

compressive loading. It exhibits anisotropy, indicating that the strength is different in different 

directions when a force is applied. It is hyperelastic in nature. It has two anatomical structures 

namely cortical bone tissue and cancellous bone tissue. The cortical is dense and tightly packed. 

The cancellous is porous. Cortical section is superior in mechanical properties compared to 

cancellous section. Cortical and cancellous are formed with collagen fibers. Upon the application 

of loading they align in the direction of loading, make bone stiff and gives strength to withstand a 

range of loads.  

 Femoral neck fracture is the common problem that occur in femur bone. This is more 

prominent in the patients with osteoporotic conditions. Osteoporosis is the condition in which the 

bone become highly porous and brittle. In the neck region, the amount of cancellous bone is more 

which makes it weaker. Under some high amount of forces, it creates a bending couple in the neck 

region and generated high stress regions. In this study, an attempt has been made to analyze the 

mechanical behavior of Femur bone model. A 3D realistic human femur bone has been modeled 

and finite element analysis has been performed using ABAQUS with different material models. 
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Chapter 1 

Introduction 

 

1.1  Biomechanics 

Biomechanics is the branch of science which deals with the structure, function and motion of 

the mechanical aspects of biological systems. This study can be done at any level from whole 

organisms to organs, cells and cell organelles by using the methods of mechanics. The mechanical 

analysis of the biomaterials is carried out with the concepts of continuum mechanics. This 

approach is valid for the length scales above micro units. This continuum concept differs with the 

arguments when the length scales approach the order or micro, or even below. 

Biomaterials are categorized into two groups: Hard and soft tissues. The mechanical analysis 

of hard tissues (like bone) can be analyzed with the help of linear/non-linear elasticity theories. 

Whereas, soft tissues (like Skin and cartilage) undergo huge amount of non-linear deformations. 

The computational analysis of soft tissues can be carried out using finite strain theory and computer 

simulations. 

Computational biomechanics is the application of engineering computational tools, such as the 

Finite element method to study the mechanics of biological systems. These Computational models 

and simulations can be used to predict the relationship between different parameters. Different 

computational models can be used to design more relevant experiments, thereby reducing the time 

and costs of experiments. Mechanical modeling using finite element analysis has been the hot topic 

for a few years now, used to interpret the experimental observation of the behavior of different 

biological systems. In medicine, over the past few years, the finite element method has become a 

great alternative to in vivo surgical assessment. One of the great advantages of computational 

biomechanics is, its ability to determine the endo-anatomical response of an anatomical structure, 

without being subject to ethical restrictions [1]. 

The study of biomechanics ranges from the inner workings of a cell to the movement and 

development of limbs. It includes finding the mechanical properties of soft tissues and bones. The 

biomechanical research can be used to investigate the forces on musculoskeletal system, such as 
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different forces on limbs. Biomechanics has its wide usage in orthopedic applications, to design 

implants for different human joints, dental parts, external fixations and medical support systems.  

 

1.2  Finite Element Analysis 

Finite element method (FEM) is a technique of solution of the boundary value problems [2]. It 

is a numerical method of obtaining solutions of differential and integral equations. Finite Element 

Analysis (FEA) is the practical application of FEM. FEA is the computation tool for investigating 

the engineering analysis. FEA is used for analyzing newly designed products as well as for already 

existing designs using the equations of mechanics of material [3]. 

The application areas of Finite Element Method (FEM) include structural analysis, heat 

transfer, fluid flow, mass transport and electromagnetic potential, etc. To solve a problem, FEM 

subdivides the whole system into smaller, simpler parts which are called finite elements. It then 

uses variational methods from calculus to approximate the solution by minimizing an associated 

error function. The subdivision of whole domain into smaller parts helps in accurate representation 

of a complex geometry. It will also help in providing dissimilar material properties to different 

regions. It has the advantage of capturing the local affects. 

In structural analysis, the simulations help us in providing stiffness and strength visualizations. 

FEM allows detailed visualizations of stress and displacement distributions. FEM packages 

provide different variety of options to control the complexity, simulation methods and 

visualization techniques. A product, in FEM, can be constructed, refined and optimized before its 

actual manufacturing. 

FEA is a good choice for analysis over complicated domains. It includes the use of mesh 

generation techniques for dividing a complex problem into smaller, simpler elements. The mesh 

is an integral part of FEA and it must be controlled carefully to obtain accurate results. Generally 

with the increase in number of mesh elements, the accuracy of solution increases for a discretized 

problem. However after a range of increment, the results converge and further mesh refinement 

will not increase the accuracy of results [4]. FEA also uses software program coded with FEM 

algorithm. FEA simulations provide a valuable resource as they remove multiple instances of 

creation and testing of hard prototypes. 
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1.3  Femur Bone 

The Femur bone, also known as Thigh bone, is located 

within the human thigh. It is both the longest and strongest 

bone in the human body, extending from the hip to the knee. 

The length of this bone is almost 26% of height of the person. 

Important features of this bone include the head, medial and 

lateral condyles, patellar surface, medial and lateral 

epicondyles, and greater and lesser trochanters. The head is 

where the bone forms the hip joint with the innominate bone. 

The condyles are the points of connection with the tibia, 

which is a lower leg bone. The patellar surface is the groove 

where the bone adjoins with the patella, or knee cap. The 

epicondyles and trochanters are all important attachment sites 

for various muscles. Bone matrix consists of collagen fibers and organic ground substance, 

primarily hydroxyapatite formed from calcium salts. 

For structural analysis, femur bone can be assumed as an assembly of two different sections. 

One is the Cortical or Compact bone and other is the Cancellous or Spongy bone. Cortical bone is 

dense and composed of osteons. Cortical bone can withstand compressive forces. While the 

Cancellous bone is porous, less dense and composed of trabeculae. It supports shifts in weight 

distribution. It is mainly responsible for energy absorption. Cortical bone is strong compared to 

cancellous bone.  

The shaft region of femur bone is almost cylindrical in shape. It contains more cortical bone 

compared to cancellous bone. The neck and ball regions of femur are dominated by the presence 

of cancellous bone. Upon loading the collagen fibers align along the length of the shaft and make 

the bone stiffer. When the load is released, the fibers will be relaxed. 

The hierarchical structure of bone significantly contributes to high stiffness, strength, 

toughness and energy absorption, light weight and other remarkable mechanical properties of 

bone. The bone is composite and inhomogeneous. It exhibits anisotropy and it is shows 

hyperelastic behavior. The anisotropic behavior of bone is due to the distribution of collagen fibers 

Fig 1.1. Anatomy of femur bone 
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and their orientation [5]. The mechanical properties are direction dependent. Femur bone is mostly 

under compression and the properties are superior in the direction of longitudinal axis. 

 

 

The human femur can withstand forces of 1,800 to even 2,500 pounds, so it is not easily 

fractured. Only a large amount of force can generate crack or break in femur bone, such as a car 

accident or a fall from an extreme height. Such an injury can take a few months to heal. 

1.4  Osteoporosis: 

Osteoporosis is a condition which makes the bone weak and brittle. In this condition, a fall 

or even mild stress can fracture the bone. The most common fracture of osteoporotic condition is 

the femoral neck fracture. 

Bone tissue is constantly being broken down and regenerates on its own. But when the 

regeneration rate is lesser than the deterioration rate, the bone becomes highly porous and leads to 

the condition of osteoporosis. It is mostly seen in old aged people. It effects men and women of 

all races. But women are at higher risk. 

Femoral fracture is one type of hip fracture, occurs in the neck region below the ball portion 

of femur neck. In the neck region the amount of cancellous bone is more and with the addition of 

osteoporosis, it becomes highly porous and fragile. In this, the ball is disconnected form the thigh 

bone. In order to restore its functionality, partial or total hip replacement surgery will be done. In 

total hip replacement surgery, the ball portion will be removed and an artificial stem-ball-socket 

arrangement will be installed. 

 

 

Fig 1.2. Sectional view 

of cortical bone 

Fig 1.3. Sectional view 

of cancellous bone 
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Chapter 2 

Literature Review 

 

In this chapter, a brief description is provided on the past work in the field of 

Biomechanical analysis of bone model using finite element analysis techniques and the work 

related to generating the material properties. 

The bone tissue and strong and rigid structure of human body. It behaves so due to its 

composition, the combination of organic and inorganic materials, their distribution and their 

arrangement. The minerals calcium, phosphate along with collagen forms the organic part which 

make 60-70% of bone tissue. Bone tissue is anisotropic in nature, indicating that the bone behavior 

will change according to the direction of the applied load. Femur bone is strong to withstand loads 

in longitudinal direction [6]. 

The skeletal system undergoes different types of loads. The bone receives loads in different 

directions. Bone undergo all different types of loads will be applied: compressive, tensile, shear or 

torsion. The compressive strength of hip joint decides the danger of femoral neck injury. The hip 

joint absorbs three to seven times body weight during normal walking. It might go up, fifteen to 

twenty times in case of jumping. In normal standing position, with both legs on ground, the hip 

joint takes about one third of body weight. 

In standing or in the stance position of walking or may be running, the type or load will be 

bending on femoral neck. It creates high compressive stress on the lower neck region and high 

tensile stress on the upper neck region. The bones fracture easily under shear loading, due to its 

anisotropic nature. The bone can also develop a fracture if the generated compressive or tensile 

stress values go beyond the strength values. A low amount of force with high frequency can also 

fracture the bone tissue easily [6]. 

Marek Pawlikowski et al presented a study of a new consecutive model for defining human 

trabecular bone [7]. It takes into account the non-linear viscoelastic behavior of human cancellous 

bone tissue. The elastic behavior of the tissue is characterized by the hyperelastic Mooney-Rivlin 

model and the viscoelastic behavior is characterized by means of a hereditary integral, which 



14 

 

describes the dependency of stress on both strain and time. The required material properties are 

obtained from the stress relaxation tests and indentation tests using suitable curve fitting 

techniques. The Mooney-Rivlin properties, C10 and C01 for trabecular bone samples of four 

different age groups are calculated. The viscoelastic properties are also calculated. 

Morphologically, bone exhibits two types of anatomical structures, i.e. cortical (compact) 

bone and cancellous (trabecular) bone. Osteon is the basic unit of cortical bone and trabecula is 

the basic unit of cancellous bone. Both, Osteons and trabecule consist of collagen fibers reinforced 

with calcium phosphate particles. In macro scale bone can be considered as a composite formed 

from osteons, trabecule and body fluids [7]. 

Uzair N. Mughal et al presented a study on FEM analysis of femur bone [2]. They analyzed 

the stresses experienced by the femur bone. They developed a 3D CAD model of generic human 

femur bone model. They have considered linear isotropic modelling of femur bone and analyzed 

the stress distribution. 

3D laser scanning is performed to create the femur bone model. The data is imported to 

SolidWorks and using the techniques of transforming 2D into 3D models, the structure is 

generated. However the marrow section is approximated to a hollow cylindrical structure of radius 

of 1.6cm. The whole femur bone is considered as a single unit with a hollow cylindrical cavity in 

it. Tetrahedral 20 node type elemental mesh is created and the simulations are carried out using 

ANSYS. 

Linear static analysis is being carried out ignoring the role of muscles in sharing the load. 

A fixed boundary constraint is applied on the lower end of the bone. Two different kinds loading 

conditions are applied. In first case axial compressive load is applied to correlate the conditions of 

weight handled by the femur in standing position. In second case bending load is applied and the 

stress distribution was studied [2]. 

K. V. Arun et al presented their work on the behavior of femur under bending and impact 

loads [8]. Femoral fractures are the most common injuries. The biomechanical analysis of bone 

plays an important role in the evaluation and treatment of femoral fractures, thereby helping the 

surgeons to treat the patients effectively. Impact resistance, fracture toughness and bending 

strength are the main characteristics that influence the fracture damage of the bone.  
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Experimental investigations are carried out to investigate above mentioned properties. The 

results show that the femur strength is highly variable in various regions of the bone. Above each 

parameter has maximum dependency on bone matrix and its hardness [8]. 

Noritoshi ATSUMI et al presented a constitutive model of cortical bone considering 

anisotropic inelasticity [9]. The damage evaluation is developed to predict possible injuries 

accurately. For cortical bone, the anisotropy of mechanical properties like elastic modulus and 

yield stress is expressed with strain rate dependency and asymmetric stress vs strain curves for 

both compression and tension.  

The strength of cortical bone decreases in the following fashion: Compression, Tension 

and Torsional loading. The mechanical properties of cortical bone depend on the direction of 

loading, strain rate difference and loading pattern (compression or tension). In case of tension, the 

bone fractures in transverse direction where as in compression fracture occurs diagonally with 

respect to the axis. The type of fracture in case of torsional loading is spiral [9]. 

A.E. Yousif et al presented their study on biomechanical analysis of femur bone during 

normal walking and standing up [10]. The loads on femur from hip joint during dynamic activities 

have been studied. The direction of force vector on femur head is decided by the external forces 

acting on the limb and the internal forces generated by muscle contraction. 

3D femur bone model is reconstructed from CT (DICOM) images. Whole model is 

designed as two sections, outer cortical and inner cancellous bone. The analysis is performed on 

ANSYS work bench. Both the sections were meshed in ANSYS and are given different material 

properties. Both the cortical and cancellous sections are considered linear orthotropic and the 

properties are assigned accordingly. The stress distribution is studied showing high stress regions 

in the neck region of femur [10]. 

Majid Shahzad et al presented a study on mechanical characterization and Finite element 

modelling of a hyperelastic material [11]. They characterized the hyperelastic material properties 

with a suitable strain energy function for an indigenously developed rubber material. 

Different tests like uniaxial, volumetric tests along with equi-biaxial and planar shear tests 

are performed and data is collected. With the help of Digital Image Correlation (DIC) they 

calculated strain measurements to give input stress vs strain data in ABAQUS.  
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In the property module, the uniaxial, biaxial and volumetric data is given as input and with 

suitable curve fitting the material coefficients for different hyperelastic strain energy functions are 

calibrated. These material coefficients exactly define the hyperelastic behavior of the developed 

rubber material and can be used in different loading simulations. 
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Chapter 3 

Geometrical Modelling 

 

The first stage of this study deals with the generation of a 3D realistic bone model. In the 

next stage, the model has been imported to ABAQUS 6.14© for simulation and the analysis has 

been carried out. For generated 3D bone model, CT scanned images of femur bone have been used. 

The images were collected from Radiology department, MNR medical college and hospital. The 

thigh bone of a 26 years male was scanned and the data was collected in DICOM images. 

In order to create the model, the DICOM images were converted to high quality JPEG 

images and were imported to AMIRA 5.6© software. The model can be created with the help of 

either MRI or CT scanned images. The problem associated with MRI images is that different 

sections of bone are not clearly identifiable. It was hard to differentiate between cortical and 

cancellous sections of femur bone. Whereas the CT scanned images are clearly showing different 

sections of bone, cortical and cancellous regions are well differentiated. 

 

 

 

 

 

 

 

 

 

 

a) b) 

Fig 3.1. a) MRI image of femur bone. b) CT scanned image of femur bone (with 

clear identification of cortical and cancellous sections). 
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The collected CT images, 83 sectional images, were loaded in AMIRA and segmentation 

tools were used to generate the model. A boundary box has been created with length, width and 

thickness as 0.4, 0.4 and 0.06 respectively in order the match the model dimensions with the actual 

femur bone. The volume rendering has been done to check the bone shape, so that we can make 

changes in bounding box to make it look correct in shape. 

In the segmentation tool, a new label has been created and two materials were named to 

assign the segmented regions accordingly. One for the cortical segmentation and the other for the 

cancellous section. From each slice/image both the cortical and cancellous sections were selected 

manually and were assigned accordingly to the above created materials. After completion of 

selecting respected areas of both the parts, the ‘Surface Gen’ module was applied on the previously 

created label. With the help of ‘Surface View’ module both the cortical and cancellous surface can 

be viewed as shown below. 

 

 

 

 

 

 

 

Fig 3.2. a) Generated 3D model of Femur bone. b) Transparent model showing cortical (outer) 

and cancellous sections (inner) 

In the label module, with different available options, the surface can be made smooth. In 

the ‘Surface Editor’ module by specifying the distance between the nodes, the surface can be 

refined. For e.g. by specifying the distance between the nodes as 0.05, the generated surface has 

around 18500 triangular faces and by specifying the distance between the nodes as 0.1, the newly 

generated surface has around 3600 triangular faces in it. With the increase in value of the distance 

b) a) 
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between the nodes, the surface will be generated with lesser and bigger triangles which makes the 

surface looks a bit rough. With more number of triangular surfaces, the surface looks smooth and 

close to the true shape of the actual bone. In order to carry out the mesh optimization for analysis 

in ABAQUS, different models with different number of surfaces have been generated. 

The biggest advantage of using AMIRA for geometrical model generation is that the 

surface model can be converted to solid model by generating tetrahedral elements within the 

defined boundaries of the surfaces. Later the model can be directly imported to ABAQUS for 

analysis. This can be done by saving the tetra-generated file into ‘.inp’ format and importing it 

directly as a model to the ABAQUS. 

In the label by applying ‘Tetra Gen’ module the surface model can be converted to solid 

model with tetrahedral elements. For the model with 18500 faces, it has generated around 79000 

elements and for the model with 8200 faces it has generated the solid model with 27000 elements. 

The two surfaces will generate the solid sections with the nodes at the touching boundaries as 

common nodes for both the sections. Figure 3.3 below shows the generated tetrahedral elemental 

model of the femur bone.  

 

 

 

 

 

 

 

 

 

 

Fig 3.3. The 3D meshed model of Femur bone model with tetrahedral elements 
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The default type of element, in tetra generation, in AMIRA is a 4-node tetrahedral element. 

The generated meshed model will be imported as an orphan mesh model to the ABAQUS. In 

ABAQUS the orphan mesh model can be edited and the element type can be modified to 10-node 

tetrahedral for analysis. 

Before generating the ‘Tetra Gen’, the surface model should be assessed to meet the below 

mentioned criteria. These help us check the quality of the model before generating the model. The 

quality check will be done in the label module. A decent model should 

1) have no intersections 

2) have no triangles with bad orientation 

3) have aspect ratio below 20 or less 

4) have dihedral angle 10 or above 

5) have tetra quality below 25 or less 

6) have no holes 

If the surface model violates any of the above mentioned points then flip the edges of the 

wrong triangles until it meets the above criteria. This repair can be done automatically or manually 

in AMIRA. After the quality check the ‘Tetra Gen’ can be applied and the solid model can be 

generated. From the ‘.grid’ module, after tetra gen, the model can be saved to ‘.inp’ file format 

which can be imported directly to the ABAQUS. 
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Chapter 4 

Loading and Boundary Conditions 

 The earlier chapter described the geometrical modelling of 3D bone model. This chapter 

discusses a few things related to loading and boundary conditions. Once the model was ready, it 

was time to decide the nature of loading and its location, defining boundary conditions and 

optimizing the number of mesh elements of the model before going for simulation. 

4.1. Loading and Boundary Conditions 

 Most of the time the Femur bone undergoes compressive loading. So, the nature of loading 

has been decided to be compressive impact loading in the direction, assumed longitudinally along 

the shaft of the Femur. The load is applied on the ball portion of the femur model, which represents 

the loading condition from hip joint to the femur bone. 

 A fixed boundary condition, restricting all the translational and rotational movements, at 

the base of the shaft is assumed. The actual knee joint allows rotational movement of the femur 

bone in dynamic conditions. But in case of standing, in a fixed stature, the movements are 

constrained forcefully to make it look like a fixed joint at the base of the femur. Figure below 

shows the loading and boundary conditions on the femur model for simulation. 

 

 

 

 

 

 

 

 

 

a) b) 

Compressive loading 

Fixed Boundary 

Fig 4.1. a) Loading and Boundary Condition. b) Longitudinal axis of the model 
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 During normal walking of a human being in the gait cycle, the maximum compressive load 

applied on the femur bone is 1700N for a 75kg male. This force will be less when a person is in 

standing position. Here for our study, the max load of the gait cycle in walking, 1700N was taken 

and it was applied in the assumed longitudinal direction. The loading type is compressive. All 

other muscle forces and any other forces in other two lateral directions were neglected due to their 

minute values compared the load in longitudinal direction.  
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Chapter 5 

Finite Element Analysis: Different Material Models 

 

In the earlier chapters, modelling of the human femur bone, loading type, boundary 

conditions and mesh optimization have been discussed. This chapter explains the analytical results 

on different material models, like Linear Isotropic, Orthotropic Linear Elasticity and Hyperelastic 

model. The model with mesh elements has been imported and analysis has been carried out in 

ABAQUS 6.14© 

To carry out the mechanical analysis, the meshed model with 79000 tetrahedral elements 

(generated in AMIRA) was used. The default 4-node tetrahedral elements were modified to 10-

node tetrahedral elements in ABAQUS mesh module for accurate results. The model was imported 

as an assembly of two sections with a surface to surface contact. 

 

5.1.1 Isotropic Linear Elasticity 

Bone is hyperelastic and anisotropic in nature, indicates that the mechanical properties are 

dependent on orientation. This section deals with the mechanical analysis of bone by assuming it 

as a linear isotropic elastic material. Both the cortical and cancellous sections are assumed to be 

linear elastic isotropic. 

The general representation of the Hooke’s law for a linear elastic material is shown below. 

Where each stress component �� depends linearly on all strain components ��.  

Stress as a function of strain: � = ��. 
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The 36 ��� notations are material constants called stiffnesses and are calculated from 

experiments. The above 6x6 matrix is called the stiffness matrix (C). The strain energy 

formulation in elasticity theory shows that it is necessary for the stiffness matrix to by symmetric 

and so there are only 21 independent elastic constants in the most general case, i.e., anisotropic 

elasticity. By inverting the above equation 5.1.1, the strain components can be expressed as a 

function of stress components: � = ��. Where � is termed compliance matrix. 

To define Isotropic Linear Elasticity, the symmetry of stiffness matrix is reduced to two 

independent elastic constants. The material response is independent of orientation in case of 

isotropic materials. The stiffness matrix is defined as: 
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The stress components can be expressed in terms of Lame Constants, � and �.  
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Where, � = ��
(���)(�!
�) and � = �


(���) = "                                                                 (5.4) 

�, # and " are the engineering constants called Modulus of Elasticity, Poisson’s ratio and 

Modulus of Rigidity respectively. 
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5.1.2 Orthotropic Linear Elasticity 

 The nature of Orthotropic material is, it has three orthogonal planes of microstructural 

symmetry. A representative illustration of orthotropic material is shown in the fig 5.1. The material 

is formed with thousands of very slender, long fibers bound together in bundles with oval cross-

sections. These bundles are put together in place with the help of a binder material. The fine 

microstructural details of the bundles and surrounding matrix are smeared out and averaged. 

Principal direction will be along the longitudinal direction of fibers. 

  

 

 

 

 

 

The material symmetry inherent in the orthotropic material further reduces the number of 

independent constants from 21 (in most general case) to 9. From equation 5.1, the stiffness matrix 

is thus reduced to below form 
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The above equations can be inverted to get the compliance matrix in terms of engineering constants 

��, �
, ��, #�
, #��, #
�, "�
, "��	and	"
�. Where	�� represents the Young’ modulus (stiffness) in 

respective direction, #�� represents Poisson’s ratio and "��(shear modulus) represents the shear 

stiffness in the corresponding plane. 

 

 

Fig 5.1 An orthotropic material 
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5.2 Mesh Optimization 

 Mesh optimization involves defining the range of number of tetrahedral elements for 

meshing the volumetric model so that the simulation results are invariant with the number of 

tetrahedral elements. In order to carry out mesh optimization, different models of the bone with 

different number of elements were generated. Models with different number of elements can be 

generated either by specifying number of triangular surfaces or by providing the distance between 

the adjacent nodes (which automatically generates a specified number of surface triangles). 

 To calibrate optimum mesh density, four models with different number of elements were 

generated in AMIRA. First one with a minimum nodal distance of 0.005, 18800 faces and 79000 

elements. Second one with a nodal distance of 0.006, 13600 faces and 51000 elements. Third one 

with a nodal distance of 0.007, 10300 faces and 36000 elements. The last one with a nodal distance 

of 0.008, 8200 faces and 27000 elements. 

 For all the above models, surface quality check was performed in AMIRA and then 

tetrahedral generation was applied. Later, each of these models were imported to ABAQUS and 

properties were assigned for cortical and cancellous parts separately (Orthotropic linear elastic 

material properties were assigned). The above mentioned loading type and boundary conditions 

were applied. A compressive force of 1700N was applied on each of the models, static impact 

analysis was carried out, and the maximum principal stress values were recorded for each case, as 

shown in Fig 4.2. 

 

        

 

 

 

 

Fig 5.2. The maximum principal stress distribution for models with different number of 

elements 

1. 27000 2. 36000 3. 51000 4. 79000 
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 The maximum stress values in each case were plotted against number of mesh elements as 

shown in Fig 4.3. On the Y-axis the stress values were marked in MPa and on the X-axis the 

number of elements were marked in thousands.  

 

 

 

 

 

 

 

 

Fig 5.3. Graph showing the maximum stress vs number of mesh elements 

 It can be observed from the graph that after a value of 36000 number of mesh elements 

there was not much significant difference in the maximum stress values and they were invariant 

with number of mesh elements further. So, for mechanical analysis in ABAQUS, the femur bone 

model with 79000 mesh elements has been considered. 
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5.3.1 Simulation results using ABAQUS: Linear Isotropic 

 After defining the material model and the optimized mesh size, the next step was to analyze 

the model using ABAQUS. The meshed bone model has been imported to ABAQUS and the 

material properties, as shown in the below table 5.1, were defined in the property module for 

cortical and cancellous sections individually. Elastic Modulus (Pa), Density (kg/m^3) and 

Poisson’s ratio were given as the inputs. In the section module, the properties were assigned to 

respective regions of the model.  

Section Elastic Modulus, 

E(GPa) 

Poisson’s Ratio, 

- 
Density, 

.(kg/m^3) 

Cortical 18 0.3 2000 

Cancellous 3.2 0.23 1300 

 

Table 5.1 The properties for linear isotropic elastic analysis [10] 

The imported orphan mesh was modified to new 10-node element type, keeping same 

number of elements. In the load module, the compressive load was defined, along the Y-direction 

(assumed longitudinal axis) of the bone model, on the ball region and a magnitude of 1700N was 

given. In the boundary condition module, the bottom face of the model was given a fixed boundary 

(by restricting all the translational and rotational movements). The load was applied for a duration 

of 1 sec and the stress distribution was studied. The stress distribution is as shown below.  

The maximum principal stress distribution for the cortical section is shown in below fig 

5.4. The regions of highest stress are located in the neck and top portion of the shaft region. In the 

neck region the applied load is transverse to the loading direction which acts as a bending load and 

creates high compressive stress in the lower neck and high tensile stress in the upper neck region 

with a value of 0.465 GPa. 
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Fig 5.4 a) Stress distribution in cortical section. b) The maximum principal stress values 

 

The maximum principal stress distribution for the cancellous section is shown in below fig 5.5. 

The regions of highest stress are located in the neck region of the cancellous bone. In the neck 

region the applied load is transverse to the loading direction, acts as a bending load, which creates 

high compressive stress in the lower neck and high tensile stress in the upper neck region with a 

value of 0.057 GPa. 

 

 

 

 

 

 

 

Fig 5.5 a) Stress distribution in cancellous section. b) The maximum principal stress values 

 

 

 

a) b) 

b) 
a) 
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5.3.2 Simulation results using ABAQUS: Orthotropic 

For the mechanical analysis, the bone model was imported to ABAQUS and properties 

were assigned. The orthotropic properties shown in the below table 5.2.1 were assigned to the 

cortical and the cancellous sections respectively. Same loading and boundary conditions were 

applied, as discussed in the previous case, and the stress distribution was obtained. 

Parameter Cortical bone Cancellous bone 

Density (kg/m3) 2000 1300 

Modulus of Elasticity 

(Mpa) 

��= 6982.9 

�
= 6982.9 

��= 18155 

��= 2029.4 

�
= 2029.4 

��= 3195.3 

Poisson’s Ratio /�
=0.4 

/
�=0.25 

/��=0.25 

/�
=0.4 

/
�=0.25 

/��=0.25 

Shear Modulus (Gpa) "�
= 4.69 

"
�= 5.61 

"��= 7.68 

"�
= 4.69 

"
�= 5.61 

"��= 7.68 

 

Table 5.2 The orthotropic constants of cortical and cancellous sections [10]. 

 

Before carrying out the simulations, in ABAQUS, for any type of anisotropic material, it 

is required to define a local coordinate system. This helps in defining the principal direction. For 

this, direction “3” is assumed as the direction of principal stress, which is the Y-direction (The 

longitudinal axis of the bone). 
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Fig 5.6 a) Stress distribution in cortical section. b) The maximum principal stress values 

The maximum principal stress distribution for the cortical section is shown in above fig 

5.6. The regions of highest stress are located in the neck and top portion of the shaft region. In the 

neck region the applied load is transverse to the loading direction which acts as a bending load and 

creates high compressive stress in the lower neck and high tensile stress in the upper neck region. 

The maximum stress value is 0.384 GPa. 

 

 

 

 

 

 

Fig 5.7 a) Stress distribution in cancellous section. b) The maximum principal stress values 

The maximum principal stress distribution in the cancellous portion of the bone model is 

shown in above fig 5.7. The regions of highest stress are located in the neck region of the 

cancellous bone. In the neck region the applied load is transverse to the loading direction, acts as 

a bending load, which creates high compressive stress in the lower neck and high tensile stress in 

the upper neck region. The highest stress value is 0.087 GPa. 

 

 

a) b) 

a) b) 
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Chapter 6 

Results and Discussion 

 

Earlier chapters described the details of geometrical modelling, loading, boundary 

conditions, mesh optimization and the maximum principal stress distribution with different 

material models. This chapter discusses about the obtained results and conclusions that can be 

drawn from the results. 

With the help of CT images, the 3D realistic human femur bone model has been created to 

imitate the geometrical features of the femur bone. The model was created as an assembly of two 

main sections of the bone, cortical and cancellous part. The model then meshed in AMIRA and 

quality assessment was performed before analysis. The meshed model, taken as an orphan mesh 

in ABAQUS, cannot be refined in ABAQUS in terms of mesh density. The element type can be 

changed from 4-node to 10-node tetrahedral without altering the number of mesh elements. 

 In first case, the Isotropic linear elastic behavior is assumed for both the sections of the 

bone with different material constants. A compressive load of 1700N is applied along the 

longitudinal direction of the bone, with bottom of the shaft as a fixed boundary, for a duration of 

1 sec. 1700N load is the maximum applied load on femur by the hip joint in the gait cycle of a 

75kg male human while walking. The average duration of gait cycle is around 1.1sec [10]. 

 In the cortical section, the maximum stress of 0.465GPa, was appeared in the neck region. 

In the shaft portion also high stress values are obtained. This is because, in the neck region, even 

in shaft portion, the applied load would create a bending couple and that creates high compressive 

stresses in the lower neck and high tensile stresses in the upper neck region. The same phenomena 

happens in the cancellous section of the bone. The maximum stress value in cancellous part is 

0.057 GPa which is lower compared to the values obtained in cortical section, because the cortical 

section is stiffer compared to cancellous section so it produces high amount of stresses compered 

that of cancellous stress. 

 



33 

 

 In the second case, the orthotropic behavior for both the cortical and the cancellous sections 

and assumed. The properties were assigned accordingly. The behavior of the bone model was 

studied under the same physiological conditions as stated in the first case. The maximum principal 

stress distribution was obtained. The orthotropic assumption brings the analysis a step closure, if 

not completely, to the actual anisotropic behavior of the bone. 

 The maximum principal stress value of cortical section was 0.384 GPa in the neck region. 

There is a significant decrease in the maximum stress value for the cortical section, because the 

orthotropic properties show huge variation in directions 1 and 2 (perpendicular to the longitudinal 

axis). But, still the cortical is stiffer than the cancellous. 

 The maximum principal stress value of the cancellous section was 0.087GPa situated in 

the neck region only. Here, there is an increment in the maximum stress value compared to the 

first case. This is because, the properties are not much varying from isotropic to orthotropic 

assumption in other two directions (perpendicular to principal direction). And the orthotropic 

behavior of the cortical bone transfer more load to the cancellous section there by generating more 

stress in the cancellous neck region. 

 If we observe the femur bone of a human, the cancellous section is widely distributed and 

cortical section is thinner in the neck region, and being the weak section of the bone it is vulnerable 

to fractures. In case of osteoporotic conditions the situation becomes worse and even a small 

amount of sudden load can break the femur neck. 
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Chapter 7 

Future Study 

 

7.1 Osteoporosis 

Osteoporosis is the condition in which the bone 

becomes weak and brittle. With the age, the regeneration 

rates of bone gets slower. This leads the cancellous bone to 

become highly porous, which makes it further weaker. 

According to a study osteoporosis currently affects over 53 

million people in the United States (U.S.) [13].  

 The most common fracture due to osteoporotic 

condition is the femoral neck fracture. This is due to the high 

amount of porous cancellous bone near the neck region of the femur bone. In such cases the patient 

has to undergo total hip replacement procedure which involves replacing the neck and ball portion 

of the femur bone with a compatible high strength biomaterial (like Titanium in combination with 

ceramics). 

 By defining a new material model considering the porosity of the cancellous section, this 

case can be well studied to help the physicians understand and predict the possible dangers. The 

porosity effect the density of the bone, so by providing a relation between elastic properties and 

density a new material model can be defined. 

 

 

 

 

 

Fig 7.1 Osteoporosis 
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7.2 Implant material models 

 Total hip replacement cases across the globe have increased a 

lot in number for the past few years. The principal material being used 

for implants is Titanium which is superior in mechanical properties 

compared to femur bone. With the implant models the stress 

distribution will be suppressed to the femur bone which affects the 

regeneration capacity of the femur bone. The common problem 

occurring due to above discussed case is, the revision surgery after 10-

15 years of the first hip replacement surgery.  

 By designing a proper implant model and inserting it into the 

femur bone model can help us understand the dynamics in detail. 

Further by defining the implant with different material models along 

with different properties and studying the model can help in designing 

an artificial material to prevent the difficulties post surgery. 

 

 

 

 

 

 

 

 

 

 

 

Fig 7.2 Implant model 
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