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Abstract  

Based on the Wolff’s law, mechanical stimuli affect bone strength and therefore affect its 

bone mineral density (BMD) distribution. There are a number of local mechanical stimuli, 

for example, von-Mises stress, tensile/compressive stress, and strain energy density 

(SED). It is not clear which is the dominant stimulus. The objective of this study was to 

determine the dominant stimulus that regulates femur BMD by iterative finite element 

simulations of the Wolff’s law.  

 

Four finite element models of the same femur initially had the same finite element mesh, 

the same uniform BMD and were affected by the same habitual physiological loading. In 

the following iterative simulations, BMD in each model was ‘remodeled’ by one of the 

four stimuli. The iterations were continued until the change of BMD in each model was 

smaller than a specified value. The dominant stimulus was determined by comparing the 

simulated BMD with that measured by clinical QCT (quantitative computed tomography).  

 

The results showed BMD distribution in the finite element model regulated by SED was 

closest to QCT measured BMD, followed by von-Mises stress and then tensile stress and 

compressive stress. It is thus concluded that SED was the dominant stimulus in regulating 

femur BMD. 
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Chapter 1 

Introduction  

1.1 Background and Motivation  

Biological problems have been widely studied using mechanical principles since the 

1960s [1-5]. The study involves a number of  disciplines including mechanics, material 

science, anatomy, physiology, as well as computer science [5]. Among all the studies, 

bone remodeling based on Wolff’s law has been a hot topic [6-10]. Bone is an active tis-

sue which constantly undergoes a process of remodeling [11]. Wolff's Law has been gen-

erally considered as the law governing bone remodeling, the law states that there is a rela-

tionship between bone strength and its stress environment, and bone can adapt to its ex-

ternal loading conditions [12]. A number of experimental studies have revealed that me-

chanical stimuli can result in the corresponding changes of bone structure through re-

modeling (a dynamic equilibrium between bone resorption and bone formation) [13-15]. 

A long-term change in mechanical loading such as physical exercises can cause bone 

adaptive remodeling and ultimately adapting to the new mechanical stress environment 

[16]. It has been found that dysfunction or disorder of the bone adaptive remodeling may 
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lead to a number of bone diseases like Osteoporosis, Osteogenesis Imperfecta, and Oste-

omalacia [17]. However, it is still not clear what is the control mechanism and stimulus 

that is responsible for the remodeling process [16]. Therefore, a full remodeling simula-

tion analysis to predict the long-term density patterns of the remodeled bone and to figure 

out the control mechanism and stimulus is required. So figuring out how the bone remod-

els itself to fit into the stress environment is extremely important because of the urgent 

needs for accurate quantitative assessment in diagnosis, treatment, and prevention of 

some common and frequently-occurring bone diseases [18, 19].  

 

Researchers around the world have studied about the bone’s adaptive remodeling and es-

tablished some theories. Stulpner et al. simulated femur remodeling using a 3D model of 

an intact proximal femur [20]. He proved that the long-term pattern of remodeling can 

show a realistic evolution of femur density distribution. However, his simplified load 

cases were not accurate enough to describe the actual loading condition of a human femur. 

A realistic representation of the loading should be applied when doing the simulation. 

Ruimerman et al. developed a theory and a computational frame work for trabecular bone 

remodeling and adaptation [21]. He found that strain energy density (SED) was the trig-

gering stimulus to predict trabecular morphologies [21]. However, his theory is restricted 

by using unrealistic parameters, which makes this theory less accurate. Fyhrie et al. [9] 

applied bone adaptive remodeling theory to predict the density distribution in the femur 

head. They used a 3D FE model and implemented three different stress related approach-

es to simulate the growth of femur head. The three different stress related approaches are 

von-Mises stress, strain energy density, and a self-defined effective stress. They found 
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that their self-defined effective stress and SED can predict the density distribution of fe-

mur head. However, their results are far from accurate when compared with a natural fe-

mur. Y. Xu [22] established the correlation between bone remodeling and the stress/strain 

distribution obtained from finite element simulation. His study affirmed that stress/strain 

distribution influenced femur remodeling. Whereas, his results were limited within the 

circumstance that femur was implanted with prosthesis. X. Chen et al. [23] presented a 

theory of femur adaptive remodeling and a method of femur remodeling numerical simu-

lation. They used strain energy density as the feedback controller and a simulation of the 

remodeling process was performed in ANSYS. They found that the obtained results were 

in some degree similar to the data from clinical reports. In their research femur was treat-

ed as a continuous elastic material. However, bone is a kind of anisotropic and inhomo-

geneity material. Their material model cannot describe the bone structure accurately. A. 

Marzban et al. [24] introduced a numerical method for predicting the remodeling of adap-

tive materials and structures. His model used the theory of optimization to predict the re-

modeling of microstructure. This model was then used to calculate the density distribu-

tion of proximal femur. The density distributions obtained by this procedure had a quali-

tative similarity with in vivo observations. However, his method has several disad-

vantages, including slow convergence and long computational time. A lot of researchers 

have applied Wolff’s law to predict the density distribution of a femur in various ways 

but the bone adaptive theories they developed are still far from sound [6, 9, 20, 21, 25-27].  

 

Previously, researchers used a linear relation between the stimulus and adaptive rate to 

describe the remodeling process mathematically. Then, Huiskes et al. introduced a con-
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cept of ‘lazy zone’ to create a tri-linear remodeling rate equation [6]. However, their 

mathematical descriptions for the remodeling process are still not precise enough. More-

over, most of the researchers were using two-dimensional (2D) models, the analyses were 

simply focused on the femoral head region and only a part of femur BMD was predicted. 

One common issue in the previous research is that they used different mechanical stimuli 

in their theories to do the simulations. The stimuli varied from strain energy density 

(SED), von-Mises stress, compressive stress, and tensile stress to their self-defined effec-

tive stress [6, 8, 9, 20].  No conclusion has been drawn about which stimulus is the domi-

nant one that regulates bone remodeling. To resolve the above issue, the presented study 

is to develop a three-dimensional FE femur model, to simulate femur self-adaptive re-

modeling process with finite element method, and therefore to improve our understanding 

on femur adaptive remodeling. In order to improve the existing theory of bone remodel-

ing, the relation between femur bone mineral density (BMD) distribution and the four 

mechanical stimuli (strain energy density, von-Mises stress, tensile stress, and compres-

sive stress) produced by natural physiological forces are studied. Based on the study, the 

dominant stimulus is determined by comparing the simulated BMD with that measured 

by clinical QCT (quantitative computed tomography). A computer program of bone re-

modeling was developed to predict the BMD distribution in the femur.  

1.2 Objective of the Reported Research   

The objective of this research is to determine the dominant stimulus that regulates femur 

bone remodeling and therefore improve our understanding of femur adaptive remodeling.  

For the above purpose, the relationship between femur self-adaptive remodeling and me-
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chanical stimuli produced by the natural physiological forces was studied and the femur 

self-adapting process was iteratively simulated with finite element method. The effect of 

related parameters on bone remodeling was studied and analyzed with ANSYS, a com-

mercial finite element software. This study combined the theory of Wolff's Law, bone 

mechanics, material science, and optimization theory with the technique of QCT (quanti-

tative computed tomography) imaging to construct mathematical and finite element mod-

els of femur adaptive remodeling. 

1.3 Outline of the Reported Research   

This thesis is organized as follows: 

Chapter 2 - In this chapter, the basic theoretical background of the human femur will be 

illustrated, including structure and anatomy of femur, material properties of bone, as well 

as the loadings along the femur. After that, Wolff’s law and the corresponding adaptive 

remodeling theory of bone will be introduced. Finally, the general procedure for finite el-

ement analysis of femur will be reviewed.  

 

Chapter 3 - In this chapter, the construction process of a QCT-based finite element mod-

els including the clinical model and the initial model for simulations will be explained, 

and the mathematical formulation of femur adaptive remodeling will be introduced. Then, 

a simulation process of femur adaptive remodeling based on finite element method will 

be illustrated step by step.  
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Chapter 4 - Convergence studies of the simulations will be presented. The results of the 

simulations of femur remodeling based on different stimuli will be presented and dis-

cussed. Then, the results of the simulations will be used to compare with the actual femur 

BMD distribution measured by clinical QCT scans. Finally, the dominant stimulus regu-

lating femur remodeling will be determined by finding which BMD distribution is most 

similar to the real one.  

 

Chapter 5 - In this chapter, major conclusions and contributions from this reported re-

search will be summarized. Future research will be presented to remove the limitations in 

the current research. 
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Chapter 2 

Theoretical Background 

2.1 Femur Bone  

2.1.1 Structure and Anatomy 

Bone is a kind of hard tissue and has a highly complex biological structure. Bone tissues 

mainly contain two types of cells: osteoblast and osteoclast [28]. Osteoblasts are mostly 

found in the surface of bone and involved in the process of bone deposition. Meanwhile, 

osteoclasts are usually embedded deep in bone and mainly involved in the resorption or 

breaking down of bone tissues [28]. Therefore, osteoblasts and osteoclasts help to main-

tain the functioning well of the entire bone. The bone mass, structure, and density are de-

termined by the balance between bone deposition and resorption [29]. Osteoblasts are de-

veloped from osteogenic cells which are the only bone cells that can differentiate. In the 

meantime, osteoblasts will transform to osteocytes if they embedded into the bone matrix 

that they secreted [30]. Figure 2-1 shows these four types of bone cells. 
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Figure 2-1 Four types of bone cells [30] 

Hip joint is one of the biggest and most complicated joint in the human body. It consists 

of two parts: femoral head and acetabulum [31]. They act like a ball-and-socket system. 

In this system the femoral head acts as a ball bearing and the acetabulum performs like a 

socket bearing [32]. The ‘ball’ is connected to the ‘socket’ by the ligaments which en-

hance the stability of the joint structure. Therefore, the hip joint is capable of a tri-axial 

movement. The acetabulum is a cavity located on the lower part of pelvis [33]. As a hem-

ispherical structure, the head of femur is perfectly fitted into the concave of acetabulum 

[32]. In the meantime, articular cartilages cover both femur head and acetabulum, which 

makes this structure shock absorbing. The body’s center of gravity would pass through 

the center of acetabulum if the body is in stance configuration. Hip joint is designed for 
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large range of movements. Other functions of hip joint are stability control and weight 

bearing [33]. 

 

Figure 2-2 Hip joint and knee joint 

 

In the human body femur is the heaviest and longest bone. It is composed by proximal 

femur, femur shaft and distal end of femur [32]. The proximal femur mainly includes fe-

mur head, femur neck, the lesser trochanter, and the greater trochanter [34]. There is a lit-

tle angle when the femur head is articulated to the acetabulum. The femur neck connects 

femur head and femur shaft [32]. It ends at the greater trochanter. The lesser trochanter 
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and the greater trochanter are the attached sites of tendon and muscles that are involved 

in hip motions. The prominent area which extends from the greater trochanter to the less-

er trochanter is called intertrochanteric line [34]. 

 

Figure 2-3 Anatomic structure of human femur [35] 

 

Knee joint is the largest joint in human body [36]. It determines the boundary condition 

of the finite element analysis of femur remodeling which will be discussed in Chapter 3. 

So, the structure of knee joint must be known clearly. The knee joint provides a flexible 

movement for human body. In the meantime, it can bear tremendous amount of weight 
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and pressure. It can support 1.5 times of human body weight during walking and up to 4 

times of body weight during climbing [36]. The knee joint works like a hinge joint, al-

lowing the knee to do flexion-extension rotation [36]. The pelvis, hip joint, femur, knee 

joint work as a system to support human body weight and fulfill the movement of lower 

extremities. 

2.1.2 Material Properties  

Bone has a complex structure. Chemically, it is composed of three parts: organic phase, 

mineral phase, and water. The mineral phase is basically hydroxyapatite. It was found 

that nearly 60% to 70% of bone weights are calcium carbonate and calcium phosphate, 

and 25% to 30% of bone weights are water [37]. It is difficult to obtain the characteristic 

parameters to describe bone mechanical properties because they are affected by many 

factors [38]. However, based on current research, it is well assumed that only the mineral 

phase has effect on bone mechanical properties. The structure of bone occurs in two dif-

ferent forms: cortical bone and cancellous bone (also known as trabecular bone) [39] 

(Figure 2-4). In the femur, cancellous bones are primarily found in the joint region, and 

the cortical bones are mainly found in the diaphysis region [39]. For most bone structures, 

the most outer layer is composed by cortical bone with cancellous bone underneath. The 

mechanical properties of cortical bone are mostly dependent on the porosity and its de-

gree of mineralization [40]. Currey et al. found that these two variables explained more 

than 80% of the stiffness variation [40]. Cortical bone has low porosity and approximate 

5% to 30% non-mineralized tissues [41]. When the porosity is increased from 5% to 30%, 

both elastic modulus and the ultimate stress of cortical bone can be decreased by 50% 
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[42], which reveals that the porosity has a strong effect on the mechanical properties of 

cortical bone. The cancellous bone is a kind of spongy bone with relative high porosity. 

Compared with cortical bone, it has nearly 30% to 90% non-mineralized tissues and can 

bear tremendous strain before fracture [41]. However, cortical bone is much stiffer and 

can withstand greater stress but less strain. The mechanical properties of cortical bone 

and cancellous bone are anisotropic. The strength of cortical bone is higher than cancel-

lous bone at both structural and material levels [43]. It has been examined that both corti-

cal bone and cancellous bone have larger strength and elastic modulus in compression 

than tension, whereas torsion and shear is the weakest at both structural and material lev-

els [43]. The collagen in bone provides the bone with strength in resisting tension, while 

aging induces progressive loss of collagen which results in an increase brittleness of bone. 

Moreover, their mechanical properties largely depend on the direction of the applied load. 

It has been found that both of them have the highest strength and elastic modulus in the 

longitudinal direction, lowest strength and elastic modulus in the transverse plane, and in-

termediate values in any angles between 0º and 90º [44].  
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Figure 2-4 Micro structure of bone [45] 

2.1.3 Load along the Femur 

A basic knowledge about the loadings along the femur is essential to better understand 

the mechanism of femur’s formation and its functionality. In many aspects, the mechani-

cal loading environment of bone is considered one of the major factors influencing its 

remodeling process. It is necessary to take into account all hip muscles, body weight, and 

contact forces when calculating the loads of the femur. Muscles around femur play an 
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important role in determining the loadings. The static position of single leg stance is the 

generally accepted worst scenario for hip loading. [46].  

2.2 Wolff’s Law and Adaptive Remodeling Theory 

2.2.1 Phenomenology 

Bone is an important part of human locomotive system. It is an active structure which 

constantly undergoes a kind of remodeling process [11]. This remodeling process is af-

fected by the bone’s mechanical and biological environments [47]. It has been widely ac-

cepted that the structure and function of bone depend much upon its stress environment 

[48]. In the 19th century, a German anatomist Julius Wolff (1836–1902) developed a the-

ory that bone in a healthy person will adapt to the loads under which it is placed, which is 

now known as Wolff's law [49]. In Wolff's Law, it is thought that there is a correspond-

ing relationship between bone structure and its stress environment [50]. According to 

Wolff's law when the loading on a bone increases the bone can modify itself to resist the 

new loading and adapt to the new environment, and vice versa [49]. A number of exper-

imental studies have revealed that mechanical stimulus can result in the corresponding 

changes of bone structure through bone remodeling [51-53]. Bone remodeling is a re-

newal process with old bone replaced by new one while the shape basically keeps the 

same. The remodeling process usually starts when injury or mechanical stress occurs in 

bone [54]. The changing of bone’s stress environments can result in the changes of bone 

mineral density (BMD) and other bone mechanical properties. It is found that exercise 

stimulates bone growth. Athletes have stronger bones in the body regions most affected 
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by exercise [14]. By contrast, immobilization of human causes loss of bone mass, and ex-

cretion of calcium and phosphorus [15]. In osteoporosis, bone mass is reduced and frac-

tures can easily occur during normal activities. Osteoporosis is referred to as a remodel-

ing deficiency [55]. Long-time spaceflights under zero gravity also cause loss of bone 

[56]. Additional aspects of bone remodeling can be found in other clinical literatures.  

 

Some theoretical works, notably by Cowin et al. [57], has dealt with the problem of for-

mulating Wolff's law in a quantitative sense. In their theory, constitutive equations were 

developed, which predicts the remodeling response to a given stimulus [57]. Y. Wang  

has also identified a small number of parameter combinations that can describe this pro-

cess mathematically [16]. 
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Figure 2-5 Bone remodeling based on Wolff’s Law [58] 

2.2.2 Feedback Mechanisms 

Bone remodeling appears to be governed by a feedback system in which the bone cells 

sense the state of stimulus in the bone matrix around them, and either add or remove bone 

mass as needed to maintain the skeletal system within normal limits. Bassett and Becker 

[59] reported that bone is piezoelectric, i.e. it generates electric fields in response to me-

chanical stimulus. They advanced the hypothesis that the piezoelectric effect is the part of 
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the feedback loop by which the cells sense the stimulus. This hypothesis has received 

support from observations that externally applied electric fields stimulate bone growth 

[60]. Other investigators have advanced competing hypotheses which involve other 

mechanisms by which the cells are informed of the state of stress around them. For ex-

ample, deformation at the lamellae may have impact on osteocyte processes and thus 

trigger the osteocytes to initiate bone formation or resorption [61]. Stress on bone may 

induce flow of fluid in channels and such flow might play a role in the nutrition and 

waste elimination of osteocytes, which may be influential in bone remodeling [62]. A 

biomechanical hypothesis has also been advanced, in which the solubility of calcium may 

be affected by stress in the bone matrix [63]. Strain energy density in bone might also in-

fluence the energetics of bone mineral nucleation [64]. It has also been suggested that 

remodeling may be initiated in response to micro cracks generated by mechanical fatigue 

of bone [65]. In summary, many hypotheses have been proposed for the mechanism by 

which appropriate cells sense the state of stimulus in bone, but little evidence is available 

to validate them. 

2.3 Finite Element Analysis of Femur 

There are two major approaches to validate the hypotheses: experimental testing [66, 67] 

and numerical simulation [68, 69]. Experimental testing, in vitro, can directly obtain in-

formation about the mechanical properties of bones. But the results and conclusions from 

the test depend largely on testing condition and method, they may not applicable to in vi-

vo bones in the body [70]. Finite element method (FEM) is one of the most powerful 

methods to do numerical simulation. Compared with experimental testing, it has many 
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advantages: simulation cost is low; the simulation is free from the risks in testing; simula-

tion is non-invasive and the sample can be used repeatedly; complex loading and bounda-

ry conditions can be simulted easily etc. [71]. Moreover complicated models of bone for 

individuals can be built using FEM with highly realistic geometry and material properties.  

 

In 1972, Brekelmans and Rybicki [72, 73] took the lead in the application of FEM in 

biomechanical studies of femur. Since then, the method has become widely used to simu-

late almost all human bones [27, 74]. The early applications of this method were limited 

within the analysis of two-dimensional linear problem with simple loading and boundary 

conditions [75]. With the development of computer technology and numerical analysis 

theory, the application of FEM in complicated nonlinear and 3D problems became wide-

spread [76, 77]. More realistic models have been constructed with accurate loading and 

boundary conditions applied, and more accurate results have been obtained since then 

[78].  

 

The finite element method has been increasingly adopted to study femur’s biomechanical 

behavior. Femur, as the most important bone in human body, is susceptible to fracture, 

especially for the elderly people with serious osteoporosis [79]. More and more people 

started to investigate the factors which can affect the fracture risk and specified precau-

tions to prevent fractures [80-83]. Mechanical properties and morphological features of 

femur are two of the most important factors that affect the fracture risk [52]. However, in 

vivo experiments for living bones could not be performed by testing machine. This prob-

lem can be solved by incorporating reverse engineering technology with finite element 
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method. Once the finite element mesh has been generated from the data of clinical imag-

es, the bone’s material properties can be assigned to each element to generate individual-

ized finite element models [50]. If properly calibrated, clinical images are capable of 

providing accurate information about the femur morphology and BMD [50].  
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Chapter 3 

Iterative Finite Element Simulation of 

Femur Remodeling 

This chapter presents the methodology for iterative FE simulation of femur remodeling. 

The general simulation procedure will be first introduced. Then, the construction of FE 

femur models including the clinical model and the initial model for simulations will be 

described. Following that was the discussion about the loading and constraint conditions. 

The mathematical formulation of the remodeling rule will be introduced and the modifi-

cation process of femur BMD will be explained step by step. At the end of this chapter, 

the convergence criterion and the method of comparing simulated results with the clinical 

model will be described.  
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3.1 The General Simulation Procedure 

The general procedure for the simulation of femur adaptive remodeling based on the fi-

nite element method is shown in Figure 3-1 and will be explained step by step in the fol-

lowing. The four stimuli (strain energy density, von-Mises stress, tensile stress, and com-

pressive stress) were used as the feedback controller respectively to perform the simula-

tion, which shared a similar procedure. At the beginning, a 3D femur FE model was es-

tablished based on the geometric information from the clinical QCT scans. The material 

properties of all elements were then manually set to the same value to create a hypothet-

ical homogeneous model of femur bone. The same loading and boundary conditions were 

applied during the simulation of the adaptive remodeling process. The finite element 

analyses were than performed in ANSYS to obtain the stress and strain of each element. 

Based on the elemental solutions from ANSYS, the distribution of SED, von-Mises stress, 

and tensile/compressive stress can be obtained. According to the remodeling rate equa-

tions which will be discussed in Section 3.4.1, the material properties of each element 

would be modified, and the change of the Young's modulus and BMD of each element 

would be obtained. This way, a new BMD distribution can be obtained. In order to per-

form multi-time iterations to predict the results of long term adaptive remodeling, these 

steps were executed repeatedly until the convergence was achieved. The simulated BMD 

distributions were than compared with the QCT measured BMD. 
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Figure 3-1 The proposed simulation procedure for femur adaptive remodeling  

3.2 Construction of Finite Element Models of 

Femur 

This section will (1) briefly introduce the element ‘SOLID 72’ which was used in AN-

SYS; (2) describe the establishment of the clinical FE femur model, as well as the process 

of assigning material properties; (3) describe the establishment process of the initial FE 

model with homogeneous BMD, which was used for iteration simulations.  

3.2.1 SOLID72 in ANSYS  

In the present study, the element SOLID72 was used within the ANSYS software. SOLID72 

is a 4-node linear tetrahedral element that is well developed, and is competent in simulating 

complex and irregular geometric models. The element is defined by four nodes and has six 
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degrees of freedom at each node. The six degrees of freedom includes the translations in the 

nodal x, y, and z axis and the rotations about the nodal x, y, and z axis. The element also has 

the ability to assess stress stiffening capability [84]. The geometry, the coordinate system, 

and the node locations for this element are shown in the Figure 3-2. 

 

Figure 3-2 SOLID72 element [84] 

3.2.2 Clinical FE Model  

Using an in-house developed computer program, a clinical FE model of femur was built 

based on the geometric and material data extracted from the clinical QCT scans. This 

model was used as the standard model which the simulated results would be compared 

with. The establishment process is explained in detail in the following.  

 

The 3D clinical model was constructed according to the data extracted from a patient’s fe-

mur QCT images which were acquired from the Winnipeg Science Health Centre (Winnipeg, 

MB) anonymously under human research ethics approval. A set of scanned QCT images 

were stored in the format of DICOM. Each voxel in the QCT scans was assigned a grey scale 

that was expressed by a bone density related parameter called the Hounsfield Unit (HU) [85, 

86]. The original QCT images [82] were imported to Mimics (Materialise, Leuven, Belgium) 
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for segmentations and construction of the femur 3D geometric model. The FE mesh was also 

generated in Mimics by using the ‘3-matic module’. The finite element mesh including the 

information on nodes and elements which was then imported to ANSYS for the reconstruc-

tion of the 3D geometric femur model.  

 

In order to assign material properties to the clinical model, the information on the material 

properties of the bone were extracted from the QCT data using a mathematical relationship 

between the QCT numbers and the mechanical properties of the bone [87]. The femur is 

composed of the cortex and cancellous bone [88], which are anisotropic and inhomogene-

ity materials [89]. Due to the complexity of this material, in this study the femur is sim-

plified as an inhomogeneous and isotropic material [90]. According to the HU number, 

the ash density of bone ( ash ) was determined by the following empirical equation [87, 

91]: 

30.04162 0.000854 ( / )ash HU g cm                                          (3.1) 

Based on the bone ash density, Keller et al. [108] derived the following equation to as-

sign the Young’s modulus (E) to the model: 

2.29

ash10500 ( )E MPa                                                       (3.2) 

This study considered the Poisson’s ratio ( 0.4v  ) as fixed [92, 93]. For the assignment 

of material properties, elements were grouped into several discrete material bins which 

were used to approximate the continuous distribution of the mechanical properties of the 

inhomogeneous bone. Based on a convergence study conducted by a fellow group mem-

ber [82], 50 discrete material bins were considered effective enough to assign the inho-

mogeneous mechanical properties to the femur. The established clinical 3D FE model of 
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the femur bone is shown in Figure 3-3. The created model could be revolved from any di-

rection and observed from any angle, which was particularly vivid and had good repro-

ducibility. It could also take full advantage of the geometry modality and the material 

characteristic information extracted from the femur QCT data.  

 

Figure 3-3 3D FE clinical model of femur bone 

3.2.3 Initial FE Model for Iteration Simulation 

An FE model of femur with an uniform BMD distribution was rebuilt, which was used as 

the initial model to do the adaptive remodeling simulations. This hypothetical homogene-

ous model of femur was build based on the established geometric model mentioned in 
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Section 3.2.2 but without any material property information. The material properties were 

assigned by manually set material properties of all elements as uniform values. These 

values were determined by the average material property values of all elements in the 

clinical model. The initial assumed homogeneous material properties were: bone density 

of 30.58 /g cm , Young’s modulus of 3001.47MPa , and Poisson ratio of 0.4. This model 

consisted of 12623 nodes and 56558 solid tetrahedron elements. This initial finite ele-

ment model of the femur that was used to perform the simulations is shown in Figure 3-4.  

3.3 Consideration of Habitual Physiological 

Loading and Constraint Conditions 

It was very important to precisely apply the loading and boundary conditions when per-

forming simulations. In Chapter 2, it was described that the body weight and muscle 

forces are the major source of the loads along the femur. The loading condition in our 

simulations was approximated by three loads representing an equivalent daily loading 

case. It consisted of a distributed joint force acting on the femur head (Pink Arrow in 

Figure 3-4), the muscle force induced from the abductors (Purple Arrow in Figure 3-4), 

as well as the muscle force induced from the vastus lateralis (Yellow Arrow in Figure 3-

4). The muscle force from the abductors was applied at the greater trochanter, and the 

muscle force from the vastus lateralis was applied just beneath the greater trochanter. In 

the FE model, the forces were not applied at a single point but distributed over a small ar-

ea. This is because a point force will cause stress concentration, and therefore results in 

an abnormal bone density [94]. The joint force was set at F=2012.68N, the muscle force 
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induced from abductors at N=1139.7N, 29.5   , the muscle force induced from vastus 

lateralis at R=214N, and the femur was fixed at the distal end [92, 95]. All the loading and 

boundary conditions were applied using ANSYS Parametric Design Language (APDL) codes. 

These loading and boundary conditions are a relatively accurate simulation of the real 

loading circumstances according to the literature [96, 97].  

 

Figure 3-4 The initial FE model with homogeneous BMD and loading/constraint condi-

tions 
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3.4 Modification of Bone Mineral Density  

3.4.1 Mathematical Description of Bone Remodeling  

The bone remodeling is due to the deposition and re-sorption at the bone matrix and is 

viewed as a variation of the bone mineral density. The remodeling rate equations are used 

to describe the adaptive remodeling mechanism mathematically. Remodeling rate equa-

tions specify the rate of change of the bone’s material properties as a function of bone 

remodeling stimulus which drives the variation in bone density. The remodeling rate 

equations include 2 parts: remodeling equilibrium and the rate equations [98]. When 

there is no deposition or re-sorption of the bone tissue, which means the remodeling rate 

is 0, the femur is considered in the remodeling equilibrium state. The final stable struc-

ture would be achieved if the bone reaches the equilibrium state of remodeling. 

 

In a previously reported research, the rate of the change of bone density has been shown 

to be equated to a linear function dependent on the density   and on the mechanical 

bone remodeling stimulus at concerned point X [98]. However, Carter et al. [99] suggest-

ed that bone is a ‘lazy structure’, which means a certain threshold must be exceeded be-

fore bone can initiate its remodeling process. Therefore, a linear relation between the re-

modeling rate and the stimulus is not adequate to describe the remodeling process fully 

[99]. Huiskes et al. applied this ‘lazy structure’ concept and proposed a tri-linear remod-

eling rate equation [6]. In his equation, the rate of adaptation is proportional to a constant 

C , which means the bone has the same remodeling rate for both deposition and re-

sorption [6].  This is illustrated in Figure 3-5. 
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Figure 3-5 Remodeling rate equation 

However, based on reported research and clinical observations, the deposition and re-

sorption of the bone material are believed to be at different rates [100-102]. The rate of 

re-sorption of the bone material may slightly faster than the rate of deposition, especially 

for elderly people. Therefore, an alternative method is proposed to better describe the re-

modeling rates, which is illustrated in Figure 3-6. 
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Figure 3-6 Improved remodeling rate equation 

Applying this theory with finite element method, the mathematical formulation for the 

adaptive remodeling in each element can be expressed as: 
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In the above equation,   is the site-specific stimulus in each element; b  is the balanced 

stimulus also known as the homeostatic stimulus of the model; E  is the Young’s modu-

lus in the element concerned; i  is the element number in the FE model; s  is the half-

width of the ‘lazy zone’;
 1C

 
and 2C  are constants that relate to the remodeling rates; t  

corresponds to a numerical time step which represents the iteration times. The balanced 

stimulus is determined as the average stimulus over all elements in the model. The differ-

ence between the site-specific stimulus and the balanced stimulus is assumed to be the 

driving stimulus for the adaptive remodeling. When (1 ) bs    or (1 ) bs   , the adap-

tive remodeling activity is initiated. To determine the material changes, the remodeling 

rates are integrated using forward Euler integration with a constant numerical time 

step t . Thereby the change of elastic modulus can be obtained: 
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                 (3.4) 

The constant s, 1C
 
, and 2C  vary among people of different races, occupations, living en-

vironments, and varying habits. Since values for these constants are unknown, they were 

determined by adjusting those values reported in the literature [98, 103]. In order to en-

sure the stability of the iteration process, the numerical time step t  needed to be ade-

quately small. This problem was solved by empirically selecting values for 1t C   and 

2t C   after a trial run for each specific simulation. The value of 1t C   was set at 1520 
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and 2t C  was set at 300. The half-width of the ‘lazy zone’ s was set at 5% based on the 

empirical value from the work performed by Scott J. et al.[103]. These empirical values 

do not have impact on the final results and they only influence the iteration times needed 

to reach a convergence. Then, based upon the relation between Young’s modulus and 

BMD, the BMD distribution can be determined following each iteration. For the iteration 

simulations in this study, a range of bone densities were considered. The upper and lower 

limits of the densities were given as 31.56 /g cm  and 30.01 /g cm  in accordance with the 

clinical sample from Winnipeg Science Health Centre (Winnipeg, MB). 

3.4.2 Modification of BMD Based on a Stimulus 

The procedure of modifying the BMD based on a stimulus will be explained step by step 

in the following. SED, von-Mises stress, tensile stress, and compressive stress were used 

respectively to perform the femur adaptive remodeling simulation. They all shared a quite 

similar procedure. At the beginning, the initial FE model of femur was applied with the 

same loadings and constraint, which was described in Section 3.3. The model with the 

applied loading and boundary conditions was then input to the solver of ANSYS to obtain 

the stress and strain of each element. Von-Mises stress, tensile/compressive stress and 

SED were calculated. Based on the adaptive remodeling theory, the material properties of 

each element are modified in order to adapt to the new stress environment. In the simula-

tion based on SED, the average SED value of all elements was calculated and set as the 

homeostatic SED of each iteration. Similarly, in the simulation based on other stimuli, the 

average values of von-Mises stress, tensile stress, and compressive stress were calculated 

and set as the homeostatic von-Mises stress, tensile stress, and compressive stress respec-
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tively. Based on the remodeling rate equation (Equation 3.4) and the difference between 

the actual stimulus and the homeostatic stimulus (the calculated homeostatic SED, von-

Mises stress, tensile stress, and compressive stress), the change in the Young's modulus 

of each element could be calculated. After that, according to the relationship between the 

Young's modulus and BMD, the new BMD of each element could be obtained. In ac-

cordance with the new BMD of each element, the new number of material bin for each 

element can be determined. This way, the new numbers of material bins can be assigned 

to the individual elements, and the updated BMD distribution can be obtained. In order to 

perform multi-time step iterations to predict the results of long term adaptive remodeling, 

these steps were executed repeatedly. This procedure was all performed with ANSYS and 

the Parametric Design Language (APDL) was used to write the code. According to the 

procedure outlined above, the adaptive remodeling simulations were conducted automati-

cally by the developed APDL code, and the procedure was repeated until the convergence 

was achieved. The APDL code for this remodeling simulations can be found in Appendix 

A. 

3.5 Measurement of BMD Variation and Itera-

tion Convergence Criterion 

In order to measure the BMD variation and monitor the convergence, a parameter  was 

introduced, which represented a relative mass change of the model between each iteration. 

The parameter   was used to monitor if a convergence had been reached or not. The pa-

rameter  can be expressed as follows: 



3. Iterative Finite Element Simulation of Femur Remodeling   33 

 

1

1

1

1 1

=

( ) / 2

i

i i

N
I I

i i
V

i

N N
I I

i i
V V

i i

dV

dV dV

 



 







 



  



  
                                     (3.5) 

where iV  is the volume of element i , I

i  is the density of element i  in iteration I , N  is 

the total number of elements. Therefore, 1I I

i i   is the absolute difference of density 

for element i  between iteration I  and iteration 1I  . The convergence parameter  indi-

cates the relative mass change in percentage for the whole model.  

3.6 Comparison of Simulated BMD and QCT-

measured BMD 

In order to compare the simulated BMD with the clinically measured BMD comprehen-

sively, two comparison criteria were introduced. These criteria includes: (1) the averaged 

relative density difference of all elements between simulated model and the clinical mod-

el, which was expressed as  ; (2) the mass difference between simulated model and the 

clinical model, including the absolute mass difference and the relative mass difference,  

which were expressed as 
A

mass  and 
R

mass . These comparison criteria provide intuitive 

measurements to quantitatively assess the degree of similarity between the simulated 

BMD and the QCT measured BMD from different aspects.  
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The averaged relative density difference of all elements Den  is defined as the ratio of the 

sum of the relative difference between the density of each element in the simulation re-

sults and in the clinical model, to the total number of element. Den can be expressed as: 
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The absolute mass difference between the simulated model and the clinical model can be ex-

pressed as: 
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The relative mass difference between the simulated model and the clinical model can be ex-

pressed as: 
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In the above equations, s

i
 
is the density of the element i   in the simulated models, 

i

c  is 

the density of the element i   in the clinical model, therefore s

i i

c  is the absolute dif-

ference of density for element i  between simulated model and the clinical model, iV  is 

the volume of element i , and N is the total number of elements. The Equations (3.6-3.8) 

indicate that larger values of Den , 
A

mass  and 
R

mass  represent lower similarity.  
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Chapter 4 

Results and Discussions  

Simulations based on the four stimuli (strain energy density, von-Mises stress, tensile 

stress, and compressive stress) were performed following the procedure explained in Sec-

tion 3.4.2 and by the APDL codes illustrated in Appendix A. When the constraint and 

loads were applied, high stimulus areas occurred in some regions initially. The stimulus 

re-distributed as the material properties of the femur changed. These stimulus redistribu-

tions lead to different rates of bone remodeling in different regions. Figure 4-1, Figure 

4-7, Figure 4-12, and Figure 4-13 show these adaptation processes. In some regions, the 

mechanical stimulus was below the ‘lazy zone’ so the bone mineral density (BMD) in 

these regions decreased with iterations. On the contrary, BMD increased with iterations 

in regions undergoing high stimuli. As BMD increased, more loads would be carried by 

these regions. This lead to a positive feedback loop, i.e. under constant loads, some parts 

of the bone got stronger and stronger as iterations went on, and vice versa. 
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4.1 Simulation of Femur Remodeling Based on 

Strain Energy Density  

For this simulation, the initial configuration was the FE femur model with an uniform 

BMD described in Section 3.2.3. Using the in-house developed APDL program illustrated 

in Appendix A, the BMD and Young’s modulus per element was iteratively adapted based 

on the difference between the actual SED and the homeostatic SED. The homeostatic 

SED was determined as the average SED over all elements in each iteration. At the be-

ginning of the simulation, an area undergoing high SED formed near the lower shaft ini-

tially, with the maximum SED approximated to -6 34.3 10 /J cm . This is shown in Figure 

4-1(a). However, both the proximal femur and the distal end had quite low SED values 

which were around -6 30.4 10 /J cm . The SED redistributed as the material properties of 

the bone changed. Figure 4-1(b) shows the SED distribution following 21 iterations. Ac-

cording to the convergence study in section 4.1.1, the convergence had been achieved at 

this moment and the model had reached a converged status. At this time, the SED was 

almost evenly distributed (U  ranged from about 6 30.2 10 /J cm  to 6 30.42 10 /J cm ) 

throughout the whole femur, with the SED on the femur shaft slightly higher than other 

regions. 
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` 

                               (a)                                                                 (b) 

Figure 4-1 SED distribution following (a) the first iteration (b) the 21
th

 iteration 

4.1.1 Convergence Study for Simulation Based on SED  

The change of total mass of the femur model in the simulation based on SED is shown in 

the Figure 4-2. The convergence parameter  was monitored for the FE simulation in 

which the SED was used as the feedback stimulus (Figure 4-3). It was found that the rela-

tive mass change increased dramatically from the first iteration to the 7
th

 iteration, mean-

ing that the femur adapted to the new stress environment intensely at this period. After 

that the convergence parameter  decreased rapidly. This process continued and after 

approximately 21 iterations, a convergence was achieved. The following Figure 4-3 

shows the convergence study of the femur remodeling simulation based on SED. 
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Figure 4-2 Change of total mass of the femur in the simulation based on SED 

 

 

Figure 4-3 Convergence study of the simulation based on SED 
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4.1.2 Prediction of BMD Distribution on Femur Surface Based 

on SED 

The BMD prediction on femur surface in the simulation of femur adaptive remodeling 

based on SED is illustrated in Figure 4-4. After the constraint and loads were applied, the 

femur began to modify itself and adapt to its new stress environment. In accordance with 

the SED distribution following the first iteration (Figure 4-1(a)), the femur formed a new 

BMD distribution from its original uniform BMD, as shown in Figure 4-4(a). Bone was 

removed from the low SED areas and gained in the high SED areas. Major high BMD ar-

eas occurred in the front and back of the shaft, and in parts of the proximal femur where 

the loads were applied. The densities in the mid-shaft region were slightly higher than 

other regions (Figure 4-4(a)). Whereas, the femur head and the distal end had the lowest 

SED. Therefore, a low BMD was predicted in these regions. After the first iteration, the 

maximum density was increased from 30.58 /g cm  to 30.64 /g cm , and the minimum densi-

ty was decreased from 30.58 /g cm  to
30.55 /g cm . As iterations went on, high SED areas 

got stronger and low SED areas got weaker. This process continued as showed in Figure 

4-4 (b). Following the 10
th

 iteration, the maximum density increased all the way to 

30.91g/cm  and the minimum density decreased to 30.28g/cm . Following 15 iterations, 

dense bones formed in the lower shaft with a density about 30.97g/cm  (Figure 4-4(c)). In 

the meantime, the bone at the femur head and the distal end kept decomposing, reducing 

the minimum density to as low as 30.19g/cm . After 21 iterations, as known in Section 

4.1.1, the convergence was achieved and the bone reached a homeostatic configuration 

(Figure 4-3).  In this final configuration, some parts of the lower shaft region was covered 
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by the cortical bones which had a density of 31.56g/cm  (Figure 4-4(d)). At the same time, 

the lesser trochanter and the greater trochanter had densities around 30.3g/cm . 

 

When compared with the obtained clinic model (Figure 3-3), this simulation predicted 

very similar BMD distribution with the clinic model in the regions of the lower shaft, the 

lesser trochanter, and the greater trochanter. In our prediction, the upper shaft had a BMD 

around 30.65g/cm . This was slightly lower than the value in clinical model, which is 

from 30.9g/cm  to 31.04g/cm . In the medial and lateral epicondyle regions, both our simu-

lation and the clinic model had densities around 30.3g/cm , which means our simulation 

predicted well in these regions. In the nearby patellar groove and the condyle, the bones 

were almost removed completely in our prediction. However, according to the clinic 

model (Figure 3-3), these regions should have a BMD around 30.15g/cm . The same prob-

lem existed in the prediction on femur head where the predicted BMD had some devia-

tions from the clinical data. 
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                             (a)                                                                   (b) 

 

 (c)                                                                    (d) 

Figure 4-4 BMD distribution on femur surface following (a) 1 iteration (b) 10 iterations (c) 

15 iterations (d) 21 iterations based on SED 
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4.1.3 Prediction of BMD Distribution in Internal Femur Based 

on SED 

The prediction of BMD distribution in internal femur is shown in Figure 4-6. At the be-

ginning of the simulation, in the regions of the shaft center, the femur neck, parts of the 

femur head, and the distal end, bones were removed quickly and the BMD reduced from 

30.58g/cm to about 30.56g/cm (Figure 4-6(a)). The forming of the medullary canal can be 

noticed following the 10
th

 iteration (Figure 4-6(b)). In the meantime, more bones in the 

proximal and distal femur were removed, reducing their BMD to about 30.35g/cm . How-

ever, the bones in the shaft region formed a dense shell with a maximum density of 

30.91g/cm  (Figure 4-6(b)). This process continued until the 15
th

 iteration when the max-

imum density of the bones increased to 30.97g/cm and the minimum density decreased to 

30.19g/cm  (Figure 4-6(c)). The predicted final configuration is shown in (Figure 4-6(d). 

The Ward's triangle was formed inside the femur head and the femur neck, with a maxi-

mum density of 31.56g/cm . The medullary canal was enlarged and the bones inside of the 

intramedullary canal were almost removed completely. Meanwhile, the bones in the fe-

mur shaft had higher BMD compared with previous iterations.  

 

In a qualitative sense, the final configuration was similar to the BMD distribution shown 

in a roentgenogram of a femur (Figure 4-5). We can notice that almost all important as-

pects of a real femur can be recognized: the Ward's triangle, the cortical shells, as well as 

the medullary canal. One need to be noted is that all this information was based on graph-

ical comparison. 
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Figure 4-5 Ward's triangle [9] 
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(a)                                                    (b) 

                   

(c)                                                       (d) 

Figure 4-6 BMD distribution in internal femur after (a) 1 iteration (b) 10 iterations (c) 

15 iterations (d) 21 iterations based on SED 
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4.2 Simulation of Femur Remodeling Based on 

von-Mises Stress 

For the simulation of femur remodeling based on von-Mises stress, the initial configura-

tion was also the FE femur model with an uniform BMD described in Section 3.2.3. Us-

ing the in-house developed APDL program illustrated in Appendix A, the BMD and the 

Young’s modulus per element were iteratively adapted based on the difference between 

the actual von-Mises stress and the homeostatic von-Mises stress. The homeostatic von-

Mises stress was determined as the average von-Mises stress over all elements in each it-

eration. Figure 4-7 shows the adaptation process reflected by the change of the von-Mises 

stress distribution following iterations. Similar to the simulation based on SED, when the 

constraint and loads were applied, areas undergoing high von-Mises stress formed near 

the front and back of the lower shaft initially, with a maximum von-Mises stress approx-

imate to 115 aMP  (Figure 4-7(a)). The von-Mises stress decreased along the femur shaft 

upward and downward. In the meantime, both the proximal femur and the distal end had 

the lowest von-Mises stress (Figure 4-7(a)). The von-Mises stress redistributed as the ma-

terial properties of the bones changed. Figure 4-7(b) shows the von-Mises stress distribu-

tion following 32 iterations. According to the convergence study in section 4.2.1, the 

convergence had been achieved at this moment and the model had reached a converged 

status. At this time, the von-Mises stress was almost evenly distributed throughout the 

whole femur. 
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                                (a)                                                                      (b) 

Figure 4-7 Von-Mises stress distribution following (a) the first iteration (b) the 32
th

 itera-

tion 

4.2.1 Convergence Study for Simulation Based on von-Mises 

Stress  

The change of total mass of the femur model in the simulation based on von-Mises stress 

is shown in the Figure 4-8. The convergence parameter  was also monitored for the FE 

simulation in which the von-Mises stress was used as the feedback stimulus (Figure 4-9). 

It was found that the relative mass change increased from the first iteration to the 13
th

 it-

eration, meaning that the femur adapted to the new stress environment intensely at this 

period. After that the convergence parameter decreased rapidly following the 14
th

 and the 

15
th

 iteration, and there was a small fluctuation at around 26
th

 iteration. Following ap-
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proximately 32 iterations, the convergence was achieved. The following Figure 4-9 

shows the convergence study of the femur remodeling simulation based on von-Mises 

stress with iteration increments. 

 

 Figure 4-8 Change of total mass of the femur in the simulation based on von-Mises stress 

 

Figure 4-9 Convergence study of the simulation based on von-Mises stress 
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4.2.2 Prediction of Density Distribution on Femur Surface 

Based on von-Mises Stress 

Figure 4-10 shows the prediction of BMD on femur surface in the simulation of femur 

adaptive remodeling based on von-Mises stress. The femur began to adapt to its new 

stress environment after the constraint and the loads were applied. In accordance with the 

von-Mises stress distribution following the first iteration (Figure 4-7(a)), the femur 

formed a new BMD distribution from its original uniform BMD, as shown in Figure 

4-10(a). This von-Mises stress distribution lead to different rates of bone remodeling in 

different regions. Major high BMD areas occurred in the front and back of the shaft, with 

the maximum density approximate to 30.61g/cm . In the meantime, the femur head and 

the distal end had the lowest BMD which was 30.55g/cm (Figure 4-10 (a)). As iterations 

went on, the areas undergoing high von-Mises stress got stronger and the areas undergo-

ing low von-Mises stress got weaker. This process continued as showed in Figure 4-10 

(b). Following the 10
th

 iteration, the maximum density increased to 31.00g/cm (Figure 

4-10 (b)). In the meantime, BMD in the proximal femur and the distal end decreased rap-

idly (Figure 4-10 (b)). The femur neck had a BMD around 30.23g/cm , the femur head 

and the distal end had a BMD about 30.12g/cm  (Figure 4-10 (b)). After 15 iterations, as 

shown in Figure 4-10 (c), the entire shaft region had been covered by bones whose densi-

ties were larger than 30.87g/cm . As known in section 4.2.1, the convergence was 

achieved following 32 iterations and the bone had reached a homeostatic configuration at 

this moment. In this final configuration, some cortical bones that located near the lower 

and upper shaft regions had a density of 31.56g/cm (Figure 4-10(d)). The bones that had a 
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density of 31.56g/cm were also observed in the region which is under the femur head, near 

the less trochanter. 

 

When compared with the obtained clinic model (Figure 3-3), this simulation predicted a 

similar BMD distribution with the clinic model in the region of lower shaft. The predict-

ed BMD in the upper shaft was slightly higher than the clinic model. In the distal end, es-

pecially the patellar groove and the condyle, the bones were almost removed completely 

in this prediction. However, according to the clinic model (Figure 3-3), these regions 

should have a BMD around 30.15g/cm . This simulation also predicted poorly in the fe-

mur head and femur neck. In these regions, our prediction had large deviations from the 

clinical data. 
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                                  (a)                                                                      (b) 

 

(c)                                                                    (d) 

Figure 4-10 BMD distribution on femur surface following (a) 1 iteration (b) 10 iterations (c) 

15 iterations (d) 32 iterations 
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4.2.3 Prediction of Density Distribution in Internal Femur 

Based on von-Mises Stress 

The prediction of BMD distribution in internal femur based on von-Mises stress is shown 

in Figure 4-11. At the beginning of the simulation, the bones in the center of shaft, the 

femur neck, parts of the femur head, and the distal end were removed quickly. After the 

first iteration, the BMD of these regions reduced from 30.58g/cm to 30.55g/cm (Figure 

4-11(a)). The outer layer of the shaft became denser and had a maximum density of 

30.61g/cm . The forming of the medullary canal can be noticed initial at this time (Figure 

4-11(a)). Following the 10
th

 iteration (Figure 4-11(b)), more bones in the proximal femur 

and the distal end were dissolved, reducing their BMD to about 30.12g/cm . At this time, 

the medullary were more clearly observed (Figure 4-11(b)). The dense shell in the shaft 

region increased its density to up to 31.00g/cm (Figure 4-11(b)). This process continued 

until the 15
th

 iteration (Figure 4-11 (c)), when the BMD of the bones in the shell of the 

shaft increased and had a maximum density of 31.56g/cm . As known from section 4.2.1, 

the convergence was achieved following the 32
th

 iteration. The final configuration of the 

BMD distribution (Figure 4-11(d)) kept a same pattern with the figure obtained from the 

15
th

 iteration (Figure 4-11(e)). However, more bone lost was found in the lower part of 

femur neck and the distal end. The BMD distribution in the outer layer of the shell in the 

femur shaft was also different compared with previous iterations (Figure 4-11(c) and Fig-

ure 4-11(d)).  
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Comparing the final configuration with the clinic model, some important characteristics 

of a real femur can be noticed, like the cortical shells and the medullary canal. However, 

in the proximal femur, severe bone loss was found, especially in the femur head region. 

The Ward’s triangle was not predicted either. In a qualitative sense, the prediction of the 

BMD distribution based on von Mises stress had some basic similarities with the clinic 

model, but lacked accuracy. 
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                          (a)                                                            (b)                                        

                         

           (c)                                                            (d)                                           

Figure 4-11 BMD distribution in internal femur after (a) 1 iteration (b) 10 iterations 

(c) 15 iterations (d) 32 iterations based on von-Mises stress 
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4.3 Simulations of Femur Remodeling Based on 

Tensile Stress and Compressive Stress 

Because the simulations of femur remodeling based on tensile stress and compressive 

stress were quite similar, these two simulations will be illustrated together.  For the simu-

lations of femur remodeling based on tensile stress and compressive stress, the initial 

configuration was the same for both of them, which was the FE femur model with an uni-

form BMD described in Section 3.2.3. Using the in-house developed APDL program il-

lustrated in Appendix A, the BMD and Young’s modulus per element was iteratively 

adapted based on the difference between the actual tensile stress  (or compressive stress) 

and the homeostatic tensile stress  (or homeostatic compressive stress). The homeostatic 

tensile stress (or homeostatic compressive stress) was determined as the average tensile 

stress (or compressive stress) over all elements in each iteration. Figure 4-12 and Figure 

4-13 show the adaptation process reflected by the change of the tensile stress and the 

compressive stress respectively. As shown in Figure 4-12(a), when the constraint and 

loads were applied, an area undergoing high tensile stress formed in the back of femur 

shaft initially, with a maximum tensile stress of 141.37 aMP . The tensile stress decreased 

along the femur shaft upward and downward (Figure 4-12(a)). In the opposite manner, 

when the constraint and loads were applied, an area undergoing high compressive stress 

formed in the front of femur shaft initially, with a maximum compressive stress of 

150.59 aMP  (Figure 4-13(a)). The tensile stress and the compressive stress redistributed 

respectively as the material properties of the bone changed. Figure 4-12(b) shows the ten-

sile stress distribution following 26 iterations, and Figure 4-13(b) shows the compressive 
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stress distribution following 25 iterations. According to the convergence studies in Sec-

tion 4.3.1, the convergence of each simulation had been achieved and the models had 

reached converged status. As shown in Figure 4-12(b) and Figure 4-13(b), the tensile 

stress and compressive stress were almost evenly distributed throughout the whole femur 

after the convergences were achieved. 

 

                                 (a)                                                                      (b) 

Figure 4-12 Tensile stress distribution following (a) the first iteration (b) the 26
th

 iteration 

based on tensile stress 
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(a)                                                                         (b) 

Figure 4-13 Compressive stress distribution following (a) the first iteration (b) the 25
th

 it-

eration based on compressive stress 

4.3.1 Convergence  Study for Simulations Based on Tensile 

Stress and Compressive Stress  

The convergence parameter  was monitored for the FE simulation in which the tensile 

stress was used as the feedback stimulus (Figure 4-15). It was found that the relative mass 

change increased slowly from the first iteration to the 11
th

 iteration and then increased 

dramatically until 14
th

 iterations. After that the convergence parameter  decreased rap-

idly. After the 16
th

 iteration, the convergence curve showed a smooth evolution of the 

relative mass change. The process continued and following about 26
th

 iteration, the con-
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vergence was achieved. The following Figure 4-15 shows the convergence study for the 

simulation based on tensile stress.  

 

Figure 4-14 Change of total mass of the femur in the simulation based on tensile stress 

 

 

Figure 4-15 Convergence study for the simulation based on tensile stress 
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Figure 4-16 Change of total mass of the femur in the simulation based on compressive 

stress 

 

 

Figure 4-17 Convergence study for the simulation based on compressive stress 
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The convergence parameter  was also monitored for the FE simulation in which the 

compressive stress was used as the feedback stimulus (Figure 4-17). This convergence 

study was quite similar to the previous convergence study in which the tensile stress was 

used as the feedback stimulus. The biggest relative mass change occurred following the 

13
th

 iteration and the 14
th

 iteration. After that, the convergence parameter decreased rap-

idly. The final convergence was achieved following approximately 25 iterations, which 

can be found in Figure 4-17. 

4.3.2 Prediction of BMD Distribution on Femur Surface Based 

on Tensile Stress and Compressive Stress 

Figure 4-18 and Figure 4-19 show the adaptive remodeling simulations based on tensile 

stress and compressive stress respectively for the prediction of BMD distribution on fe-

mur surface. After the constraint and the loads were applied, the femurs formed new 

BMD distributions from their original uniform BMD, as shown in Figure 4-18(a) and 

Figure 4-19(a). For the simulation based on tensile stress, major high BMD areas oc-

curred in the back of the shaft region, with a maximum density of 30.64g/cm (Figure 

4-18(a)). There was no dense bone formed in the front shaft. On the contrary, in the simu-

lation based on compressive stress, major high BMD areas were found in the front of the 

shaft (Figure 4-19(a)). In the back of the shaft, the BMD decreased to 30.55g/cm  (Figure 

4-19(a)). As iterations went on, the areas undergoing high stress got stronger and the are-

as undergoing low stress got weaker. This process continued as showed in Figure 4-18(b) 

and Figure 4-19(b). Following 10 iterations, the maximum density increased to 

30.71g/cm  and the density of the other regions decreased to 
30.51g/cm  in both of the 
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simulations (Figure 4-18(b) and Figure 4-19 (b)). In the simulation based on tensile stress, 

following the 15
th

 iteration, the areas with high BMD got stronger and the maximum den-

sity had reached to 31.33g/cm (Figure 4-18 (c)). Whereas, the density of the bones in other 

regions, including the front of femur shaft, the proximal femur, and the distal end had de-

creased to around 30.15g/cm  (Figure 4-18 (c)). In the simulation based on compressive 

stress, following the 15
th

 iteration, the area of high BMD regions enlarged compared with 

the figure obtained from previous iterations (Figure 4-19 (c)). At this time, the maximum 

density increased to 31.33g/cm  and the minimum density decreased to about 30.15g/cm  

(Figure 4-19 (c)). As known from the convergence study in Section 4.3.1, the conver-

gences were achieved following 26 iterations and 25 iterations respectively in the simula-

tion based on tensile stress and compressive stress.  In the final configuration of the simu-

lation based on tensile stress, large areas of cortical bones were formed in the back of fe-

mur shaft with a maximum density of 31.56g/cm (Figure 4-18(d)). The bones in all other 

regions were nearly completely absorbed. On the contrary, in the simulation based on 

compressive stress, it was the front of the shaft that had high BMD and was covered by 

large areas of cortical bones (Figure 4-19(d)).  

 

When compared with the obtained clinic model (Figure 3-3), both of these simulations 

only predicted roughly BMD distribution respectively in the front and back of femur 

shaft. Meanwhile, the predictions on the shaft region were lack of accuracy, and did not 

correspond well with the clinical model. Moreover, both of the simulations based on ten-

sile stress and compressive stress were failed to predict anything in the proximal femur 

and the distal end. 
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                              (a)                                                             (b) 

 

(c)                                                                (d) 

Figure 4-18 BMD distribution on femur surface following (a) 1 iteration (b) 10 itera-

tions (c) 15 iterations (d) 26 iterations based on tensile stress 
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                             (a)                                                                (b) 

 

(c)                                                                (d) 

Figure 4-19 BMD distribution on femur surface following (a) 1 iteration (b) 10 itera-

tions (c) 15 iterations (d) 25 iterations based on compressive stress 
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4.3.3 Prediction of BMD Distribution in Internal Femur Based 

on Tensile Stress and Compressive Stress 

The prediction of the BMD distribution in internal femur based on tensile stress is shown 

in Figure 4-20. At the beginning of the simulation, the outer layer on the back of the shaft 

became denser and had a maximum density of 30.64g/cm  (Figure 4-20(a)). Following 10 

iterations, the maximum BMD of these regions increased to 30.71g/cm , and the outer lay-

er became much thicker than before (Figure 4-20(b)). This process continued, following 

15 iterations, the bones in the high BMD regions got stronger and the maximum BMD 

increased to 31.33g/cm  as shown in Figure 4-20(c). In the meantime, the bones in other 

regions were dissolved continuously. In the final converged configuration as shown in 

Figure 4-20 (d), the BMD distribution shared a similar pattern with previous iterations 

but the maximum BMD of the bones in the lower shaft had reached to 31.56g/cm .  
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                                 (a)                                                        (b)                                             

                                

                                  (c)                                                        (d)                                            

Figure 4-20 BMD distribution in internal femur following (a) 1 iteration (b) 10 iter-

ations (c) 15 iterations (d) 26 iterations based on tensile stress 
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The prediction of the BMD distribution in internal femur based on compressive stress is 

shown in Figure 4-21. At the beginning of the simulation, the outer layer of the front 

shaft became denser. A thick layer of bones was formed in this region which had a max-

imum density of 30.64g/cm  (Figure 4-21(a)). Following the 10
th

 iteration, the maximum 

BMD of these parts increased to 30.71g/cm  and the minimum BMD of other regions de-

creased to 30.48g/cm (Figure 4-21(b)). Following the 15
th

 iteration, the bones in the outer 

layer of the front shaft become stronger and the maximum BMD increased to 31.33g/cm , 

but the thickness of this layer basically kept the same (Figure 4-21(c)). As known from 

the convergence study in section 4.3.1, the convergence was achieved following the 25
th

 

iteration. In this final configuration, the maximum BMD in the shaft region had reached 

to 31.56g/cm  but the bones in other regions were almost completely lost. 

 

Comparing these final configurations based on tensile stress and compressive stress with 

the clinic model, neither of the approaches predicted a continuous cortical shell around 

femur shaft. For both of the two simulations, none of the characteristics of a real femur 

could be recognized. Similar to their BMD predictions on femur surface, both the tensile 

stress and compressive stress only performed part of the job. They only predicted a corti-

cal layer in the front and back of the shaft respectively. 
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                                (a)                                                          (b)                                            

                                                                                         

(c)                                                           (d) 

Figure 4-21 BMD distribution in internal femur following (a) 1 iteration (b) 10 itera-

tions (c) 15 iterations (d) 25 iterations based on compressive stress 
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4.4 Comparison between Simulated Models and 

the Clinical Model 

In order to quantitatively assess the fidelity of the BMD predictions in the simulations 

based on the four stimuli, two kinds of similarity indices that described in Section 3.6 

were calculated. By using these three similarity indices, we can compare the simulated 

BMD with the clinically measured BMD comprehensively. The calculated results are 

shown in Table 1 and Table 2. For the averaged relative density difference of all elements 

between simulated models and the clinical model, as can be seen in Table 1, the similari-

ty index eD n of the model predicted by SED was much less than those obtained from 

other simulations. This means that the BMD prediction based on SED is most similar to 

the clinic model from the perspective of averaged relative density difference. The similar-

ity index eD n of the model predicted by von-Mises stress was larger than the similarity 

index obtained from the simulation based on SED, but less than these based on compres-

sive stress and tensile stress. This means that the BMD prediction based on von-Mises 

stress had higher overall similarity degree than the prediction based on compressive stress 

and tensile stress, but had less fidelity when compared with the models predicted by SED. 

The similarity index eD n of the predicted model based on compressive stress was larger 

than these based on SED and von-Mises stress, but smaller than the index based on ten-

sile stress. This means the BMD prediction based on compressive stress was less similar 

to the clinic model than the prediction based on SED and von-Mises stress, but better 

than the predictions based on tensile stress. Moreover, the similarity index eD n of the 
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predicted model based on tensile stress was the largest in all simulations, i.e. this predic-

tion had the lowest fidelity compared with other predictions. 

Table 1. Density difference  

Stimulus  Averaged relative density difference 

 Den  

SED 89.96% 

Von-Mises stress 106.57% 

Tensile stress 108.81% 

Compressive stress 108.79% 

 

The absolute mass difference of all elements between simulated models and the clinical 

model were calculated based on Equation 3.7 and Equation 3.8, and the results are 

showed in Table 2. Similar to previous discussions, the simulated model based on SED 

had the lowest mass difference with the clinical model when compared with other simula-

tions. The simulated model based on von-Mises had a higher value of mass difference 

than the simulation based on SED but less than these based on compressive and tensile 

stress. However, the simulated model based on tensile stress had the largest value of mass 

difference, which means that the simulated model based on tensile stress had the lowest 

similarity degree with the clinical model. 
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Table 2. Mass difference  

Stimulus  Absolute mass difference 

 
A

mass  

Relative mass difference 

R

mass  

SED 214.64g 64.24% 

Von-Mises stress 257.87g 77.18% 

Tensile stress 281.68g 84.31% 

Compressive stress 265.80g 79.60% 

4.5 Discussions 

Although the loading case implemented in the simulations was a simplification of the ac-

tual loading condition of a femur, the 3D FE remodeling simulations that were performed 

provided meaningful results. The converged configurations were used to compare the 

BMD predictions of the simulations based on SED, von-Mises stress, tensile stress, and 

compressive stress closely. The detailed explanations for the predictions compared with 

the clinic model have been made in Sections 4.1 - 4.3; only a brief comparison between 

the four predictions will be conducted in this section. In a qualitative sense, the BMD 

prediction based on SED had consistency with the clinic model and could predict almost 

all important aspects of a real femur. The simulation based on von-Mises stress could 

predict the bone structures in certain regions but the prediction lacked accuracy. Whereas, 

the simulations based on tensile stress and compressive stress could only predict a dense 

layer respectively in the femur shaft, and failed in all other regions, which means that 

their performances in the graphical comparison were very poor. In a quantitative sense, 

the calculated results of the three similarity indices illustrated in Table 1 and Table 2 show 
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that the simulation based on SED had the highest similarity degree with the clinic model, 

followed by von-Mises stress. However, the simulations based on compressive stress and 

tensile stress had low fidelity compared with the clinical model. Overall, considering the 

graphical comparison and the similarity indices calculations, the BMD distribution in the 

finite element model regulated by SED is the closest to the QCT measured BMD, fol-

lowed by von-Mises stress, then tensile stress and compressive stress.   
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Chapter 5 

Conclusions and Future Work  

5.1 Conclusions and Contributions  

A numerical model for simulating the femur adaptive remodeling was introduced and im-

plemented with finite element method. Although the applied loading condition was a 

simplification of the actual loadings, the three-dimensional femur remodeling simulations 

carried out have provided satisfactory results. The application of proposed remodeling al-

gorithm to a human femur showed that the bone structure could be predicted with rela-

tively good fidelity compared with the QCT based clinical femur model. When compar-

ing with the works of previous researchers, the inclusion of a more accurate FE femur 

model and an improved formulation of the remodeling rule with different remodeling 

rates has greatly contributed to the improvement of the accuracy of the predictions. The 

qualitative comparisons show that the simulation based on SED can predict the BMD dis-

tribution accurately and have a good consistency with the clinic model. The simulation 

based on von-Mises stress can predict the bone structures in certain regions, but the pre-

diction lacked accuracy. Whereas, the simulations based on tensile stress and compres-



5. Conclusions and Future Work   72 

 

sive stress can only predict a dense layer in femur shaft respectively and fail in all other 

regions. Meanwhile, the quantitative assessment showed that the BMD prediction based 

on SED has the highest overall degree of similarity with the BMD of clinic model. There-

fore, the BMD distribution in the finite element model regulated by SED is closest to 

QCT measured BMD, followed by von Mises stress, then tensile stress and compressive 

stress. It is thus concluded that SED is the dominant stimulus in regulating femur BMD. 

 

This study provides a base for further research about the prediction of bone mechanical 

properties, and promotes the applications of finite element method in biomechanics. This 

work shows that the computational adaptive bone remodeling simulation can be used as a 

powerful tool to mimic the growth of bone under different loading conditions. This meth-

od of simulating bone remodeling becomes more important when geometry, loading con-

ditions, and boundary conditions are in a complex manner. The proposed method could 

also be used in studying various mechanisms that contribute to the variation of bone den-

sity, for example bone strengthening (e.g. due to exercise) and weakening (e.g. due to 

ageing). Such method provides a robust and predictive tool to understand the bone-

stimulus interaction and can be adopted to evaluate the response of bone to different clin-

ical treatments. Moreover it would be greatly helpful to surgeries if the remodeling 

changing of bone could be predicted around the implanted prosthesis by adopting our 

proposed methodology to simulate the growth of the bone around the prosthesis. In this 

way, it would be helpful for the design of individualized hip prosthesis as well as pro-

vides a base for custom-made hip prosthesis research.  

 

The main contributions from the current study include: 



5. Conclusions and Future Work   73 

 

1. An improved formulation of the remodeling rule has been proposed and an algorithm 

has been introduced to simulate the femur adaptive remodeling.  

2. A semi-automatic FE analysis procedure simulating the femur adaptive remodeling is 

implemented using in-house APDL codes. The in-house developed APDL codes are 

able to simulate the femur remodeling process based on different stimuli and the in-

house developed MATLAB codes are able to automatically compare the simulation 

results with the clinic model and calculate the related similarity indices. 

3. The dominant stimulus that regulates femur BMD distribution has been determined 

by the iterative finite element simulations of the Wolff’s law. 

 

5.2 Future Work   

Although useful results have been produced numerically, there are a number of future 

works to improve and validate the proposed methodology. The suggested future works 

include: 

1. Taking consider into the factor of non-mechanical stimuli (calcium and vitamins etc.) 

to get a more accurate simulation of bone remodeling  

2. Extending the simulation to anisotropic model to simulate the femur remodeling  

3. Proposing nonlinear functions to better describe the remodeling rule mathematically   

4. Providing more accurate representation of the loading experienced during daily life. 
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