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ABSTRACT 

Predicting Bone Remodeling in Response to Orthopedic Implantations: Computational Study 

Using a Mechano-biochemical Model 
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degree of doctor of philosophy in the program of Mechanical Engineering 
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© Pouria Tavakkoli Avval, 2015 

 

Periprosthetic bone loss following orthopedic implantations is a serious concern leading to the 

premature failure of the implants. Therefore, investigating bone remodeling in response to 

orthopedic implantations is of paramount importance for the purpose of designing long lasting 

prostheses. In this study, a predictive bone remodeling model (Thermodynamic-based model) was 

employed to simulate the long-term response of femoral density to total hip arthroplasty (THA), 

bone fracture plating and intramedullary (IM) nailing. The ability of the model in considering the 

coupling effect between mechanical loading and bone biochemistry is its unique characteristic. 

This research provided quantitative data for monitoring bone density changes throughout the 

femoral bone. The results obtained by the thermodynamic-based model agreed well with the bone 

morphology and the literature. The study revealed that the most significant periprosthetic bone 

loss in response to THA occurred in calcar region (Gruen zone 7). Conversely, the region beneath 

the hip stem (Gruen zone 4) experienced the lowest bone mineral density (BMD) changes. It was 

found that the composite hip implant and IM nail were more advantageous over the metallic ones 

as they induced less stress shielding and provided more uniform bone density changes following 

the surgery. The research study also showed that, due to plating, the areas beneath the bone fracture 
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plate experienced severe bone loss. However, some level of bone formation was observed at the 

vicinity of the most proximal and distal screw holes in both lateral and anterior plated femurs. 

Furthermore, in terms of long-term density distributions, the anterior plating was not superior to 

the lateral plating. 
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NOMENCLATURE 

r  rate of th  reaction 

A
 affinity of th  reaction 

ijl  phenomenological coefficients 

jk  reaction rate coefficients 

(1)d  first invariant of strain rate tensor 

 iN  concentration of Ni 

[ ]iN  normalized concentration of Ni 

i  , 
i  stoichiometric coefficients of substance 

iN  entering and leaving th

reaction, respectively 

βi sum of the initial molar concentration of relevant substances 

δα ratio of the rate of αth reaction to the second reaction 

Ji flux of the ith substance 

Dα effect of the mechanical loading (an approximation of (1)d ) on the αth 

reaction 

t  time of loading 

(1)  trace of strain tensor 

( )S ref  reference strain rate  
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( )D ref
 influence of the reference strain rate on the αth reaction 

ρ bone density  

ρ0 initial bone density  

_Old BE  modulus of elasticity of old bone 

_New BE  modulus of elasticity of new bone 
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CHAPTER 1 : INTRODUCTION 

1.1. Motivation 

Artificial joint prostheses and fracture fixation devices are implanted in patients with diseased or 

damaged joints or fractured bones to lessen pain and restore the appropriate function. After about 

10 years of service, some serious complications such as bone infection and implant failure could 

happen which are mainly linked to the implant excessive micro-motion, the production of wear 

particles at the articular joint, and stress shielding at bone-implant interface. Metallic implants 

including hip implants and fracture fixation devices are much stiffer than bone, and thus carry a 

high amount of load compared to bone. Consequently, due to this abnormal load sharing, the bone 

around the implant is stress shielded which leads to bone loss, painful implant loosening and failure 

eventually. Therefore, considerable attention must be paid to such clinical cases through medical 

examinations such as dual energy X-ray absorptiometry (DEXA). However, it is not always 

possible to follow-up the long-term behaviour of the bone around the implants as follow up 

research is expensive and time consuming. Thus, it is important to develop and use mathematical 

models to predict bone remodeling and monitor the evolution of bone density after implantations 

to identify the risk of periprosthetic bone loss and improve the overall design of implants. To this 

end, many models have been developed, so far [1-5]. These models mainly fail to take into account 

the combined effect of metabolic factors and mechanical stimulus in bone remodeling process [4]. 

However, in the current study, a mechano-biochemical bone remodeling model (thermodynamic-

based model developed by [6] and modified by [7, 8]) was employed which links the mechanical 

factors to biological ones, to more realistically predict bone density changes in response to 

orthopedic implantations.  
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1.2. Thesis objectives 

The main objective of this research study is to adapt and use a previously developed mechano-

biochemical model (thermodynamic-based model developed by [6] and modified by [7, 8]) to 

predict bone density evolution before and after orthopedic implantations. Therefore, to accomplish 

the research study and achieve the main objective, the following sub-objectives were set out: 

1) Predicting bone remodeling in response to conventional metallic hip implant (CoCrMo) with 

the geometry of Stryker Exeter hip stem: size 2, offset 37.5 mm. 

2) Predicting bone remodeling in response to unconventional metallic (CoCrMo and Ti6Al4V) 

and composite (CF/PA12) hip implants developed by [9]. 

3) Predicting bone remodeling in response to hip implant (CoCrMo) and anterior or lateral plate 

(316L surgical-grade stainless steel) with the geometry of 8-hole Zimmer fixation plate, length: 

246 mm. 

4) Predicting bone remodeling in response to metallic (Ti6Al4V) and composite (CF/Epoxy) 

intramedullary (IM) nails with the geometry of Stryker T2 femoral nail, length: 420 mm. 

The research results can assist in improving the design of implants and monitor the risk of bone 

loss after orthopedic surgeries. Having an understanding of the long-term behaviour of implanted 

bones can help clinicians choose proper surgical techniques, and help bioengineers design more 

effective orthopedic implants. 
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1.3. Thesis outline 

The thesis consists of eight main chapters. Chapter 1 provides the motivation behind the research, 

its importance and the objectives set out to accomplish. Chapter 2 focuses on literature review of 

bone remodeling mathematical models. It explains the existing bone remodeling models and 

illuminates their pros and cons. Also, it introduces early works which investigated bone response 

to different orthopedic implantations. Chapter 3 provides the background knowledge about human 

anatomy including femur, hip joint, gait cycle and bone remodeling mechanisms. Since this 

research study focuses on bone response to orthopedic surgeries, the author provided readers with 

the background knowledge regarding different orthopedic implantations including THA, plating 

and IM nailing via chapter 4. Chapter 5 explains the thermodynamic-based model and its 

formulation process including modifying the law of mass action in order to incorporate the 

mechano-biochemical coupling into the model. It also introduces the power law relation between 

the bone density and elastic modulus [10] which was employed in the current study. Chapter 6 

provides readers with the development procedure of computer aided drafting (CAD) models, the 

details of finite element modeling including element types, material properties of the implants, 

boundary conditions, the algorithm of thermodynamic-based model, etc. In chapter 7, the results 

of the research study are presented, discussed and compared to the previous studies in the literature. 

Finally, in chapter 8, the thesis ends up with concluding the major findings of the study, 

introducing the limitations and suggesting paths for future work.  
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CHAPTER 2 : LITRATURE REVIEW 

2.1. Mathematical models 

Periprosthetic bone loss following orthopedic implantations is one of the most serious concerns 

compromising patient’s life quality and is believed to be the result of stress shielding and osteolysis 

induced by the presence of wear debris [11, 12]. Stress shielding caused by improper load sharing 

between bone and implant is associated with bone resorption and occurs through bone remodeling 

[4, 13-16]. The mechanism of bone remodeling was first postulated by Wolff’s law stating that the 

reduction of mechanical stress causes bone to adapt itself by reducing its mass [17-20]. In the case 

of total hip arthroplasty, severe mass reduction may cause loosening of the implant which leads to 

the failure of hip replacement. Eventually, this situation requires a revision surgery, which is more 

complicated than primary THA and has less satisfactory outcomes [21, 22].  

Periprosthetic bone loss is attributed to implant design [23, 24] and pre-operative bone quality 

[25]. Several experimental studies and computational models have been developed to understand 

the relationship between the mechanical loading and the functional adaptation of bone. Also, using 

dual energy x-ray absorptiometry (DEXA), many researchers have measured the bone mineral 

density (BMD) after implantation to investigate bone loss [25-28]. Since it is not always feasible 

to follow-up the long-term behaviour of the bone in response to implantation, it is important to 

develop realistic models to predict the bone evolution and thus monitor bone remodeling. To date, 

several bone remodeling theories [1-5, 18, 29-34] have been developed which can be classified 

into three categories of mechanical, mechanobiological and biochemical models whose 

characteristics are as follows [13]. 
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First, mechanical models predict bone adaptation based on mechanical stimuli, such as stress, 

strain and strain energy density, without considering biological factors [4, 30, 35]. In this category, 

the strain energy density based model (explained in section 2.1.1) is probably the most popular 

one which suggests that there is a range of strain (or strain energy density) values, so-called as the 

dead zone, where there is no bone remodeling. Strain (or strain energy density) below this range 

will cause bone resorption and strain (or strain energy density) above this range will initiate bone 

formation [4]. Another example of such models is developed by [30] which is based on cyclic 

energy dissipation as a measure of bone damage. According to this model, when damage is created 

during cyclic loading of the bone, a portion of the energy transferred during the loading phase is 

not recovered during the unloading phase. This energy is dissipated through some damage process 

such as the creation and extension of fracture surfaces. Therefore, the energy dissipated in a 

loading cycle can be used as a measure of the damage created during that cycle. In this model, the 

stimulus which initiates bone remodeling is formulated as proportional to the damage energy 

dissipation summed over all daily loading cycles. Although these models have been to some extent 

successful in predicting normal bone architecture, they have some major drawbacks, i.e. they use 

only mechanical signals to stimulate bone remodeling and fail to consider the underlying biological 

mechanisms that control bone remodeling.  

Second, mechanobiological models aim at taking into effect biological as well as mechanical 

factors responsible for bone remodeling. These models were initially introduced via Frosts’ 

mechanostat theory [1]. This theory states that bone adapts its strength to keep the strain caused 

by physiological loads close to a set-point. If strain level is below a set point, bone is resorbed, and 

if it exceeds this set point, new bone is formed. The mechanostat theory is a qualitative theory 

because the set-point is not specified. Several mechanobiological models have been presented so 
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far [3, 36-38]. However they are not complete for full understanding of the coupling between 

mechanical stimulus and bone biological response [2]. A model of this category [3] is based upon 

the separation of osteoblastic and osteoclastic activities. According to this model, osteoclasts are 

recruited and activated either where microcracks occur or in disused areas of the bone. The 

dynamic forces of daily living are known to produce microcracks. Mechanosensitive cells, called 

osteocytes, which derive from osteoblasts, sense a mechanical signal due to external load transfer 

through the architecture and locally recruit osteoblast to do the bone formation. The mechanical 

signal which is sensed by osteocytes is assumed to be the strain energy density.  

Third, biochemical models are based on the activities of osteoblasts and osteoclasts to obtain an 

insight into the bone remodeling process at a cellular level. The first model of this kind described 

the differential activity of the Parathyroid Hormone (PTH) which acts as a regulator for bone 

resorption and formation [39, 40]. Another biochemical model [41] studied the role of hormones 

such as autocrine and paracrine in the regulation of bone remodeling while [42] proposed a 

signaling pathway known as RANK/RANKL/OPG to regulate bone cell activities. The most 

noticeable defect of these cell-based models is that they do not take into account the mechanical 

stimulus in the bone remodeling process.  

Therefore, in order to improve the understanding of bone remodeling, it is crucial to include all 

factors (i.e., mechanical, biological and biochemical) concurrently. To do so, some relatively new 

models (Mechano-biochemical models [6, 8, 13, 33]) were proposed in which the mechanical 

factors are linked to the chemical and biological ones. [6, 8, 13] are based on irreversible 

thermodynamics in which bone is considered as an open self-organizing system capable of 

exchanging matter, energy and entropy with its surroundings. In the current study, the 
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thermodynamic-based model (mechano-biochemical model) was used to develop a predictive tool 

for bone remodeling in response to orthopedic implantations (i.e. THA, plating and IM nailing).  

2.1.1.  Strain energy density model 

Since in the most of mechanical based models, strain energy density is considered as the 

mechanical stimulus of bone remodeling mechanisms, it seems worthy to explain this model in 

detail. The strain energy (Ua) which controls the rate of bone remodeling can be expressed in term 

of stresses (σ) and strains (ε) as follows [14]. 

 

1
{ }{ }

2
U    

(2-1) 

 

In this model, the relation between the bone density change with time (dρ/dt) and strain energy 

defines the governing rule of bone remodeling process, stated as [14]: 

 

   

   

   

1 1

1 1

0 1 1

a a

a a

a

U Ud
B k s k s

dt

U Ud
B k s k s

dt

Ud
k s k s

dt



 



 





 
     

 

 
     

 

    

 

             (2-2) 

 

where B is the slope of the curves shown in the Fig. 2.1 and k is the signal value in the intact femur. 

As seen in Fig. 2.1, this model assumes that a certain threshold level (either in over-loading or 

under-loading) must be exceeded to trigger bone remodeling mechanisms. This range is known as 

dead zone, measuring 𝑘(1 ± 𝑠) . When   
𝑈a

𝜌
≥ 𝑘(1 + 𝑠) , bone formation occurs, while bone 

resorption happens when 
𝑈a

𝜌
≤ 𝑘(1 + 𝑠).  
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Fig. 2.1: Bone remodeling as described in strain energy density model [43]. 

2.1.2.  Thermodynamic-based model (Mechano-biochemical model) 

In the thermodynamic-based model (mechano-biochemical model) developed [6], bone resorption 

and formation phases, performed by osteoclasts and osteoblasts cells, are considered as the steps 

of bone remodeling mechanisms. Bone, as shown in Fig. 2.2, is hypothesized as a thermodynamic 

system exchanging matter, energy and entropy with its surroundings.  

 

Fig. 2.2: Schematic representation of bone as an open thermodynamic system [8]. 

 

2s 
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In the thermodynamic-based model, bone remodeling process is defined by a set of biochemical 

reactions which are in the form of Menten-Michaelis enzyme reaction (Eq. (2-3)) [44] and the 

modified version of the law of mass action [6, 8, 13] is incorporated into the model to include the 

effect of mechanical loading on the biochemical reactions whose details are provided in chapter 5. 

 

k

k
E S SE E P









    

(2-3) 

 

Enzyme (E) retroactively binds to substrate (S) to form the complex (SE). Afterward, the complex 

breaks down into enzyme and product (P). 

2.2. Early works on bone remodeling in response to composite implants 

A number of numerical, in vitro and in vivo studies reported that a more physiologic state following 

joint replacement could be achieved by lowering implant stiffness [45-49]. Several studies 

employed fiber-reinforced composites as an alternative material of choice capable of obtaining 

desired stiffness and strength in different directions [50, 87]. These implants showed improved 

load sharing characteristics and resulted in less deviation from the natural state of stress in the 

bone following implantation [50-56].  

Fiber reinforced composite hip implants have been designed to address stress shielding concerns 

while maintaining enough strength and corrosion resistance in hip replacements [9, 57-59]. 

However, one may not be able to thoroughly investigate the stress shielding spanned by flexible 

composite implants without investigating periprosthetic bone remodeling. On the other hand, there 

seems to be no data regarding long term clinical follow-ups of patients who underwent composite 

hip replacements as they have not been widely used in humans. While few studies investigated the 

load distribution across the bone implanted with composite hip prosthesis [9, 58, 60, 61], only a 
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handful of researchers predicted periprosthetic bone remodeling after such implantation [13, 62]. 

Therefore, using realistic numerical models to predict bone remodeling in the presence of 

composite hip implants is of interest. In the current study, the thermodynamic-based model 

(mechano-biochemical model) [6, 8, 13] was used to predict long-term bone density distribution 

around an unconventional biomimetic hip stem made up of fiber reinforced polymer composites 

(i.e. carbon fiber polyamide 12: CF/PA12). The results were then compared to those obtained in 

femurs implanted with titanium alloy (Ti6Al4V) and cobalt-chrome-molybdenum (CoCrMo) 

implants. 

Moreover, several studies have investigated the use of carbon fiber (CF) reinforced composites for 

bone fracture plates [50, 53]. However, there are few who studied the use of composite materials 

for IM nails [56]. In particular, there is no study in the literature regarding the long term clinical 

follow-ups of patients who underwent composite IM nail. Therefore, it seems worthy to predict 

bone remodeling in the presence of composite nail using realistic numerical models. In the current 

work, the long-term density distribution of femoral bone implanted with a composite nail made up 

of carbon fiber-epoxy (CF/Epoxy) with seven different stacking sequences was investigated. The 

results were then compared to the femur implanted with Ti6Al4V nail. 

2.3. Early works on bone remodeling in response to hip implant and bone plate 

There are a number of clinical follow-ups which investigated BMD changes following total hip 

arthroplasty (THA) [25-27] or after plate removal in diaphyseal fractures [63-65]. The latter 

investigations on BMD changes after plate removal in un-implanted bones were done in the 1980s 

or early 1990s, when plating rather than intramedullary nailing was considered as the treatment 

technique for diaphyseal fractures. Although periprosthetic fractures with stable hip prosthesis are 
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commonly treated with a bone plate, limited data is available regarding long term BMD changes 

in femur implanted with both hip prosthesis and bone plate as in the case of Vancouver B1 

periprosthetic fractures which are quite common. As long-term follow-ups are usually costly and 

time consuming, using a realistic model to predict the post-union BMD changes in periprosthetic 

femoral fractures seems to be essential and could provide clinicians with long term response of 

such implantation. In this research, femoral density changes in response to a bone fracture plate 

(316L medical grade stainless steel) and a hip implant (CoCrMo) were investigated using the 

mechano-biochemical model. BMD changes were separately evaluated for lateral plating and 

anterior plating and compared thereafter. As plate removal is being limited to symptomatic patients 

[66], having an understating of long term behaviour of the plated bone can help clinicians to choose 

proper plating techniques and bioengineers to design more efficient bone plates. 
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CHAPTER 3 : HUMAN FEMUR AND HIP JOINT 

3.1. Bone structure 

Bones, with the microstructure illustrated in Fig. 3.1, basically have the function of supporting the 

weight and protecting the vital organs of body, e.g. brain, lungs and heart. Furthermore, the bones 

of the skeleton provide the primary site of hematopoiesis, i.e. origin of blood cells. Bones also 

stores the 99% of body’s calcium and a good portion of other ions such as potassium, phosphor, 

sodium and magnesium. Moreover, bone marrow in the medullary canal is responsible for 

formation and development of red blood cells which deliver oxygen to all the cells of the body  

[36]. 

 

Fig. 3.1: Micro-structure of the bone [67]. 
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There exist two types of bone tissue: cancellous and cortical bones. The cancellous bone is 

relatively softer, weaker, less dense and less stiff compared to the cortical bone which forms the 

structure of the bone. As shown in Fig. 3.2, the cancellous bone is a porous cellular solid with 

volume fraction of approximately 20%. Its function is to distribute the load on outer more rigid 

part (cortical bone). Furthermore, it is able to absorb a lot of energy by way of self-deformation 

which is very essential during a fall, for instance [36].  

 

Fig. 3.2: Structure of cancellous bone in the distal end of the femur [69]. 

 

 

3.2. Bone remodeling mechanisms 

Even after the longitudinal growth of the skeleton is completed, the bone retains its ability to adapt 

its internal structure by removing old bone and replacing it with newly formed bone; this process 

is called bone remodeling [39]. It is a fundamental property of living bone to adjust to a changing 

mechanical environment. The mechanism of bone remodeling was first postulated by Wolff in 19th 

century. Wolff’s law states that the reduction of mechanical stress causes bone to adapt itself by 

reducing its mass, either by getting thinner (external remodeling) or becoming more porous 

(internal remodeling) [20]. It is a complex process performed by coordinated activities of 

osteoclasts and osteoblasts. Osteoclasts are the cells responsible for resorbing mineralized bone. 
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Osteoblasts are the cells capable of forming of the new bone matrix. The resorption and formation 

of bone in a healthy person are in balance to maintain skeletal strength and integrity. The process 

of bone remodeling is schematically shown in Fig. 3.3 [70]. In the first phase (resorption), 

osteoclasts attach to bone surface and break down the bone by eroding the matrix. Consequently, 

some small cavities are formed on the surface of the bone. Then, osteoblasts start forming new 

bone to fill the cavities. In the last phase, the bone surface is restored and covered by a layer of 

lining cells. The new bone is calcified and the bone remodeling process is completed.  

 

Fig. 3.3: Schematic representation of bone remodeling process [43]. 

 

According to Wolff’s law, mechanical factors guide the bone adaptation mechanisms. If the 

mechanical stress acting on a bone decreases, the bone becomes less dense as there is no stimulus 

for continued remodeling. Conversely, the new bone is formed at those sites where mechanical 

strains are repeatedly detected. On the other hand, the Utah paradigm states that the biological 
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mechanisms still need mechanical-free factors e.g. vitamins, hormones, etc. in order to function. 

The mechanical-free factors, in turn, can help or modulate the mechanical factors’ guidance in 

bone remodeling process [40].   

3.3. Human femur 

As shown in Fig. 3.4, the most proximal bone in a human lower limb is the femur which is also 

referred to as the thigh bone. In healthy human, there exist two femurs which, with respect to the 

human coronal plane, are symmetrically placed inferior to the pelvis and superior to the fibula and 

tibia. The femur forms part of the hip joint on its proximal end and constitute the knee joint at the 

distal end. It represents the largest and longest bone in the human body and experiences loads that 

are typically twice the weight of an adult body. In the average adult male, a femur measures 

approximately 480 mm and 23.4 mm, in length and diameter, respectively [71]. 

 

Fig. 3.4: Anatomy of the human lower limb [72]. 
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Fig. 3.5: Four perspectives of the human femur [71]. 

 

As depicted in Fig. 3.5, the femur primarily consists of a shaft and five protuberances including 

the medial condyle, lateral condyle, head, greater trochanter, and lesser trochanter [66].  

The medial condyle and the lateral condyle are both positioned in the femur distal end, close to the 

knee joint. The greater trochanter is positioned laterally from a coronal view, while the head is 

positioned medially, both being located proximally. The lesser trochanter protrudes posteriorly, 

and is inferior to both the greater trochanter and the head. The protuberances associated with the 

femur distal and proximal ends are referred to as epiphyses which are comprised of sponge bones 

in the interior of the femur. The femoral shaft, which is so called diaphysis, is made up of the 

cortical bone, and hosts the medullary cavity which is associated with an interior empty space. As 

depicted in Fig. 3.6, metaphysis lies between diaphysis and epiphysis in both proximal and distal 

ends [71]. 
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Fig. 3.6: Structure of femoral bone [73]. 

 

3.4. Femur fracture and disease  

Femur fractures often result from either low-energy falls in patients suffering from osteoporosis 

or high-energy traumas (impact). Since human femur represents the strongest bone in the body, it 

could withstand great compressive loads prior to failure. Patients who have a fractured femur 

require immediate medical attention because the traumatic incident is generally linked to life 

threatening injuries. An injury to the femur may in turn disrupt blood supply via the quadriceps 

muscle. Disruption of blood supply may also imply bruising and extensive loss of blood [71].  

3.4.1.  Osteoporosis 

In patients suffering from osteoporosis, the bone mineral density decreases to such a critical level 

that the bone microstructure is disrupted. Therefore, the risk of occurrence of bone fractures in 

such patients is much higher than that in healthy persons. Several major causes of osteoporosis 
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have been identified including aging, improper nutrition and lifestyle, heredity, medications and 

illnesses [66, 72].  

 Aging 

Up to 28 million Americans suffer from osteoporosis which causes about 1.5 million fractures 

annually as reported by the American Academy of Orthopaedic Surgeons (AAOS). The institute 

further estimated that for individuals older than 65 years, one of five men and one in two women 

are at risk of fracturing a bone due to osteoporosis [72]. 

 Improper nutrition and lifestyle 

Minerals such as calcium, magnesium, zinc, and phosphorus play a key role in the constitution of 

human bone. The lack of proper nutrition and low level of critical minerals in human bone may 

contribute to a decrease in bone mineral density, which may result in osteoporosis at any age. 

Improper lifestyle such as smoking, excess alcohol consumption, being underweight, and too much 

physical activity may also increase the risk of development of osteoporosis [66, 72]. 

 Heredity 

Many studies believe that the existence of young people afflicted with osteoporosis can be 

explained by the fact that the race and family history of osteoporosis may increase the risk of 

developing osteoporosis. More specifically, an individual with Asian ancestry who characterized 

with a small and slender body build and fair skin faces greater risk of osteoporosis development 

[66, 72, 74]. 
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 Medications and other illnesses 

Specific medication programs such as steroids or illnesses such as thyroid complications have been 

associated with increased risk of osteoporosis as these cases may increase the osteoclastic activities 

[72].  

3.4.2.  Physical impact  

A femur fracture may also result from physical impact. Taking a hit in the course of sporting 

activities or falling from a great height may lead in a fracture at any age. Femur fractures in 

children, however, more often, are attributed to physical abuse. Fractures to the femur manifest 

various relatively obvious symptoms, including severe pain, swelling, inability to move the leg, 

and deformity. In addition, a fracture to the femur may make the injured thigh shorter than the 

intact one, as a result of strong thigh muscles pushing broken femur edges out of alignment [66, 

72, 75]. 

3.5. Femur fracture classification 

There are three broad categories of femur fractures including proximal femur fractures, distal 

femur fractures, and femoral shaft fractures. Each is described in detail below. 

3.5.1.  Proximal femur fracture 

Proximal femur fractures are associated with the upper and bulbous portions of the femur, which 

is closest to the hip joint. This fracture type is likely to be accompanied by a hip joint failure and 

is more commonly experienced by the elderly or people suffering from osteoporosis. Proximal 

femur fractures, shown in Fig. 3.7, can be further categorised into three types, namely, 

intertrochanteric femur fracture, subtrochanteric femur fracture and femoral neck fracture [66, 71]. 
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Fig. 3.7: Four types of proximal femur fractures: (a) subcapital neck fracture, (b) transcervical neck fracture, (c) 

basicervical neck fracture, (d) intertrochanteric fracture, (e) subtrochanteric fracture [71]. 

 

The intertrochanteric femur fracture occurs through the lesser and greater trochanter; while the 

subtrochanteric femur fracture line cuts just below the lesser trochanter. When the femoral head 

fractures off the femur, it leads to a femoral neck fracture. Subcapital, transcervical, and 

basicervical neck fractures are the three types of recognized femoral neck fractures [71].  

3.5.2.  Femoral shaft fracture 

High-energy impacts and ill-fitting orthopedic implants which increase the stresses borne by the 

femur generally lead to femoral shaft fractures. Since the femoral shaft has a cylindrical structure, 

five classes of loads may lead to a fracture, including tension, compression, bending, torsion, as 

well as a combination of compression and bending as illustrated in Fig. 3.8 [75-77]. 

When a tensile force acts on the femoral shaft, the fractural pattern will be normal to the direction 

of the load, assuming that equal forces act on both sides. Such a fracture is referred to as a simple 

transverse fracture and occurs along the planes on which the tensile stresses are greatest. This 

fracture type does not generate small particles or bone debris [72, 75, 77]. 

Great compressive loads could result in fractures along a plane that forms an oblique angle in 

relation to the direction of the load applied. Such loads apply great shear stresses on the oblique 
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plane. This implies that the compressive forces lead to factures along the planes of high shear 

stresses [71, 77]. 

Conversely, high torsional forces lead to spiral type fractures. A small crack originating from the 

bone surface sets off a fracture that progress through the bone in a spiral fashion. The point of 

crack initiation occurs on a plane where the greatest shear stresses are experienced. The above 

pattern of fracturing is referred to as an oblique spiral fracture [71, 72, 77].  

Bending forces apply tension forces and compression forces on opposite halves of a femur, leading 

to a fracture pattern consistent with both tensile and compressive forces. Consequently, a simple 

transverse fracture will be witnessed on the femur side subjected to tension, and oblique fractures 

on the compression end. Two oblique fracture patterns are typically witnessed on the compression 

end, resulting in comminution. Such a fracture is referred to as a butterfly fracture, and the 

comminution is termed as a butterfly fragment [72, 77]. 

When a femoral shaft is exposed to a combination of compressive and bending forces, it reveals a 

fracture pattern similar to the one associated with application of bending forces only. However, in 

such loading circumstances, the butterfly fragment will assimilate more than 50% of the cortical 

bone. Consequently, there would be less than 50% cortical contact between the distal and proximal 

fragments. With increase in the compressive force applied, the number of pieces making up the 

butterfly fragment increases [72, 77]. 
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Fig. 3.8: Five types of forces that may fracture femoral shaft: (a) tensile force, (b) compressive force, (c) torsional 

force, (d) bending force, (e) combination of bending and compressive forces [71]. 

 

3.5.3.  Distal femur fracture 

Distal femur fractures are often associated with the 15 cm distal portion of the femur. This type of 

fracture may be witnesses in patients who have ill-fitting total knee prostheses. As shown in Fig. 

3.9, there are four main categories of distal femur fractures, including supracondylar fracture, 

condylar fracture, intercondylar fracture, and comminuted distal femur fracture [78, 79]. 

 

Fig. 3.9: Four types of distal femur fractures: (a) supracondylar fracture, (b) intercondylar fracture, (c) condylar 

fracture, (d) comminuted fracture extending into shaft [71]. 
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Supracondylar fractures are found on the plane that is normal to the femur axis near the epiphysis 

edges, which is where the stresses are concentrated as a result of changes in the cross-sectional 

area. In a supracondylar fracture, the distal femur breaks off in a transverse direction from the rest 

of the femur.  

Intercondylar fracture occurs between the medial condyle and the lateral condyle. This type of 

fracture splits the femur into three or more parts, depending on how severe the injury is.  

Condylar fracture results in a femur with an oblique fracture pattern through one of the condyles 

while the other one is intact.  

Severe physical impact may comminute the distal femur resulting in several segments with a 

fracture extending into femoral shaft. Treatment of this fracture type is complicated as alignment 

of femur and placing the fracture fragments in the proper positions are difficult [72, 78, 79]. 

3.6. Human hip joint 

In anatomy, the hip joint (acetabulofemoral joint) is located where the acetabulum of the pelvis 

and the head of the femur met as depicted in Fig. 3.10. The hip joint has two primary functions. 

Firstly, it has the role of supporting the weight of the body. Consequently, it facilitates static 

posture, for example, standing. Secondly, the acetabulofemoral joint facilitates the articulation and 

rotation of the head of the femur around the acetabulum, so the body is able to carry out dynamic 

motions, including walking and running [72].  



24 
 

 

Fig. 3.10: Hip joint: (a) location of hip joint in coronal view, (b) detailed view [72]. 

 

3.7. Hip joint fracture and disease 

Acetabulofemoral joint is the joint that bears the greatest load in the human body. For this reason, 

it is prone to a wide range of diseases that can lead to pain and dysfunction. Most of the diseases 

may be treated surgically through total hip arthroplasty (THA) [72]. The followings are several 

common diseases associated with the hip joint. 

3.7.1.  Osteoarthritis 

Osteoarthritis is a degenerative disorder which deteriorates the hip joint at a relatively rapid rate, 

through breakdown of cartilage as shown in Fig. 3.11. This disease is the most common form of 

arthritis and afflicts persons aged over 60 or 70 years. Osteoarthritis is primarily caused by aging. 

As one ages, the protein makeup of cartilage breaks down while the water content in cartilage 

increases. In advanced cases, this protein degeneration process could result in loss of all the 
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cartilage lining the bones in the joint sections. Loss of cartilage in turn causes additional friction 

between adjacent bones, leading to pain and restricted mobility [43]. 

 

Fig. 3.11: A diseased hip joint affected by osteoarthritis [43]. 

 

3.7.2.  Rheumatoid arthritis 

Rheumatoid arthritis is a case where the immune system inadvertently launches attacks on healthy 

tissues. When the above occurs, it can lead to chronic inflammation in the joint.  

 

Fig. 3.12: A diseased hip joint affected by rheumatoid arthritis [43]. 
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As shown in Fig. 3.12, the chronic inflammation in the joint could further lead to destruction of 

the cartilages which could lead to pain and deformities in the joint [43]. 

3.7.3.  Avascular necrosis 

Fig. 3.13 illustrates a hip joint afflicted by the avascular necrosis disease where the blood supply 

to the femoral head is inhibited or interrupted. This may cause to gradual bone death or even total 

collapse of the femoral head in severe cases [43].  

 

Fig. 3.13: A diseased hip joint affected by avascular necrosis [43]. 

 

3.7.4.  Slipped capital femoral epiphysis (SCFE) 

Slipped capital femoral epiphysis (SCFE) disorder occurs mostly in children with weak growth 

plates. In this disorder, the head of the femur slips off the femoral neck through the growth plate; 

it has three levels of severity:  

 Mild (Position A in Fig. 3.14): a third of the femoral head has slipped off the femoral neck.  

 Moderate (Position B in Fig. 3.14): a third to a half of the head of the femur has slipped off 

the femoral neck.  
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 Severe (Position C in Fig. 3.14): more than half of the femoral head has slipped off the 

femoral neck [43].  

 

Fig. 3.14: Slipped capital femoral epiphysis [43]. 

 

3.7.5.  Physical impact 

Trauma encompasses any damage to the hip joint, which may be occasioned by a fall, workplace 

or athletic injuries, or a car accident. These events may damage the cartilage or other sections of 

the joint. 

3.8. The gait cycle and loading conditions 

Prior to investigating mechanical load applied on the femoral head, the gait cycle which describes 

the activity of walking in humans should be described. As illustrated in Fig. 3.15, the gait cycle is 

a time interval which starts when one foot contacts the ground until the same foot again touches 

the ground. The gait cycle consists of two phases; the stance phase (60% of the gait) and the swing 

phase (40% of the gait): 
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The stance phase further divides into the loading response, mid-stance, terminal stance and pre-

swing. The loading response starts when one foot contacts the ground and ends when the toe of 

other leg separates from the ground. This sub-phase is followed by the mid-stance which starts at 

the contra lateral toe-off and finishes when the centre of gravity of the body is directly placed over 

the reference foot. Then, the terminal stance starts and continues until the foot of the other leg 

comes into contact with the ground.  

The swing phase further divides into initial swing, mid-swing and terminal swing. The initial swing 

begins at toe-off and ends when the reference knee arrives at the maximum flexion of 60 degrees. 

Afterward, the sub-phase of mid-swing starts and continues until the knee is perpendicular to the 

ground. At this moment, the terminal swing begins and continues until initial contact [43].  

 

Fig. 3.15: The gait cycle in human [72]. 

As shown in Fig. 3.16, during the gait cycle, the hip joint is under the dynamic loading having two 

peak forces. The peak forces happen during the stance phase and may reach about seven times of 

the body weight in men. The magnitude of the force approximately remains at a same level equal 
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to the body weight during the swing phase. The pattern of loading is roughly the same for men and 

women but there are significant differences in their magnitudes; as illustrated in Fig. 3.16, the 

maximum peak force during women’s gait cycle limits to only four times the body weight. This 

quantitative discrepancy can be justified by differences between the pelvis width of males and 

females, differences in foot wear or in the inclination of neck-shaft angle [43].  

 

 

Fig. 3.16: Hip joint reaction force during the gait cycle [80]. 
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CHAPTER 4 : ORTHOPEDIC IMPLANTATIONS 

Numerous surgical fixation techniques are available with the aim of offering reliable and secure 

ways of healing fractured femurs. The most popular techniques include external fixation, plating, 

and intramedullary nailing. Often, intramedullary fixation and plating are preferred, unless the 

patient is non-ambulatory, or could have a serious complication in the course of an operation [78]. 

The human hip joint is subjected to a high amount of load, therefore is prone to severe damages 

and diseases. Most of the diseases may be treated surgically through total hip arthroplasty (THA) 

which a prosthesis implanted in the body replaces the damaged hip joint [66]. 

4.1.  External fixation 

External fixation represents a surgical technique conducted by placing pins through the lateral 

thigh muscles to put the femur fractured segments in their proper positions, as illustrated in Fig. 

4.1. In doing so, the femur segments may be compressed without losing their natural dimensions, 

and become aligned properly. The fixator consists of a lateral ring-shaped frame to adjust the pin 

locations. This technique stabilizes the fractured femur without damaging the exterior wound any 

further. Moreover, this is an option for patients who have soft tissue damage or contamination with 

the femur fracture. This option is also applied when serious complications would occur if an 

operation were performed [72, 77, 78]. 

External fixation presents several disadvantages. Firstly, it requires additional procedures 

following improvement of the patient’s condition, since it alone does not guarantee a full recovery.  

Secondly, most of patients acquire infections around the sites where pins are inserted. 

Consequently, pins have to be meticulously prepared before the operation, while preventing 
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infection and using appropriate antibiotics. Another disadvantage of external fixation is that the 

restriction of muscles could also restrain knee motions. Consequently, regular physical activities 

may not be undertaken while the external fixations are in use and patients have to be cautious of 

their motion because the rigid pins which are inserted between muscles, neurovascular systems, 

and tendons could rapture under excessive loading conditions [77, 78].  

 

Fig. 4.1: External fixation: (a) illustration demonstrating external fixator, (b) X-ray picture displaying fracture of 

femur fixed with external fixator [71]. 

 

4.2. Intramedullary nailing  

Intramedullary (IM) nailing represents the current most popular method for treating femoral 

diaphysis fractures. The first step in IM fixation is to carefully ream the distal or proximal end of 

femur to obtain an appropriate size for a nail. Afterwards, a wire is passed across the fracture site 

to guide the nail in the femur. Then, using lateral screws, the nail is secured in the appropriate 

position as shown in Fig. 4.2 [77, 78].  
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Fig. 4.2: Intramedullary nailing: (a) illustration demonstrating completed implant, (b) X- ray picture of retrograde 

nailing [71]. 

 

Considering the femur interior is made up of cancellous bone associated with the epiphysis and 

the medullary cavity, the rod may be positioned without necessarily removing material from the 

bone core. This technique is regarded as minimally invasive, preventing further soft tissue injury, 

and offering the chance for appropriate alignment. In addition, early movement after IM nailing is 

possible as the nail can bear the body weight. The nail is often removed following full recovery of 

the fracture [77]. 

Varying insertion techniques may be applied depending on the fracture type and location. The two 

primary insertion techniques include antegrade nailing and retrograde nailing [71, 76-78]:  

In retrograde nailing, the surgery starts with the medial condyle, afterwards proceeding to the 

proximal end of the femur. The technique is appropriate for patients who have experienced distal 

femur fractures. Since the distal femur is relatively easy to access, this technique is ideal when 



33 
 

attending to patients who are expectant, obese, or have spine trauma [77, 78]. 

Conversely, antegrade nailing is achieved by inserting the nail through either the greater trochanter 

or the piriformis fossa in a distal direction. Antegrade nailing may be applied in numerous types 

of fractures, if they are found in the area from just below the lesser trochanter to approximately 7 

cm above the knee joint. It is relatively difficult to access antegrade nailing at the starting point, 

compared to retrograde nailing, and this is the case particularly for obese or muscular patients. 

Nevertheless, it has been noted that both healing and infection rates are somewhat similar in the 

varied insertion starting points [78].  

Studies report high healing rates, ranging from 90 to 95%, in intramedullary fixation. However, 

this operation method may interfere with the growth plate of the femur because of the nature of 

the operation. Consequently, it is not recommended for patients whose skeletons have not achieved 

maturity [78]. 

The intramedullary fixation method presents several major disadvantages [71, 76-78]: First, it may 

lead to rotational deformity. This fixation method makes use of a nail that passes through the 

fractured bone, so that the fractured ends of the femur come into contact, consequently reuniting 

in time. Nevertheless, there is no guidance to check the rotational alignment. This implies that an 

additional operation may be required in the case of misalignment. Second, intramedullary fixation 

is not recommended where there are numerous segments and comminutions on the fracture site 

since it is too difficult to align all the fracture segments. Third, IM nailing may result in a reduction 

in the overall length of the femur. This side effect could be surgically managed through procedures 

that either shorten the contralateral femur or lengthen the short femur. Such additional procedures, 

however, are costly and increase risks as well as time needed for recovery. Fourth, the process of 
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reaming of the epiphysis, piriformis fossa or the greater trochanter to achieve the required canal 

diameter increases fracture risks and may result in damage to the femoral neck. A fracture to the 

femoral neck is generally regarded as the most serious complication that can arise in the course of 

intramedullary nailing. Fifth, owing to the nature of the procedure, intramedullary nailing results 

in the damage of the nutrient artery, following implantation. While revascularization may be 

recovered via the small vessels in around six weeks, the regeneration of the nutrient artery may 

require a period of up to six months. Moreover, it is possible to further delay the artery regeneration 

or permanently damage it where reaming is performed in the nailing [71, 76-78].  

4.3. Plating  

Plating, which is sometimes referred to as bone plate fixation, represents another popular technique 

applied when repairing a fractured femur. In plating, it is necessary to open up the injured area so 

that a bone plate can be placed over the fractured bone. The bone plate would be secured by screws 

or cables, or a combination of the two. Locking bone plates used in the procedure come with 

threaded screw holes, which facilitate tighter fastening of the bone plates and screws, when 

compared to non-locking plates [81]. 

There are typically four types of bone plates, including neutralization plate, buttress plate, 

compression plate, and condylar plate [76]: 

The neutralization plate, shown in Fig. 4.3, is sometimes referred to as the protection plate. Using 

bone screws, this plate type is installed as a bridge connecting the healthy segments of bone that 

exist below and above the site of fracture. Such a plate type does not pre-load the fracture site, 

which is often found in the mid-shaft. In addition, this plate is not supposed to be subjected to 
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torsional, shearing, or bending forces. It is generally applied in cases where there are short oblique 

fractures, fractures with mild fragmenting, or butterfly fractures [76]. 

 

Fig. 4.3: Neutralization plate secured with regular bone screws along with two lag screws [81]. 

 

Buttress plates (Fig. 4.4) are often used in managing metaphyseal and epiphyseal fractures, which 

are usually associated with weakened bone cortex. Buttress plates are designed to have larger 

surface areas to ensure the load is distributed more widely. It is firmly fastened to the larger bone 

fragment with bone screws, while being snugly fit to the underlying bone cortex. To apply 

compression forces across the fragments, cancellous lag screws are used. The force applied to the 

bone by a buttress plate is in a perpendicular direction in relation to the surface of the plate [76]. 

 

Fig. 4.4: Buttress plate with wide surface area near to the distal epiphysis [81]. 
 

Compression plates are applied in order to introduce a compressive pre-load into the fracture site. 

This is attained by initially fastening the plate on one side of the bone that is fractured. Afterwards, 

the plate is subjected to tension load through the pulling of the plate free end away from the fixed 
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end as shown in Fig. 4.5. The bone plate is then secured to the other side of the bone fracture, 

while relieving the external pulling force. As soon as the pulling force is removed, the plate 

attempts to contract to be in the initial dimensions (unloaded), while squeezing the bone halves 

together. The compressive pre-load is helpful in preventing inter-fragmentary fractures under shear 

or torsional loading condition and prevents the opening of the fracture surfaces. It further protects 

the blood supply system, and could reduce the required healing time [72].  

 

Fig. 4.5: Compression plate secured with bone screws and pulled by tensioner [81]. 

 

Intra-articular distal femoral fracture with metaphyseal comminutions are treated by condylar 

plates which illustrated in Fig. 4.6. The design of the condylar plate is similar to that of the buttress 

plate, although the condylar plate is applied when a restoration of the knee joint is needed. So as 

to achieve a knee joint restoration, the plate fastens the metaphysis to the femoral shaft, while 

carrying out the functions of both a neutralization plate and buttress plate. Similar to compression 

plate, this type of plate can be attached to the bone with a tensioner to inhibit fracture site opening 

[76]. 
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Fig. 4.6: a sample of condylar plate [72]. 

 

Most of the bone plates used commercially are manufactured from metals, including titanium 

alloys, cobalt alloys as well as stainless steel [72]. Since the characteristics of these metals are 

widely recognized, and their methods of manufacturing have been greatly developed to come up 

with greatly precise geometries, these metals are popular. However, the high stiffness associated 

with metallic bone plates, implies that the bone plates carry a large fraction of the load (stress 

shielding), therefore the bone becomes weak and less dense even following full union at the site 

of fracture and then will be prone to re-fracturing upon removal of the bone plate [72, 76].  

There are other major disadvantages associated with bone plate fixation. First, the risks of infection 

are higher in bone plate fixation than in intramedullary nailing. This is because of the large amount 

of hardware demanded in bone plate fixation, in the form of screws and cables. Consequently, 

highly meticulous sanitization processes have to be integrated in the preparation stages before 

operation. In addition, the appropriate antibiotics have to be prescribed to manage infections and 

any serious illnesses that may arise thereafter. Furthermore, plating is associated with high risks 

of non-union, for example, due to hardware malfunction. In plating, the cables and screws 

employed are more likely to fail, compared to IM nailing. In cases where the hardware does not 

adequately maintain alignment of the fracture surface, surgical correction is immediately required 

[77]. 
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4.4. Total hip arthroplasty (THA)  

In total hip arthroplasty (THA), a prosthesis implanted in the body replaces the damaged hip joint. 

THA consists of four parts, as shown in Fig. 4.7. They include [43]: 

 A femoral stem which attaches to the shaft of the bone. It can be either cemented or press fit 

into the femur. 

 A metallic femoral ball (head) which is placed on the upper part of the femoral stem to replace 

the head of the femur.  

 A metallic socket (acetabular component) which replaces the damaged cartilage surface of the 

acetabulum. 

 A plastic or ceramic cup (liner), which is positioned between the socket and femoral ball to 

allow for a smooth contact surface. 

 

Fig. 4.7: The components of hip joint prosthesis [43]. 

 

There are two main reasons for carrying out a total hip arthroplasty: To relieve pain, and to improve 

function in the joint. Following anesthetization of the patient, a surgeon makes 8-12 inches incision 
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down the side of the upper thigh of the patient. Afterwards, the surgeon may opt to install the joint 

from the back, the front, or the side. The surgeon then separates muscles and  

 

Fig. 4.8: Total hip arthroplasty procedure [43]. 

 

ligaments under the skin. When in the joint area, the surgeon separates the femoral head from the 

acetabulum, and detaches the head from the femoral shaft using a saw (Fig. 4.8). The surgeon then 

removes cartilage in the acetabulum by employing a power drill and a specialized reamer, he 

shapes the acetabulum appropriately to facilitate fitting of the acetabular part of the prosthesis into 
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the joint. The surgeon then installs the acetabular component after selecting an appropriate size for 

the patient and then drills a hollow section within the shaft that would accept the stem. The stem 

could be cemented in place or secured in the position by tightness of fit. The femoral ball is then 

attached to the stem and placed into the acetabular component. After installing all the components, 

it is critical to do an X-ray scan to ensure that the prosthesis has been appropriately positioned. 

After 10 to 14 days following surgery, the staples may be removed [43]. 
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CHAPTER 5 : MATHEMATICAL FORMULATION OF THE MECHANO-

BIOCHEMICAL MODEL (THERMODYNAMIC-BASED MODEL) 

5.1. Thermodynamic-based model (Mechano-biochemical model)  

In the thermodynamic-based model (developed by [6] and modified by [7, 8]), bone resorption and 

formation phases were considered the steps of bone remodeling mechanisms and bone was 

hypothesized as a thermodynamic system exchanging matter, energy and entropy with its 

surroundings. It was assumed that the bone remodeling process is performed by biochemical 

reactions which are introduced in the following section. 

5.1.1.  Biochemical reactions involved in bone remodeling 

In the mechano-biochemical model, it is considered that the mechanism of bone remodeling are 

performed by five biochemical reactions i.e. formation of multinucleated osteoclasts, old bone 

decomposition, production of osteoblast activator, osteoid production, and calcification [6, 8, 13, 

82, 83] as detailed below: 

Osteoclasts are the only cells able to resorb bone tissues. These cells initially exist as mononuclear 

cells, MCELL. In order to activate, mononuclear cells have to be coupled into multinucleated 

osteoclasts, MNOC, whose formation can be characterized by the following reaction. 

(α=1) N1 + MCELL 
1

1

K

K





  MNOC + N4 
(5-1) 

 

N1 is the mixture of substances initiating the reaction (e.g. nitric oxide) with the mononuclear cells. 

N4 is the remaining product from the first reaction (α=1).  
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In the next step (α=2), which is so-called bone decomposition, multinucleated osteoclasts act on 

the bone to break it down: 

(α=2) MNOC + Old_B 
2

2

K

K





  N6 + N7 
(5-2) 

 

where Old_B is the abbreviation for the old bone. N6 and N7 are the products resulting from the 

degradation of the old bone. Then, as described in the following reaction (α=3), N7 is used in the 

production of osteoblasts activator (Activ_OB). 

(α=3) 
N7 + Old_B 

3

3

K

K





  Activ_OB + N9 
(5-3) 

 

In the next reaction (α=4), the activators act on the osteoblasts, OB, which causes them to secrete 

collagen and produce Osteoid which is an unmineralized bone:  

(α=4) 
Activ_OB + OB 

4

4

K

K





  Osteoid + N12 
(5-4) 

 

where N9 and N12 are the remaining product of the 3rd (α=3) and 4th (α=4) reaction, respectively. 

 The last and longest reaction (α=5) in the bone remodeling process is the mineralization of the 

Osteoid. N13, the substrate which initiates bone calcification, is embedded into the bone matrix to 

form the new bone (New_B) according to:  

(α=5) 
N13 + Osteoid 

5

5

K

K





  New_B + N15 
(5-5) 

 

where N15 is the remaining substrate in the bone formation reaction. 



43 
 

Equations (5-1) to (5-5) contain 15 substances (
1N , MCELL , MNOC ,

4N , _Old B , … and 
15N ) 

whose concentrations will be denoted by 
1[ ]N , [ ]MCELL , [ ]MNOC ,

4[ ]N , [ _ ]Old B , … and 

15[ ]N , respectively. 

5.1.2.   Mechano-biochemical coupling 

In the mechano-biochemical model, it is assumed that the coupling between mechanical and 

biochemical fluxes or forces drives the bone remodeling mechanisms. In order to include the 

influence of mechanical loading on biochemical reactions, the standard law of mass action (rα = 

lαα Aα ; when the effect of loading is not incorporated) was replaced by a modified version 

represented by Eq. (5-6) which takes into account the applied mechanical load and biochemical 

affinity of the reactions [6, 8, 13, 82, 83]. 

 

   (1) (1)

1 1

i i

n n

i i

i i

r l A l d k N k N l d  

      



 

 

       
(5-6) 

 

where the rate and affinity of the th  biochemical reaction (α is the reaction number) are denoted 

by r and A
, respectively. (1)d  denotes the first invariant of the strain rate tensor, representing the 

rate of volume change. Phenomenological and reaction rate coefficients are shown by l and k 
, 

respectively. 
i  and 

i  are the stoichiometric coefficients of the mixture of 
iN entering and 

leaving the th reaction, respectively. The concentration of 
iN  is denoted by  iN . 

The reaction rate calculated by Eq. (5-6), was then incorporated into Eq. (5-7) [13] which describes 

the time changes of molar concentration (  iN ) in terms of stoichiometric coefficients ( i  and i

), reaction rate ( r ) and substrate flux ( ij ).  
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5

1

.i i i iN r j  


 


    
(5-7) 

 

The aforementioned substitution provided a system of differential equations describing the 

mechanism of bone remodeling. In other words, using the modified version of the law of mass 

action, the time evolution of the concentration of biochemical substances involved in the bone 

remodeling mechanisms was described by a set of differential equations. Assuming the fluxes are 

constant in time and the forward reactions are dominant in all considered biochemical reactions, 

the system of differential equations (Eq. (5-8) to (5-12)), and subsequently their stationary 

solutions (Eq. (5-13) to (5-17) [6, 8, 13]) for five independent variables were obtained. 

 

1 1 3 14 1[ ] [ ] [ ]MCELL MCELL MCELL J J D 
 

      
 

 
(5-8) 
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[ _ ] [ ] [ _ ] [ _ ] [ ] [ _ ] .

[ _ ] [ _ ] 2 [ _ ] [ ] [ _ ] .[ _ ]

2
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Old B Old B Activ OB Osteoid New B Old B

J D D



 

 
       

 

 
      

 

 

 

(5-9) 
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(5-11) 

 

 

 5 13 14 5[ _ ] [ _ ] [ ]New B New B Osteoid J D      

(5-12) 
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(5-17) 

 

where [ ]iN and [ ]iN are the normalized time changes of concentration and normalized 

concentration of iN , respectively. βi is the sum of the initial molar concentration of relevant 

substances. δα denotes the ratio of the rate of αth reaction to the second reaction. Dα  represents the 

effect of mechanical loading (an approximation of (1)d ) on the αth biochemical reaction which is 

expressed as follows [6, 8, 13, 82, 83],  

 
(1)1

( )
( )

D D ref
t S ref

 





 
(5-18) 
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where t  is the time of loading, (1)  is the trace of strain tensor, ( )S ref and ( )D ref are constants 

describing the reference strain rate value and the influence of the reference strain rate on the αth 

reaction, respectively. The values of model parameters which characterize the biochemical 

reactions have been provided in an earlier work [8]. 

5.2. Density and elastic modulus  

The bone density (ρ) is related to the initial bone density (ρ0), normalized concentration of the new 

bone ([ _ ]New B ) and old bone ([ _ ]Old B ) according to the following law of mass and mixture 

[13]: 

  0 [ _ ] [ _ ]Old B New B     (5-19) 

 

In the literature, different empirical and experimental relationships between the elastic modulus 

and density of the bone have been provided [10]. Using a power law relation between the bone 

density and Young’s modulus, the elastic modulus of the bone was calculated by Eq. (5-20). 

Helgason et al. experimentally determined that the exponent of density in power law relation is 

site-specific with a magnitude between 1.4 and 3 corresponding to cancellous and cortical bones, 

respectively [10]. In the current study, the magnitude of 2 was used to describe the properties of 

both cortical and cancellous bone. 

 

2

_ _

0

[ _ ] [ _ ]

[ _ ] [ _ ] [ _ ] [ _ ]
Old B New B

Old B New B
E E E

Old B New B Old B New B





      
         

        

 
(5-20) 

 

where EOld_B and ENew_B are the moduli of elasticity of old and new bone, respectively.  
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CHAPTER 6 : FINITE ELEMENT MODELING 

6.1. Development of computer aided design (CAD) models 

6.1.1.  CAD model of intact femur 

A large left 4th generation composite femur (model 3406, sawbones, Vashon, WA, USA) was fully 

scanned by GE LightSpeed VCT 64 Slice CT scanner (0.5 x 0.5 mm/pixel resolution, and 0.5 mm 

slice thickness). The CT scan images were saved in DICOM format and imported into Mimics 

software (The Materialise, Leuven, Belgium) to generate a three-dimensional (3D) model, and 

subsequently to create two distinct bodies (i.e. cortical and cancellous). The 3D CAD model was 

then imported into SolidWorks software (SolidWorks Corp., Dassualt Systèmes, Concord, MA, 

USA) for virtual implantations (Fig. 6.1) [83]. 

 

Fig. 6.1: CAD model of the intact femur. 
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6.1.2.  CAD model of implants 

To generate the CAD model of the complex geometry of Stryker Exeter hip stem (size 2, offset 

37.5 mm), unconventional hip implant developed by [9] and Stryker T2 femoral nail (length: 420 

mm), NextEngine 3D scanner (NextEngine, Inc, Santa Monica, CA, USA) was employed. This 

scanner can quickly create highly detailed, full color digital models measuring at a speed of 50,000 

points per second with multi-laser precision.  

The CAD model of the screws and 8-hole Zimmer fixation plate (length: 246 mm) was generated 

based on the specimen geometry in the experimental trials using a vernier caliper and SolidWorks. 

The developed CAD models are shown in Fig. 6.2. 

 

Fig. 6.2: CAD model of: (a) conventional hip implant (Stryker Exeter), (b) unconventional hip implant, (c) bone 

fracture plate (8-hole Zimmer) with screws, (d) IM nail (Stryker T2 nail). 
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6.1.3.  CAD model development of conventional hip implanted femur 

The developed CAD model of intact femur was imported into SolidWorks for virtual implantation 

with Stryker Exeter hip stem (size 2, offset 37.5 mm, made up of CoCrMo). The femoral head (and 

neck) was split from the rest of the femur by using the split features at an angle of 55 degrees with 

respect to the transverse anatomical plane along the greater trochanter. A portion of the proximal 

cancellous bone was removed to simulate surgically-generated bone loss during total hip 

replacement. Therefore, we created a CAD model (Fig. 6.3) of femur whose femoral shaft is used 

for both pre- and post-operative bone remodeling simulations. This enabled us to make a precise 

comparison between the density distribution of the intact (pre-operative) and post-operative 

femurs.  

 

Fig. 6.3: CAD model of: (a) femoral shaft, (b) femoral head and neck, (c) conventional hip implant. 
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6.1.4.  CAD model development of unconventional hip implanted femur 

The unconventional composite hip stem developed by [9] is composed of a 3 mm thick 

substructure made of CF/PA12 lamina with the stacking sequence of (±45o)6 and an internal 

polymeric core [9]. The geometry of the unconventional metallic hip stems was the same as the 

composite one; however, the related material properties (CoCrMo or Ti6Al4V) were assigned to 

the substructure as well as to the internal core in finite element analysis (FEA). In order for virtual 

implantation, using SolidWorks, the femoral head (and neck) was split from the rest of the femur 

at an angle of 55 degrees with respect to the transverse anatomical plane and a portion of the 

proximal cancellous bone was removed (Fig. 6.4). 

 

Fig. 6.4: CAD model of unconventional hip implanted femur: (a) posterior view, (b) medial view. 

 

6.1.5.  CAD model development of hip implanted femur fixed by a bone fracture plate 

Using SolidWorks, a 246 mm-long plate (8-hole Zimmer fixation plate, made up of 316L stainless 

steel) with three unicortical screws (diameter 4.5 mm; length 14 mm, made up of 316L stainless 
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steel) and five bicortical screws (diameter 4.5 mm; length 50 mm, made up of 316L stainless steel) 

were attached to either lateral or anterior side of the hip implanted femur to mimic fracture fixation 

constructs for healed femur (post-union) with stable hip implant conditions (Fig. 6.5). It should be 

mentioned that the conventional hip implant (Stryker Exeter hip stem/size 2, offset 37.5 mm) was 

implanted into the femur by the procedure explained in section 6.1.3. 

 

Fig. 6.5: CAD model of hip implanted femur with (a) lateral plate, (b) anterior plate. 

 

6.1.6.  CAD model development of femur fixed by an intramedullary (IM) nail 

A 420 mm Stryker T2 femoral nail made up of Ti6Al4V was modeled as a shell and was 

antegradely implanted into the CAD model of the femur using SolidWorks (Fig. 6.6).  
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Fig. 6.6: CAD model of: (a) the femur with the intramedullary nail inside, (b) cortical bone is removed for better 

visualization. 

 

Table 1: Laminate stacking sequence of composite nail [84]. 
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The nail was modeled as shell because the author was interested in comparing bone response to 

metallic nail with that to composite nails (made up of CF/Epoxy lamina) with the stacking 

sequences listed in Table 1. Four 5 mm locking screws (made up of Ti6Al4V) were modeled as 

solid bodies and positioned to protrude approximately 2 mm out of the femur [85]. The intersecting 

volumes of the bone-nail and bone-screws in the proximal and distal ends were then subtracted 

from the model. 

6.2. Modeling in ANSYS Workbench 

The prepared CAD models were then imported into ANSYS Workbench 14.5 (ANSYS Inc., 

Canonsburg, Pennsylvania, USA) for assigning the material properties, applying boundary 

conditions and meshing.   

6.2.1.  Material properties 

The material properties of cortical and cancellous bones, CF/PA12 (lamina), CF/Epoxy (lamina), 

CoCrMo, Ti6Al4V, 316L stainless steel and composite hip implant polymeric core are provided 

in Table 2.  

It should be mentioned that the stacking sequence and material properties of the composite hip 

implant and composite nails were assigned to the corresponding structures using ACP (Pre) 

module of ANSYS Workbench 14.5. 
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Table 2: Material properties of CF/PA12, CF/EPOXY, polymeric core, CoCrMo, Ti6Al4V, 316L stainless steel, 

cortical and cancellous bones [9, 13, 16, 84]. L and T stand for longitudinal (fiber direction) and transverse (normal 

to fiber direction) directions in the lamina, respectively. 

 

 

 

6.2.2.  Boundary conditions 

In order to simulate the physiological loading, muscle and hip joint reaction forces (Fig. 6.7) [86] 

regarding 45% of gait cycle were applied to the model as roughly this instance of the gait produces 

the maximum loading on the femur [80]. Five major muscles (i.e. m. gluteus minimus, m. gluteus 

medius, m. gluteus maximus, m. abductor magnus, and m. piriformis) are considered in this muscle 

system. To avoid stress concentration, muscle and hip joint reaction forces were distributed over 

several nodes of greater (and lesser) trochanter and femoral head, respectively. To avoid rigid body 

motion, the degrees of freedom of all nodes at the distal femur were fixed. 
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Fig. 6.7: Boundary conditions shown on the typical intact femur. 

 

6.2.3.  Contact types 

Bonded contact type was assigned to the system of hip implant-bone, screws-bone, and screws-

plate (or nail). However, the contact between the bone and plate (or nail) was considered as a no-

separation which allows for sliding of the touching surfaces. Several studies [71, 87-89] also 

considered similar assumptions for modeling femoral fracture fixation and total hip arthroplasty. 

These assumptions are similar to the clinical condition in which bone remodels itself, and simulate 

perfect interdigitation of bone around the threads of the screws, and full bony in-growth around 

the hip implant. 
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6.2.4.  Element types 

The femoral bone, conventional hip implant, plate, screws and internal core of the unconventional 

hip implant were meshed by Quadratic Tetrahedrons elements (~ SOLID187), whereas the 

laminates of unconventional hip implant and nail were meshed using Linear Triangle elements (~ 

SHELL181). Surface-to-surface contact elements (CONTA174 and TARGE170) were used to 

mesh all interfaces. 

 SOLID187 

SOLID187 (Fig. 6.8) is a higher order 3D tetrahedral solid element with 10 nodes having three 

degrees of freedom i.e. translation in x, y and z directions at each node. It has quadratic 

displacement behaviour and is ideal for modeling irregular meshes like those developed by CAD 

systems, and because of this characteristic, this element type was used to mesh the highly 

curvaceous geometry of the bones, hip implants, etc. The element has large deflection, large strain, 

plasticity, hyperelasticity, creep and stress stiffening capabilities. In addition, SOLID187 input 

data includes the orthotropic or anisotropic material properties which makes this element ideal for 

complex material behaviour for future studies. Nodal displacement, stresses, strain energy density 

can be SOLID187 output data [90]. 

 

Fig. 6.8: The geometry of SOLID187 element [90]. 
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 SHELL181  

SHELL181 (Fig. 6.9) is a 4-node element with six degrees of freedom at each node: rotations about 

the x, y and z-axes, and translations in the x, y and z direction. This type of element is well suited 

for analyzing thin to moderately-thick shell structures. SHELL181 is applicable for linear, large 

rotation, and/or large strain nonlinear analysis and can be used for layered applications for 

modeling sandwich construction or composite shells [90].  

 

Fig. 6.9: The geometry of SHELL181 element [90]. 

 

 CONTA174  

CONTA174 (Fig. 6.10) element type is a 3D 8-node element which is generated automatically for 

flexible-flexible and rigid-flexible contact analysis. The element is suited for 3D structural and 

coupled field contacts. CONTA174 is placed on the surfaces of shell or 3D solid elements with 

mid-side nodes (e.g. SOLID187) and has the same geometric characteristics as the shell or solid 

element surface to which it is attached. The element can provide contact and sliding between 

TARGE170 and a deformable surface defined by this element. When the element surface 

penetrates one of the target segment elements (TARGE170) on a specified target surface, contact 
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occurs. The element allows shear stress friction, coulomb friction and also separation of bonded 

contact for simulating interface delamination [90]. 

 

Fig. 6.10: The geometry of CONTA174 element [90]. 

 

 TARGE170 

TARGE170 (Fig. 6.11) is a 3D 3-node element which is automatically generated to associate with 

contact elements (e.g. CONTA174, CONTA173, etc.). Target surface discretized by TARGE170 

is in contact with the contact elements (e.g. CONTA174) which overlay the solid or shell elements 

describing the boundary of a deformable body. It is possible to impose any forces, moments, 

rotational or translational displacement, magnetic potential, temperature and voltage on the target 

segment element [90]. 

 

Fig. 6.11: The geometry of TARGE170 element [90]. 
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6.2.5.  Mesh sensitivity and meshed constructions 

In the current study, solid bodies (i.e. femoral bone, conventional hip implants, plates, screws and 

polymeric core of unconventional hip implants) were meshed by 10-node tetrahedral elements 

(SOLID187) which can produce a high level of accuracy for the femur biomechanical simulations 

as verified by [91]. Since the models are mainly constituted of femoral bone, it was fair to expect 

a sufficient level of accuracy from SOLID187 meshing [72]. Mesh sensitivity was then performed 

using “Relevance” option of ANSYS 14.5 Workbench, with a value that ranged between -100 

indicating a very coarse mesh (high speed mesh) and +100 corresponding to an extremely fine 

mesh (high accuracy mesh). A value of 90% was chosen as further increasing the relevance 

resulted in less than 1% change in the results i.e. total deformation of a node located on the femoral 

head. Fig. 6.12 illustrates the typical results of mesh sensitivity analysis for a typical intact femur 

with boundary conditions stated in section 6.2.2.  

The typical meshed constructions i.e. meshed intact, hip implanted (with conventional implant), 

lateral and anterior plated femurs as well as IM nailed femur is shown in Fig. 6.13.  

 

Fig. 6.12: Typical results of mesh sensitivity analysis for the intact femur. 
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Fig. 6.13: Typical meshed constructions: (a) intact, (b) hip implanted (with conventional implant), (c) lateral plated, 

(d) anterior plated and (e) IM nailed femurs. 

 

6.3. Modeling in ANSYS Parametric Design Language (APDL) 

The algorithm of bone remodeling simulation is illustrated in Fig. 6.14. To simulate bone 

remodeling using mechano-biochemical model, the meshed models was imported into ANSYS 

Parametric Design Language (APDL). Forces, constraints and contact types were identical to those 

in ANSYS Workbench modeling (section 6.2). 

In order to obtain bone density distribution throughout the intact femur, in the first iteration of 

simulations, the bone was modeled as a homogenous structure with the initial density of 0.98 g/cm3 

(ρ0) which is the average value of cortical bone with 1.64 g/cm3 and cancellous bone with 0.32 

g/cm3. The mechano-biochemical model is not sensitive to the initial density. In other words, the 
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initial density does not have a significant effect on the final bone density distribution similar to 

other models developed by [5, 92]. To model the intact femur, cancellous and cortical material 

properties were assigned to their corresponding bodies. The hip implant inside the femur was also 

considered as cancellous bone.  

In the next iterations, based on the concentration of Old and New bones remained/produced inside 

the element, the new properties of each element were calculated. Similar to several studies [5, 14, 

16, 93, 94], each bone element was considered as an isotropic material whose elastic modulus was 

calculated by Eq. (5-20). 

In detail, the mechano-biochemical model which is defined by equations (5-13) to (5-17), was 

applied to finite element analysis (FEA) through a user-defined macro. FEA yielded the trace of 

strain tensor, ε(1), to calculate the values of Dα which are required to calculate [ _ ]Old B and 

[ _ ]New B  for each element. The density and modulus of elasticity of each element were then 

obtained by Eqs. (5-19) and (5-20), respectively. These new material properties were used for the 

next iteration, and the process was repeated until no significant change in the density of the 

elements was observed. It was assumed that the convergence of simulations was obtained when 

ConvCri < 0.0001 (Eq. (6-1)). 

 
( ) ( 1)

1

1 n
t t

i i

i

ConvCri
n

  



   

(6-1) 

 

where n and t are the number of elements and iteration number, respectively.  
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Fig. 6.14: Iterative process of the thermodynamic-based model (mechano-biochemical model) for bone remodeling 

simulation. 

 

To simulate bone remodeling in response to THA, the elements of the head (and neck) of the intact 

femur were removed (unselected). The material properties of the hip implant (CoCrMo, Ti6Al4V 

or CF/PA12 for composite lamina) were assigned to it and the initial material properties of each 

element of immediate post-operative femur were chosen from the same element in the post 

convergence-intact femur (inhomogeneous femur). The joint reaction force was then transferred 

to the hip implant. Finally, the mechano-biochemical model was again applied to simulate bone 

response to THA and Eq. (6-1) was used to control the convergence.  
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In order to simulate bone remodeling due to the presence of a bone plate, the elements of the plate 

(and screws) with the material properties of 316L medical grade stainless steel were added to the 

model. Moreover, the initial material properties of each element of the femur were chosen from 

the same element in the post convergence-hip implanted femur. Finally, the mechano-biochemical 

model was applied and the convergence was controlled to obtain the long-term bone density 

distribution after hip implantation and plating. 

To predict the response of bone to the long-term presence of IM nail, the corresponding material 

properties (Ti6Al4V or CF/Epoxy for composite lamina) were assigned to the nail. The initial 

material properties of each element of the immediate post-operative femur were chosen from the 

same element in the post convergence-intact femur (inhomogeneous femur). Then, the numerical 

model was applied and Eq. (6-1) was used to control the convergence. 

It should be mentioned that in the study by [84], 420 possible layups (with different stacking 

sequence and thickness) for composite IM nail made up of CF/Epoxy was examined to find the 

optimized configuration which minimize the axial stiffness while maximizing the torsional 

stiffness for a given range of bending stiffness. In the current study, the femurs implanted with the 

best configurations (C1 to C7: Table 1) was investigated in terms of bone remodeling response 

and compared with Ti6Al4V nailed femur. 
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CHAPTER 7 : RESULTS AND DISCUSSION 

7.1. Bone density convergence 

The iterative process of bone remodeling simulations was considered converged when no 

significant change in the density of the elements is observed. The convergence of bone remodeling 

simulations for the intact, conventional hip implanted, unconventional hip implanted, lateral plated 

and anterior plated femurs as well as metallic IM nailed femur is shown in Fig. 7.1 indicating that 

the average of density changes over all elements has approached zero after approximately 30-50 

iterations. 

 

Fig. 7.1: Convergence of bone remodeling simulations. 
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7.2. Distribution of bone density in the intact femur (typical)  

Fig. 7.2 illustrates the intact femur density distribution obtained by the mechano-biochemical 

model. The bone density throughout the intact femur was found to be in the range of 0.33 to 1.63 

g/cm3 which agrees with the clinical observations [95, 96].  

 

Fig. 7.2: Density distribution of the intact femur (g/cm3): (a) anterior view, (b) posterior view. 

 

Furthermore, the density distribution in the intact femur is comparable with the X-ray results 

obtained by [97] as depicted in Fig. 7.3. In both cases, in addition to the formation of dense cortical 

bone around the medullary canal, a dense cancellous bone was observed between the calcar and 

the location of hip joint reaction force. Similarly, such a dense trabeculae carrying the stress from 

g/cm3 
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the superior contact surface to the calcar region of the medial cortex was seen in the computational 

study by [5]. Moreover, a dense cortical bone in both proximal and distal regions of the femoral 

neck was observed, alike to the X-ray results. 

 

Fig. 7.3: Density distribution of the intact femur in the coronal section: obtained by (a) mechano-biochemical model, 

(b) X-ray (Reprinted with permission, from [97]). 

 

7.3. Bone response to conventional hip implant 

7.3.1.  Post-operative bone density distribution 

Post-operative bone density distribution in response to the conventional hip implant (CoCrMo) is 

shown in Fig. 7.4. The range of predicted density throughout the post-operative femur was 0.33-

1.70 g/cm3. The location of maximum density (1.70 g/cm3) was observed at a point adjacent to the 

implant in the oblique surface of the proximal femur. This can be explained by the presence of 

stress concentration due to the proximal load transfer to the femur from the implant. To examine 

the density distribution in detail, the femur was divided into seven zones commonly known as 

Gruen zones [98]. These seven zones describe mainly the regions surrounding the proximal part 

of femur and are clinically used to assess the outcome of the hip replacement surgery. 
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Fig. 7.4: Post-operative bone density distribution in response to conventional hip implant (g/cm3): (a) anterior view, 

(b) posterior view, (c) coronal section of posterior view. 

 

The density evolution of zone 7 in response to THA is illustrated in Fig. 7.5. It is observed that 

BMD in zone 7 decreased dramatically until iteration 11, then started to increase and eventually 

after 9% recovery, it reached a stable condition with the density of 0.90 g/cm3. This pattern agrees 

well with Stukenborg-Colsman’s observation [28] reporting that after a progressive bone loss in 

zone 7 during the first six months post-operation, BMD increases and recovers slightly by 7% at 

the end of the first year. Therefore, this study suggests that the periprosthetic bone loss is not 

necessarily progressive and even restoration of bone density can occur, analogous to the 

g/cm3 
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observations by [99, 100]. In addition, Kroger et al. [12] reported that after a rapid bone loss in 

response to THA, BMD gets stable which agrees with the present findings. 

 

Fig. 7.5: Graph showing the post-operative bone density vs. number of iteration for zone 7. 

 

7.3.2.  Percent change in femoral density  

Percent change in the femoral density in response to THA with conventional hip implant is 

presented in Fig. 7.6. The maximum periprosthetic bone loss predicted by the model was -46.25% 

observed in the calcar, which is consistent with Niinimaki and Jalovaara s’ observation [101] 

reporting the maximum bone loss of -40% in the calcar area. The 6% discrepancy between the 

results can be justified by the difference between the implants stiffness (CoCrMo vs. Steel); the 

more flexible the implant is, the less the effect of stress shielding will be.  

According to our study, the maximum bone formation of +128.12% was seen in a location in the 

oblique surface of the proximal femur adjacent to the implant. The high level of stress transferred 

to the proximal femur from the implant could result in such a bone densification which in turn may 

increase the risk of fracture in the femoral neck.  
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Fig. 7.6: Percent change in bone density due to the long-term presence of conventional hip implant: (a) posterior 

view, (b) three transverse segments, (c) medial view. 

 

A-A segment in Fig. 7.6 illustrates cortical resorption as well as trabecular densification at the 

medial edge of the implant, similar to [14]. The results show that the periprosthetic bone loss 

decreased as the segment plane moved distally from the proximal metaphysis to mid-diaphysis 

such that the dramatic range of bone loss (-46.25% to -26.88%) vanished in B-B and C-C segments, 

and even some bone densification occurred in the area adjacent to the distal tip of the stem. Also, 

in A-A segment, it is qualitatively visible that the bone density loss in the posterior region of the 

proximal metaphysis was greater than that in the anterior side, analogous to Shim’s observation 
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[102] reporting the posterior region of the metaphysis gets more unloaded compared to the anterior 

side after THA.  

The changes (pre- vs. post-operation) in average density over the elements of each Gruen zone are 

shown in Fig. 7.7. Among Gruen zones, the maximum periprosthetic bone loss occurred in zone 7 

followed by zone 1 with the percentage of -17.93% and -13.77%, respectively. Similarly, in 

Stukenborg-Colsman’s clinical examination [28], using a Ti alloy implant, the strongest decreases 

in BMD were observed in zone 7 (-12%) and zone 1(-11%).  

In the study by [16] who simulated bone remodeling in response to CoCr implant (Epoch), a 

maximum bone loss of -10% (zone 7) was predicted after 2 years post-operation. In terms of the 

location (zone) of maximum bone loss, our findings are consistent with [16]. However, there is an 

8% difference quantitatively. With that in mind, our result (-17.93%) was closer to the clinical 

value (-16%) used as a touchstone in their study. Therefore, it may be concluded that the mechano-

biochemical model can more realistically predict the maximum bone loss in response to THA. Fig. 

7.7 also shows that bone densification only occurred in zone 4 (+4.63%). This is due to the fact 

that at the distal tip of the stem, all forces are transferred to the bone; this results in a high stress 

concentration which consequently induces a prominent deposition of bone mass at this zone.  

It should be noted that, according to the results, the maximum local bone loss (-46.25% in the most 

proximal/medial area of the femur) is even more than twice the maximum average bone loss (-

17.93% in zone 7). That being said, mechano-biochemical model warns that the average bone loss 

in the Gruen zones which is mainly used as a touchstone to report the periprosthetic bone loss 

might be unsuitable since some locations in the bone with a huge bone loss may exist that may 

result in unpredictable local failure. 
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Fig. 7.7: Percentage of bone loss/formation in Gruen zones due to the long-term presence of conventional hip 

implant.  

 

7.3.3.  Validation of simulations 

In order to validate the simulations against clinical studies, the results were compared to the study 

by Li et al. [25] who measured the periprosthetic changes in BMD in response to THA using 

DEXA. [25] reported that 2 years after THA with a CoCr implant, the maximum bone loss occurs 

in zone 7 with a percent change of -19.7% which is consistent with our results (zone 7: -17.93%). 

In zones 2 and 6, our model under-estimated the bone loss (while it still agrees with Glassman’s 

study reporting density changes of -3.24% and -7.72% for zones 2 and 6, respectively [103]) 

compared to the Li’s observation. However, for the rest of the regions, our results are close to the 

clinical ones (Fig. 7.8: -13.77% vs. -9.2% for zone 1; -3.48% vs. -3.2% for zone 3; +4.63% vs. 

+3.4% for zone 4; -1.11% vs. -0.9% for zone 5; -17.93% vs. -19.7% for zone 7).  

The present study also shows that the bone loss in the Gruen zones progressively declined as the 

region of interest moved distally from the proximal metaphysis to mid-diaphysis which agrees 
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with Li’s observations. Furthermore, Li’s study confirms our results stating that among Gruen 

zones, zone 4 is the only region showing increase in BMD [25]. 

 

Fig. 7.8: Periprosthetic bone loss observed by [25] (Black values) compared to with that obtained by the mechano-

biochemical model (Red Italic values).  

 

 

 

 

 

[25] 
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7.4. Bone response to unconventional hip implants 

7.4.1.  Post-operative bone density distribution 

Periprosthetic bone density distribution in response to three unconventional hip implants 

(CoCrMo, Ti6Al4V and CF/PA12 developed by [9]) is illustrated in Fig. 7.9. Similar to the study 

by [13], periprosthetic bone loss in response to metallic implants was more severe than that in the 

presence of composite hip stem as low density regions (0.34-0.8 g/cm3) were dominant in the 

femur implanted with CoCrMo compared to that with the composite hip stem. This can be 

explained by the fact that stiff implants carry a greater portion of the applied load compared to 

flexible ones. Subsequently, according to the load sharing rule, less load portion is borne by a 

femur with a stiff implant compared to the one implanted with a flexible implant. On the other 

hand, based on Wolff’s law [20] and Frost’s mechanostat theory [104], bone remodeling is 

stimulated by the local mechanical elastic deformation of bone; thus, bone adapts its properties 

according to the mechanical load acting upon it. According to these theories, reduction in the 

mechanical load causes bone to adapt itself by reducing its density. That is why a femur implanted 

with a stiff implant is subjected to more severe bone loss compared to a femur with a flexible one 

as the former carries less mechanical load. Therefore, the results of simulations reveal that 

biomimetic composite hip stem promotes proximal load transfer to the femur compared to the 

metallic ones, and hence reduces the amount of bone resorption. 
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Fig. 7.9: Post-operative bone density distribution in response to (a) CoCrMo, (b) Ti6Al4V, (c) CF/PA12 

unconventional hip implants. 

 

7.4.2.  Percent change in femoral density  

Percent change in the femoral density in response to the implantation of unconventional hip stems 

is presented in Fig. 7.10. According to this figure, in all three simulations, the most severe 

periprosthetic bone loss (~ -72%) occurred in the calcar region which is in agreement with the 

observation by [105]. Also, the maximum local bone formation (~ +60%) was formed in a region 

located at the vicinity of the distal tip of the stem. Similarly, [12] found bone mineral density 

increase in the regions close to the distal implant. This can be justified by the fact that loads 

sustained by the implant are transferred to the bone through the distal tip of the stem resulting in a 

stress concentration which consequently induces a deposition of bone mass.  
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Fig. 7.10: Percent change in bone density due to the long-term presence of (a) CoCrMo, (b) Ti6Al4V, (c) CF/PA12 

unconventional hip implants. Cutting plane line in all three constructions passes through the proximal metaphysis.  
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As illustrated in Fig. 7.10, the stiffness of the implants played a key role in the periprosthetic bone 

density distribution. It can be observed that only a small portion of the medial femur implanted 

with composite hip stem was subjected to a severe bone loss (-72% to -30%) unlike the femurs 

with Ti6Al4V and CoCrMo implants. In addition, section views whose cutting plane passes 

through the proximal metaphysis depict that a moderately dense trabeculae was developed in the 

case of composite hip implant only which can boost implant stability; this can be considered as 

another benefit for the composite hip stem. Our findings also showed an extreme cortical 

resorption at the medial edge of the implants in the proximal metaphysis analogous to [14]. 

The percentage of bone loss in Gruen zones is shown in Fig. 7.11 which endorses the advantage 

of the composite hip stem over metallic ones in terms of induced stress shielding as the femur 

implanted with composite hip stem showed less total bone loss (-9%) compared to -21% and -27% 

in the presence of Ti6Al4V and CoCrMo, respectively. This figure also shows that the maximum 

bone loss among Gruen zones were approximately -43% (zone 7), -35% (zone 7), and -10% (zone 

2) in response to CoCrMo, Ti6Al4V and composite hip stems, respectively. 

[13] reported that the bone loss due to CF/PA12 stem is approximately between 10% and 20% 

while it lies between 25% and 50% when Ti stem is used. In comparison with the results of [13], 

our findings (total bone loss of -9% for CF/PA12 and -21% for Ti6AL4V) are close to the lower 

bands. This can be justified by the inherent difference between the numerical models used for bone 

remodeling simulations. In contrast to [13] who used the strain energy density model [14, 35] for 

predicating bone loss, the current study employed the mechano-biochemical model to simulate the 

response of bone to the presence of composite and metallic implants. The mechano-biochemical 

model considers the role of biochemical reactions for regulating bone remodeling mechanisms so 

that in the absence of mechanical loading, the bone resorbs partially by approximately 50% [6, 8, 
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13] due the presence of biochemical stimulus that triggers bone remodeling. However, in the strain 

energy density model, bone resorbs completely in the absence of mechanical loading [13].  

 

Fig. 7.11: Percentage of bone loss in Gruen zones due to the long-term presence of unconventional hip implants. 

 

In comparison with the clinical study conducted by [106] using a cementless titanium hip implant, 

the current amount of predicted periprosthetic bone loss in response to Ti6Al4V hip stem, in Gruen 

zone 7 (-35%), 6 (-29%), 4 (-9%), and 1 (-20%) are in good agreement with the range of their 

observations (zone 7: -40% to -10%, zone 6: -30% to +1%, zone 4: -9% to +4%, zone 1: -36% to 

-12%). Moreover, our predicted bone loss for all Gruen zones including zone 5 (-15%), 3 (-16%), 

and 2 (-26%) are in the range of the results predicted by [5].  

In response to the CoCrMo implant (with Young’s modulus of 210 GPa), the maximum predicted 

bone loss in Gruen zones was -43% which occurred in zone 7 and is close to the maximum bone 

loss of -40% (zone 7) in the presence of stainless steel (with Young’s modulus of 193 GPa) 

observed by [101].  
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The amount of bone loss in response to the composite hip implant was approximately the same (~ 

-9%) in all Gruen zones which resulted in a lower standard deviation (0.60%) compared to the 

metallic implants (9.13% for Ti6Al4V; 12.29% for CoCrMo). This small deviation implies that 

the femur implanted with the composite hip implant is not subjected to excessive stress 

concentration, therefore is under a lower risk of fracture, which can be counted as another privilege 

of CF/PA12 implant. 

In response to the metallic hip implants, the current study showed that the maximum bone loss (-

43% for CoCrMo and -35% for Ti6Al4V) among Gruen zones occurs in zone 7 similar to other 

clinical and numerical studies [14, 16, 25, 28, 101, 105, 107-109]. Furthermore, the next most 

severe periprosthetic bone loss (-40% for CoCrMo and -29% for Ti6Al4V) happened in zone 6 

which agrees with the results of [105]. The minimum bone loss (-9%) among Gruen zones was 

reported to be in zone 4 (the most distal region) which is consistent with other studies [14, 25, 93] 

which reported the minimum bone density decrease occurs in the most distal region of interest. 

Interestingly, the amount of bone loss in this zone was the same in all three constructions. This 

can be explained by the fact that since all the loads shared with the implant, regardless of its 

material, are transmitted to zone 4, this zone is subjected to the same amount of bone density 

decrease.  

According to our findings, bone loss in response to the metallic implants progressively declined 

(except for an increase from Gruen zone 1 to 2) as the region of interest moves distally from the 

proximal metaphysis to mid-diaphysis, which agrees with [25]. In addition, our study revealed that 

the sequence of severity of bone loss (from maximum to minimum) in Gruen zones is as follows: 

zone 7, 6, 2, 1, 3, 5, and 4 for both femurs implanted with CoCrMo and Ti6Al4V which is 

consistent with the long term observations by [25]. 
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7.5. Bone response to hip implant and bone plate 

7.5.1.  Post-operative bone density distribution 

The iterative process of simulations was continued until no significant change in the density of the 

elements was observed (after ~ 30 iterations for plated femurs, Fig. 7.1). From a clinical point of 

view, this is considered as the long-term response when the femoral density gets to a stable 

condition. Such a stable condition was also seen in the clinical study by [65] reporting that femoral 

bone density does not decrease with time after 3 years of the plate application. 

Femoral bone density distribution in response to the long-term presence of the hip implant and 

bone plate (8-hole Zimmer) is illustrated in Fig. 7.12 for both lateral and anterior plated femurs. 

The maximum density (~ 1.8 g/cm3) is observed at the vicinity of the most proximal and distal 

screw holes for the lateral and anterior plated femurs, respectively. This dense bone formation can 

be justified by the stress concentration around the screw holes.  

7.5.2.  Percent change in femoral density 

Fig. 7.13 demonstrates the percent density changes due to the implantation of hip stem and bone 

fracture plate for both lateral and anterior plating. The model predicted severe bone loss in the 

calcar region for both lateral and anterior plated femurs which is due to the presence of hip implant. 

The prediction of such severe BMD decrease in the calcar region agrees with other studies [14, 16, 

25, 28, 101, 105, 107-109]. On the other hand, intensive bone formation was observed in a region 

located in the oblique surface of the proximal femur adjacent to the hip implant. The high level of 

stress transferred to the proximal femur from the implant could result in such a bone densification 

which may increase the risk of local fracture in the neck of the femur.   
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According to Fig. 7.13, the areas directly under the lateral and anterior bone plates experienced 

severe bone density decrease (up to ~ -70%) which agrees with the observations by [64] reporting 

the loss of dense bone in the regions beneath the bone plate. [64] also observed the formation of 

dense zones adjacent to the proximal and distal ends of the plate as well as around the screws. This 

is in agreement with our results as some level of bone formation (up to ~ +110%) was predicted 

around the most proximal and distal screw holes in both lateral and anterior plated femurs. 

 

Fig. 7.12: Post-operative bone density distribution in response to hip implant and fracture plate: (a) lateral plated 

femur, (b) anterior plated femur. 
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Fig. 7.13: Percent change in bone density due to the long-term presence of the hip implant and fracture plate: (a) 

lateral plated femur, (b) anterior plated femur. 

 

For further investigations, the region beneath the plate was divided into six equal length zones as 

depicted in Fig. 7.14(a). Each zone contains all elements within its volume. In Fig. 7.14(b), bone 

loss in each zone as well as the average bone loss over all six zones due to the presence of hip 

implant and bone plate (lateral and anterior plating) is illustrated.  

According to Fig. 7.14, the average bone loss was approximately the same for lateral and anterior 

plated femurs (~ -24%). The figure also reveals that the maximum bone loss in the anterior plated 

femur occurred in zone 5 while in the lateral plated femur, it was zone 2 that experienced the most 

severe bone density decrease. [87] who compared the pattern of stress in proximal/lateral regions 

of intact and lateral plated femurs using infrared thermography camera, stated that the reduction 

of stress (intact vs. plated femur) in mid-shaft (~ equivalent to our zone 2) is higher than that in 
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proximal femur (~ equivalent to our zone 1). In addition, according to [71], proximal/lateral and 

distal/lateral regions (~ equivalent to our zone 1 and 3, respectively) of lateral plated femur 

experience higher strain compared to the mid-shaft (~ equivalent to our zone 2). Hence, those 

studies [71, 87] justify our results predicting the greater bone loss in zone 2 compared to zone 1 

and 3 in response to lateral plating. 

 

Fig. 7.14: (a) femoral shaft six zones used to compare bone loss in the regions beneath the plate, (b) percentage of 

bone loss in six zones due to the long-term presence of hip implant and fracture plate.  

 

Since hip joint and muscle forces acting on the femur tend to medially bend the femoral bone, 

there is a conventional wisdom believing that femoral bones might be more vulnerable in response 

to lateral plating rather than anterior plating in terms of bone loss. However, our findings reveal 

that the average bone loss in response to lateral plating was the same as anterior one (~ -24% in 

the presence of the hip implant and bone plate). Also, the maximum bone loss among six zones 

was approximately equivalent for both lateral and anterior plated femurs (-38% and -36% for 

lateral and anterior plating, respectively). In addition, the authors came to the conclusion that 

anterior plating is inferior to the lateral one in terms of the number of zones subjected to severe 
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bone loss (4 vs. 2 zones) as in zones 3, 4, 5, and 6 of anterior plated femur, the magnitude of bone 

loss was greater compared to the corresponding zones in the lateral plated femur. 

7.5.3.  Validation of simulations 

The mechano-biochemical model is validated in section 7.3 where femoral density change in 

response to THA (with conventional hip implant) was predicted and compared with clinical trial 

data. However, to the best of author’s knowledge, there is no data regarding long term femoral 

density changes in response to both hip implant and bone plate in the literature. To validate the 

results of the present study against clinical trials, we separately simulated bone remodeling of an 

intact model (with no hip implant) in response to the lateral plating to replicate the conditions of a 

follow up conducted by [65] in which the long-term femoral bone density (1-14 years from 

application to removal) in patients who underwent lateral bone plating surgery but no hip 

implantation was investigated. The region of interest was considered between the second and third 

holes from the distal end of the plate (shown in Fig. 7.15(a)) and divided into four quadrants 

(posterior, medial, lateral and anterior) same as the clinical study by [65]. 

The amount of bone loss (Fig. 7.15(b)) predicted by the mechano-biochemical model in three out 

of four quadrants correlate with the values reported in the aforementioned clinical study. In other 

words, the bone loss of posterior (-32%), lateral (-27%) and anterior (-15%) quadrants were in the 

range of their corresponding clinical measurements, i.e. between -45% and -6% in posterior, 

between -28% and -5% in lateral, and between -37% and -1% for anterior quadrant [65]. 
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Fig. 7.15: (a) Selected zone between the second and third hole from the distal end of the plate, (b) bone loss in four 

quadrants of the selected zone. 

 

7.6. Bone response to intramedullary nail 

Average bone loss due to the presence of composite nails (CF/Epoxy) with the laminate stacking 

sequences listed in Table 1 and metallic nail (Stryker T2 nail, made up of Ti6Al4V) is depicted in 

Fig. 7.16. As expected, among eight configurations, C1 nail resulted in the lowest bone loss (-

2.3%) as it has the lowest bending and axial stiffness compared to the other nails while the femur 

implanted by C8 (Ti6Al4V) nail with the greatest bending and axial stiffness, was subjected to the 

most severe bone loss (-7.9%).  

[84] found that the composite IM nail of C5 with an axial stiffness of 4.43 MN, bending and 

torsional stiffness of 80.1 and 73.8 N.m2 respectively shows an overall superiority compared to 

the other composite configurations in terms of fracture stability and strength in oblique and 

transverse shaft fractures. Therefore, the femur implanted with this winning composite candidate 

(C5) is selected to be compared in detail with Ti6Al4V (C8) nailed femur in terms of bone 
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remodeling response. Fig. 7.17 illustrates the post-operative femoral density while Fig. 7.18 shows 

the percent change in BMD in response to C5 and Ti6Al4V nails.  

 

Fig. 7.16: Percentage of bone loss (intact vs. nailed femur) due to the long-term presence of IM nail for eight 

configurations. 

 

 

Fig. 7.17: Post-operative bone density distribution in response to (a) C5, (b) Ti6Al4V nails. 
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As illustrated in Fig. 7.18, femoral bone experienced some moderate level of bone loss as a result 

of C5 IM nailing unlike the femur implanted with Ti6Al4V nail so that the range of severe bone 

loss (-30% to -15%) vanished in the femur with C5 nail inside. This can be counted as one of the 

privilege of composite nail over the metallic one. By comparing the long-term femoral density 

distribution as a result of hip implantation or plating (shown in sections 7.3-7.5) with IM nailed 

femur, one can conclude that the bone loss severity due to the presence of metallic hip implants or 

plates is much more than that as a result of metallic IM nailing (up to ~ -70% vs. ~ -30% bone 

loss). 

 

Fig. 7.18: Percent change in bone density due to the long-term presence of (a) C5 nail, (b) Ti6Al4V nail. 
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Fig. 7.19: (a) Selected four zones in the femoral shaft, (b) percentage of bone loss in six zones due to the long-term 

presence of IM nails. 

 

For further investigations, the implanted femurs were divided into four zones (Fig. 7.19(a)). As 

depicted in Fig. 7.19(b), among four zones, zone 2 was subjected to the maximum bone loss (-

4.7% and -10.3% in the presence of C5 and Ti6Al4V nails, respectively) while zone 4 experienced 

the lowest bone density decrease (-2.2% and -4.7% in the presence of C5 and Ti6Al4V nails, 

respectively). Examining the figure, one can observe that the implantation of C5 composite nail 

resulted in the total bone loss of -3.5% while Ti6Al4V nail increased the bone loss to -7.9% which 

is in the range of Wang et al.’s results (-9% to -1% bone loss in the femoral shaft) [110]. In addition, 

predicted BMD decrease in response to Ti6Al4V nail in zone 1 and 2 were -9.7% and -10.3%, 

respectively which are close to the range of -9.1% to -3.9% bone loss reported for the lateral side 

of Ti nailed femur [110]. Furthermore, predicted bone loss in zone 3 and 4 were -6.5% and -4.7%, 

respectively which lie between -6.5% and -0.3% bone loss reported for the medial side of the femur 

[110]. 
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In a clinical study by [111], it is reported that in response to the long-term (29 months) presence 

of an IM nail, BMD in human tibia treated by retained reamed IM nail decreases by 7% compared 

to that in the intact contra-lateral one which is consistent with our results (-7.9%).  

Fig. 7.19(b) also reveals that among all four zones, zone 2 experienced the maximum bone loss of 

-4.7% and -10.3% in the presence of C5 and Ti6Al4V nails, respectively. It was followed by zone 

1 with the density decrease of -4.3% and -9.7% in response to C5 and Ti6Al4V nails, respectively. 

In other words, it can be concuded that the lateral side of the femur got more unloaded compared 

to the medial side after IM nailing which agrees with the results of [110].  

Among four zones, the variation of bone loss in response to C5 nail is lower than that in response 

to Ti6Al4V nail (standard deviation: 1.13% vs. 2.6% for C5 and Ti6Al4V, respectively). This 

implies that the stress distribution in the femur implanted with the composite nail is more uniform 

compared to the one with the metallic nail, therefore the femur treated by the composite nail would 

be under a lower risk of local fracture as it does not experience excessive stress concentration. This 

can be considered as another advantage of the composite nail over the metallic one. 
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CHAPTER 8 : CONCLUSIONS, LIMITATIONS AND FUTURE WORK  

8.1. Conclusions  

A mechano-biochemical model, which considers the coupling between the mechanical loading and 

biochemical affinity as stimulus for bone remodeling, was employed in this study to simulate the 

long-term behaviour of the femur in response to total hip arthroplasty, plating and intramedullary 

nailing. This study provided a quantitative figure for monitoring bone density changes throughout 

the femoral bone. The current research revealed that:  

 The most significant periprosthetic bone loss in response to THA occurred in Gruen zone 7 

(up to -43% in response to unconventional hip implant/CoCrMo). Conversely, zone 4 

experienced the lowest bone mineral density (BMD) decrease among Gruen zones. 

 The composite hip implant (CF/PA12) was more advantageous over the metallic ones (made 

up of Ti6Al4V and CoCrMo) as it induced less stress shielding (total bone loss of -9% 

compared to -21% and -27% in the presence of Ti6Al4V and CoCrMo implants, 

respectively), developed a moderate dense trabeculae at the vicinity of the implant, and 

provided more uniform bone density change following THA. 

 The areas directly beneath the bone fracture plate experienced severe bone loss (~ -70%). 

However, some level of bone formation was observed at the vicinity of the most proximal 

and distal screw holes in both lateral and anterior plated femurs (up to ~ +110%). 

Furthermore, in terms of bone remodeling, the anterior plating was not superior to the lateral 

plating. 
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8.2. Limitations of the study 

Although the results of research study agree well with the bone morphology and literature, the 

model has some limitations and simplifications: 

In the current study, “no separation” contact type was considered between the fracture plate and 

bone which allowed for the fracture plate to slide over the bone unlike “bonded” contact type 

which was assumed between the hip implant and bone. Several studies [71, 87-89] also considered 

similar assumptions for modeling femoral fracture fixation and total hip arthroplasty. These 

assumptions are similar to the clinical conditions in which bone remodels itself, and simulate 

perfect interdigitation of bone around the threads of the screws, and full bony in-growth around 

the hip implant. Bonded contact type disregards micromotions at the bone–implant interface 

which, in turn, increases the load applied on the bone. This assumption may underestimate the 

amount of bone loss predicted by the model. This is similar to the effect of isotropic behaviour 

assumption on the final bone density distribution since considering isotropic behaviour (~ elastic 

modulus in longitudinal direction) for each element may result in a more rigid bone compared to 

the bone with anisotropic structure. This increase in rigidity can increase the magnitude of the load 

carried by the bone and subsequently can reduce the bone loss predicted by the model. In this 

research study, bone viscoelastic behaviour was ignored in the modeling as it is negligible for the 

range of physiological strain rate [112]. Furthermore, since the long-term response of femur to the 

presence of hip implant and bone plate was the focus of this work, healing mechanism was not 

incorporated into the model, and subsequently callus properties were ignored. The ignorance of 

callus properties in the simulations can be justified by the facts that the proposed mechano-

biochemical model is not sensitive to initial material properties. As a result, even if the callus 

properties were considered in the simulations, the results (i.e. long-term density distribution of the 
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implanted femur fixed with a bone fracture plate) would not get affected. This is due to the fact 

that callus properties are the initial material properties for the last step of simulations where the 

long-term response of the implanted femur to the bone fracture plate was of interest. In the current 

study, the computational steps are unrelated to real time. However, the iterative process was 

assumed converged when no significant change in the density of the elements was observed, which 

from a clinical point of view is considered as the long-term response when the femoral density 

gets to a stable condition. 

8.3. Future work  

In the current work, the long-term response of femoral bone to the presence of hip implant, bone 

fracture plate and IM nail is simulated. However, orthopedic implantation is not limited to those 

cases. For example, hip resurfacing arthroplasty and short stem implantation can be explored as a 

future work. In addition, in the current research study, the bone density distribution  

In this study, we tried to bring insight into bone loss due to the stress shielding phenomena, 

therefore the density decrease caused by purely chemical diseases (e.g. bone tumor) was not 

considered. It should be mentioned that the proposed model is capable of considering the effect of 

chemical environments on bone remodeling through the biochemical reaction rates and the 

concentration of substances participating in the reactions. However, further research is indeed 

needed to quantify the effect of chemical diseases on the concentration of substances and the rate 

of biochemical reactions. 

In addition, in the thermodynamic-based model, the treatment of the bone remodeling process is 

based on a coordinated sequence of bone resorption and formation. This coordination is somewhat 
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simplistic, and further research is required to extend the model to contain more details about the 

bone growth control mechanisms involved in the bone remodeling process. 
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