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Abstract 

BIOMECHANICAL EVALUATION OF A CARBON FIBRE EPOXY COMPOSITE 

PLATE IN AN INJURED AND HEALED FEMUR USING INFRARED 

THERMOGRAPHY AND FINITE ELEMENT ANALYSIS 

Master of Applied Science, 2012 

 Faisal Sharaf Siddiqui,  

Mechanical Engineering, 

Ryerson University  

Femur fractures are caused by high energy trauma or by musculoskeletal impairments, such as 

osteoporosis. The presence of total hip replacement (THR) superior to a femoral mid-shaft 

fracture greatly complicates fixation and treatment. The most conventional fracture fixation 

method is internal fixation by metal plate and screws. However, metal being stiffer than bone, 

causes stress shielding and bone resorption. The goal of this study was to evaluate the 

performance of a less stiff carbon fibre epoxy plate as fracture fixation in an injured and healed 

femur. IR thermography validated by finite element analysis (FEA) was used to investigate the 

stress patterns of an injured and healed femur under an average cyclic loading of 800 N at an 

adduction angle of 7 degrees to simulate the single-legged stance phase of walking. The average 

stiffness of an injured femur with carbon/epoxy plate was 532.1 N/mm (static) and 625.3 N/mm 

(dynamic) respectively, that increased to 597.6 N/mm (static) and 697.9 N/mm (dynamic) for the 

metal plate. For the healed femur, the average stiffness increased from 1660.3 N/mm (static) and 

2010.0 N/mm (dynamic) for the carbon/epoxy plate to 1704.4 N/mm (static) and 2070.4 N/mm 

(dynamic) for the metal plate. IR stress maps for carbon/epoxy and metal plate (injured femur) 

showed an overall difference of 29.2% for the anterior and posterior sides. This is the first study 

to assess experimentally and computationally the biomechanical behavior of injured and healed 

synthetic femur with two different plates construct.  
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CHAPTER 1. INTRODUCTION 

1.1 Background Motivation 

In orthopaedic trauma, femur fractures are an important subject of investigation, because femurs are 

the strongest, longest and heaviest bone in the human body. In young people, injury to normal 

healthy femurs can be caused by high-energy incidents, such as the 5500,000 accidents, occurring 

yearly in the United States [1]. It can also be fractured by a low energy force applied to an elderly 

person, suffering from musculoskeletal impairments, such as osteoporosis or osteopenia [2]. 

Osteoporosis is a type of bone disease, related with age and characterized by the loss of bone due to 

aging. It is often called as silent disease, because of its symptomless development, until a fracture 

occurs. Bones are easier to fracture, even from simple routine activities or fall from low heights. 

Regardless of the causes, symptoms of fracture are very serious leading to severe pain and inability 

to move leg [2]. The impact of femoral fractures is not only severe long term pain, but also it could 

impact quality of life, like inability to perform daily routine activities, immobility, economic burden 

of inpatient, outpatient and long term care expenses, indirect costs related with morbidity and 

mortality [3].  

Osteoporosis, often considered as a disease of women, however, has been recently found to affect 

men as well. According to the National Osteoporosis Foundation, in United States, approximately 

29.5 million women and 11.7 million men were suffering from osteoporosis. By 2020, in total, it 

may increase to 61 million, if effective treatments are not found widely or implemented [3, 4]. 

Osteoporosis also results in hip and knee implants replacement, the most common joint 

replacements conducted worldwide, and the number of primary surgeries continues to increase with 

every year. According to Canadian institute for health information, between 1996-97 and 2006-

2007, in Canada, hip and knee replacements increased from 59% to 140%, respectively [5, 6].  

A fractured femur normally takes about 3 to 6 months to heal; however, the process of healing 

begins as early as 6 weeks. Such a long healing time, may result in misalignment. Therefore the 

femur fracture requires an aid to enhance its healing process and to provide proper alignment. 

Treatment of femur fractures gets complicated in the presence of a pre-existence total hip 

replacement (THR). Periprosthetic femoral fractures usually occur in estimated 0.1% to 6% of all 

patients, mostly occurring in elderly women with osteopenia or in patients with loosened hip stem 

[7, 8]. Patients with periprosthetic fractures are associated with most complications, such as, 
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nonunion in 25% to 42% of all such fractures treated non-operatively, therefore treatment of such 

fractures are still a point of controversy [7, 8]. Though there is no “gold standard” approach, the 

most frequently used extramedullary strategy involves placing of a metal plate across the fracture 

line on the lateral femur surface, with proximal fixation with cables/screws and distal fixation with 

bicortical screws [9].   

Bone plate fixation is one of the methods for treating femoral fractures. The major benefit of this 

method is that it can be used for the patients with hip or knee implants. The other benefits include, 

that it can be used when the bone has been fragmented at the site of fracture, the chances of 

shortening of the injured femur are smaller compared to other methods [9, 10] and this method does 

not require reaming or cutting of the epiphyses and nearby growth plates. This is particularly 

advantageous in pediatric patients [11]. 

Most of the commercially available bone plates are made of metallic materials such as titanium, 

titanium alloys, cobalt alloys or stainless steel [12]. An advantage of using metal alloys in 

biological applications is that, they have been extensively studied and therefore their mechanical 

properties and bio-compatibility have been well documented. 

Practical experience, however, has revealed that metallic bone fixation devices do not adequately 

match the stiffness properties of human bones. In fact, the elastic modulus of metal is about 7 to 12 

times higher than that for human bones. The high rigidity of metal plates can result in an 

unbalanced load distribution between the bone and implants with the bone plate carrying most of 

the load. This phenomenon is called stress shielding or stress protection [12].  

Stress shielding can cause the compressive stresses in the affected bone to be about 28-45% lower 

than they were pre-operatively [13]. Since compressive stress is required to maintain healthy bone 

density, stress-shielding often results in a lower bone density and higher porosity compared to the 

pre-operative bone. The weakened bone suffers an increased risk of re-fracture once the bone plate 

implant is removed [14, 15]. In one study, about 3% of patients re-fractured their femurs after the 

bone plate was removed following a visible re-union of the injured femur [16]. This carries a high 

societal cost both in terms of burdening the healthcare system as well as pain and suffering caused 

to the patient. Bone fixation methods must be mindfully selected in order to minimize the risk of re-

fracture by optimizing the compressive stresses transferred to the femur in order to maintain healthy 

bone density. 
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In order to reduce stress shielding, an ideal situation is to reduce stiffness of plates while 

maintaining their structural strength. But other than stiffness, factors like material selection and 

strength are also to be considered in bone plate design. Strength of a plate depends on the cross 

section and material properties. The thicker the plate the stronger it will be, however, an overly 

thick plate is unreasonable for human body. High stiffness is required in the initial healing process 

of the fracture to provide stability. However, towards the end of the healing process less stiffness 

is required from the plate in order for the bone to absorb some physiological stress allowing it to 

strengthen and prevent re-fracture [10]. 

Orthopaedic pioneering researchers and surgeons have encouraged material scientists and 

engineers for many years to develop implants and devices to cure diseases and injuries involving 

the skeleton. The surgical technique to relieve the pain and to restore the function by creating an 

artificial joint is known as replacement. 

The biocompatibility and low rigidity of carbon fibre reinforced composite is comparable to that of 

cortical bone, which makes it a candidate material for use in orthopaedic applications. For total 

hip replacement and internal fixation, Christel et al. suggested these composites and polymers as 

candidate biomaterials [17, 18].  

1.2 Current Thesis Outline 

The thesis is comprised of six main chapters. This manuscript provides the motivation behind the 

need for this study and research goals this thesis sets out to accomplish. 

Chapter 2 provides a comprehensive literature review consisting of introduction to the anatomy of 

the human limb, clinical aspects of femur fracture, biomechanics, biomechanical aspects of femur 

fracture, thermography, finite element analysis and the role thermography and finite element 

analysis plays in current research.  

Chapter 3 explains the methodology of the current study. Specifically, it describes each 

component, the specimen preparation process, mechanical tests and infrared thermography 

conducted in the experiment. It also describes the development of the finite element model.  

Chapter 4 provides the results from the experimental investigation and the finite element study. 

Chapter 5 critically analyzes the results, and discusses the limitations of the study. This chapter 

also provides direction for future work. 
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Chapter 6 concludes with the summary, highlighting the biomechanical evaluation of 

carbon/epoxy composite laminate as a material for bone plate.  

1.3 Research Question and Goals 

The aim of this study was the biomechanical evaluation of carbon/epoxy plate as a fracture 

fixation method to reduce stress shielding and bone resorption in the presence of hip stem. The 

investigation was carried out using large left synthetic femurs, with two different constructs, one 

using titanium as material for bone plate and the other using carbon/epoxy composite laminate, 

undergoing dynamic axial conditions, to examine the biomechanics of surgical repair method for 

femoral shaft fracture in the presence of total hip replacement, which is a real-world challenge for 

clinical management. 

By showing the viability of using infrared thermography as an alternative to strain gauge 

measurements, this will allow a better understanding of the stress patterns along the surface of 

the bone and, in the long term, assist in improving current orthopaedic implants to speed up patient 

recovery times. 

The finite element model of the periprosthetic femurs with bone plate combinations was designed 

and developed to predict stiffness and stress patterns for 4 different constructs. Studies have 

revealed that, finite element analysis is a useful tool for implant design purposes, particularly for 

determining load sharing between implant and bone [19-24].  

No study to date has systematically tracked the changes, and compared two different fixation 

methods in the femur for the stiffness and stress that occur starting from an intact femur, to 

initial total hip  replacement, to surgical fracture repair using a plate, and then to complete 

fracture healing for a periprosthetic femur fracture. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Co-ordinate planes of the Human body 

The human body can be described into three major planes, which run through the body, and are 

used to specify the orientation and position of parts of the body, as shown in Figure 2.1. The 

sagittal plane divides the human body longitudinally into right and left halves. The coronal plane, 

or the frontal plane, passes through the body from head to the feet, and divides the body into 

anterior and posterior sections. The transverse plane, alternatively called the axial plane, runs 

through the body longitudinally, and divides the body into superior and inferior halves [25, 26]. 

 

 

Figure 2.1 Anatomical planes of the human body [25] 

2.2 Human Femur 

The femur, alternatively known as the thigh bone, is the strongest and the longest bone in human 

body. There are two femurs in the human body and are positioned as left and right in a mirror 

image with respect to the coronal plane. The femur supports the major weight of the body during 

actions like walking, running and climbing. Each femur is subjected to a typical loading of up to 2 

times the weight of an adult body. In human anatomy, it is the most proximal bone of the lower 

limb. Figure 2.2 is the labeled diagram of the lower limb. The location of the femur is inferior to 

the pelvis and superior to the tibia and fibula. At its distal end, the femur forms part of the knee 
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joint, whereas at the proximal end, femur forms part of the hip joint [25, 27].  

 

 

Figure 2.2 Anatomy of the lower limb [28] 

2.2.1 Anatomy of the Human Femur 

The femur is characterized by its long shaft and 5 bony protuberances. The protuberances are head, 

greater trochanter, lesser trochanter, lateral condyle and medial condyle, as shown in Figure 2.3 

[28, 29]. At its proximal end, the head and greater trochanter are located medially and laterally. 

The lateral and medial condyles are located at the distal end of the femur and are distinguished in 

the coronal view. The lesser trochanter is located below the head and greater trochanter.  

The ends of femur are covered with articular cartilage, which protects and cushions the bone during 

movement of joints. The protuberances, at both ends are called the epiphysis as shown in Figure 

2.4. The femoral shaft is called the diaphysis. The transitional zone between epiphysis and 

diaphysis is called the metaphysis. The epiphyses are comprised of sponge bone in the interior of 

the femur. The sponge bone, or cancellous bone, is softer, weaker, less dense and less stiff than the 

compact bone. It is noted that the compact bone forms the structure of the bone, and it is exterior to 

the sponge bone. The femoral shaft, or diaphysis, is comprised of compact bone, and contains the 

medullary cavity indicating the interior empty space [30]. 



7 

 

 

Figure 2.3 Different views of human femur [29] 

Hip Joint 

The hip joint, primarily works as a ball bearing due to the presence of a rigid ball and socket 

system. The acetabulum of the pelvis acts as a hip socket, and forms a deep cup that surrounds the 

ball of the femoral head. The acetabulum has an ability to deform elastically, as the joint in loaded 

it deforms readily around the femoral head [31, 32]. The hip joint supports the weight of body due 

to its complex design and allows the hip to flex, extend and move from side to side, also called 

abduction and adduction and rotates around the femoral head. As such body is able to engage in 

dynamic motion such as running or walking. [33, 34]. Hip joint is shown in Figure 2.5. 

Femoral Head 

The femoral head is part of the hip joint, and is oriented at an angle with respect to the median 

plane. This angle varies from static posture to dynamic posture, resulting in change of load applied 

to the femur in a cyclic manner during gait. 

Knee Joint 

The knee joint consists of the distal end of femur and the proximal end of tibia and fibula. The 

patella or knee cap, usually slides on a groove at the femur end and gives protection in the front 
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[36]. It is the largest, strongest, and heaviest joint in the human body, and like hip joint, during 

static postures; it supports almost half of the body’s weight. It also provides mobility to the body, 

by allowing femur to rotate on the proximal end of tibia and fibula [37]. Figure 2.6 indicates the 

ligaments, cartilage and menisci as the soft tissues that form the knee joint as an assembly. The 

ligaments and cartilage allows smooth movement of the lower extremities [13]. They also prevent 

the knee from moving too far from side to side such that femur, tibia and fibula are kept in place to 

allow for continuous motion [37]. Centering of the knee is ensured by ligaments essential to 

minimizing wear and tear on the cartilage [38]. The meniscus functions as a shock absorber and 

provides a cushion to the tibia and fibula [13]. It also minimizes the amount of stress carried by the 

femur on to the articular cartilage [38]. 

     

Figure 2.4 Bone anatomy of (a) long bone and (b) femur (posterior view) [30] 
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Figure 2.5 Anatomy of hip joint [35] 

 

 

Figure 2.6 Anatomy of the human right knee [38] 

2.3 Gait Cycle 

Gait, alternatively called as bipedal locomotion, is a process by which humans are able to perform 

everyday physical tasks such as walking, running and jumping. Hip and knee joints provide an 

integral mechanism to perform these activities by supporting half of the body’s weight and 

providing equilibrium. Gait is defined as the type of locomotion carried out by limbs. Depending 

on the type of activity, joints experience different types of biomechanical load patterns, kinetic and 

potential energy cycles. Walking, the simplest form of activity is a product of repeated cycles of 

gait. [39]. A typical human gait cycle is shown in Figure 2.7. 
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Figure 2.7 Human Gait Cycle [40] 

An average adult takes some 0.9-1.5 million steps annually. Researchers have divided the gait into 

two primary phases – the stance phase, which is about 60% of the gait cycle, and the swing phase 

which constitutes the remaining 40% [41].  

The stance phase is further divided into the loading response, midstance, terminal stance and pre 

swing. The loading response begins the instant when the right heel comes in contact with the 

ground, termed as initial contact or heel strike. The loading response stage ends, once the toes of 

the left foot leave the ground (contralateral toe-off). In the loading response phase, the body 

experiences the double limb stance [42]. The midstance follows the loading response and begins 

with the contralateral toe-off and ends when the body’s centre of gravity is shifted directly over the 

right foot. The terminal stance follows the midstance and ends when the left foot contacts the 

ground (contralateral initial contact). During the terminal stance, after weight loading at around 

35% of the gait cycle, the heel of the right foot rises from the ground. Note that weight loading 

period of the right leg corresponds with weight unloading period of the left leg. Preswing begins at 

the contralateral initial contact, and ends when the toes of the right leg leave the ground (toe-off). 

The preswing is also performed with a double limb stance. 

The swing phase is further divided into 3 stages the initial swing, midswing and terminal swing. 

The initial swing stage begins at right toe-off, and ends when the right knee reaches a maximum 
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flexion of approximately 60
 
degrees. Midswing begins from the maximum knee flexion to until the 

tibia is perpendicular to the ground. Lastly, terminal swing begins when the tibia is perpendicular 

to the ground and ends at initial contact, at which point the gait cycle resumes again. The knee 

reaches its maximum extension just before initial contact [41, 42].  

In the above example for gait cycle, the single limb stance, during the stance phase is carried out by 

the right leg and the weight is then transferred to the left leg during the swing phase. Table 2.1 

summarizes the gait cycle.  

2.3.1 Motion of the Hip Joint 

The femoral shaft is engaged to the hip joint by an angle with respect to the median plane. During 

gait cycle, motion of the hip joint is three dimensional. Flexion- extension occurs in saggital plane 

about mediolateral axis, adduction-abduction occurs in frontal plane about anteroposterior axis and 

internal-external rotation occurs in the transverse plane about longitudinal axis [43]. These angles 

change throughout the gait cycle, in the saggital plane, range is from 0 – 140
o
 for flexion and 0 -15

o
 

for extension, in the frontal plane, abduction ranges from 0 – 30
o
 and adduction from 0 – 25

o
. In the 

transverse plane, internal rotation ranges from 0 – 70
o
 and external rotation ranges from 0 – 90

o
.  

2.4 Clinical aspects: Femur Fractures 

Femur as the longest and strongest bone in the human body will handle a large amount of 

compressive force or extensive trauma before it fractures. Femur fractures are often associated with 

multisystem trauma, resulting in potentially life threatening injuries to its related systems [2]. In 

addition, an injured femur may cause further injury or complications, as it may disrupt blood 

supply by cutting or tearing surrounding blood vessels or nerves, it may also expose bone to 

outside environment causing bone infection. Clinically, the most common causes of femur fracture 

are bone diseases or a physical impact. 

Accidents such as motor vehicle collisions, falling from high elevations, taking a hit during sport 

activites are another cause of femur fractures. Motor vehicle collisions are a source of high-energy 

trauma resulting in serious injuries to the bone. Pediatric femur fractures are mostly due to physical 

abuse [45]. 
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 % of Gait 

Cycle 
Weight Loaded by 

Gait 

Cycle 

Stance 

Phase 

Loading 

Response 
0 – 10% Double Limb Stance 

Mid-stance 10 – 35% 
Single Limb 

Stance 

Initially responded leg 

Terminal 

Stance 
35 – 52 % 

Single Limb 

Stance 

Pre-swing 52 – 62% Double Limb Stance 

Swing 

Phase 

Initial Swing 

62 – 100% 

Single Limb 

Stance 

Contralateral leg Mid-swing 
Single Limb 

Stance 

Terminal 

Swing 

Single Limb 

Stance 

Table 2.1 Summary of stages in the gait cycle for walking [41, 42, 44] 

2.5 Biomechanical Aspects: Femur Fractures 

Femur fractures often occur to osteoporosis patients either due to high energy trauma or a low 

energy fall. However, femur fractures occur in 0.1 to 6% of total hip replacement (THR) cases [7, 

8]. Femoral fracture patterns vary according to direction and amount of force applied. Depending 

on this femur fractures can be broadly categorized as proximal femur fractures, femoral shaft 

fractures and distal fractures. However, in this study main point of focus is femoral shaft fractures.  
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2.5.1 Femoral Shaft Fractures 

Femoral shaft fractures are generally produced due to five main types of loadings: tension, 

compression, torsion, bending and a combination of bending and compression [10, 45]. High 

energy trauma or ill-fit orthopaedic implants are the causes of femoral shaft fractures [46-49]. As 

shown in  

Figure 2.8. 

When the tensile force is applied to the femoral shaft, a fracture pattern occurs normal to the 

direction of load assuming equal amount of forces being applied to both sides [45, 50]. This type of 

fracture is called simple transverse fracture. The fracture occurs along the planes where the tensile 

stresses are the highest. This type of fracture does not generate any small particles or bone debris 

[34, 50].  

High compressive loading can result in a fracture along a plane that is at an oblique angle with 

respect to the direction of the applied load. Such a loading condition causes extensive shear stresses 

along the oblique plane [51]. In other words, the compressive force produces a fracture along the 

planes of high shear stresses. 

Torsional forces generally result in a spiral type fracture. In these cases, a small crack on the 

surface of the shaft initiates a fracture which continues through the bone in a spiraling manner. The 

point of initiation occurs parallel to the axis of the specimen in a plane where the highest shear 

stresses are observed. The remainder of the fracture pattern occurs within planes where the tensile 

stresses exist. This type of the fracture pattern is called an oblique spiral fracture [50, 51].  

Bending forces cause half of the femur to go into tension and the other half to go into compression. 

This results in a fracture pattern which is consistent with tensile and compressive forces. In other 

words, a simple transverse fracture will be present on the tension side of the femur whereas an 

oblique fracture will be seen on the compression side. Typically 2 oblique fracture patterns are 

observed on the compression side which causes comminution. This type of fracture is called a 

butterfly fracture, and the comminution is called the butterfly fragment [50, 51].  

A femoral shaft subjected to a combination of bending and compressive forces demonstrates a 

similar fracture pattern to that of bending force only. In this mode of loading, however, the 

butterfly fragment will involve more than 50% of the cortex. Thus the cortical contact between the 
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proximal and distal fragments will be less than 50%. As the amount of the applied compressive 

force gets greater, the butterfly fragment consists of more than one piece [50]. 

 

Figure 2.8 Type of Forces that fracture femoral shaft: (a) tensile force, (b) compressive force, (c) torsional force, 

(d) bending force, (e) combination of bending and compressive forces [10] 

 

2.6 Femur fracture fixation Methods 

Femur fractures can be treated using non surgical or surgical methods, depending on number of 

factors including, medical condition, fracture location and age of patient. In the past several years, 

there have been significant developments in the treatment of femoral fractures. Non surgical 

methods like traction and casting are no longer preferred form of treatment, largely because of the 

advantages of early ambulation and decreased hospital stay [2]. 

In comparison, surgical methods provide a stable and secure means of healing fractured femurs. 

The most common methods are intramedullary nailing and plating [2, 46]. However, there are 

major disadvantages of using the intramedullary fixation method. First, the intramedullary fixation 

may result in a rotational deformity [2]. Second, the intramedullary fixation cannot be used in the 

case where many segments and comminutions are at the site of fracture. Third, a shortening of 

overall length of the femur upon union may be observed. Fourth, reaming of either the epiphysis up 

to an appropriate canal diameter may cause additional risk and serious complications such as 

fracture of the femoral neck [46] . Fifth, due to the nature of the intramedullary nailing the nutrient 

artery is damaged following the implantation [10]. 
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2.6.1 Plating 

Bone plate fixation, also known as plating, has been used as a method to repair fractures since 

1800’s. In this method, the healing of bone fractures can be assisted by placing a bone plate over 

the fractured site and securing it by screws and/or cables [52]. The role of bone plate fixation 

hardware is to hold the fractured bone segments in position without allowing tensile stress at the 

fractured surface and to provide the adequate amount of compressive stress at the fracture interface 

in order to accelerate bone healing. The bone plates available commercially are made from metallic 

materials such as stainless steel, cobalt, titanium or titanium alloys.  

Bone plates are generally categorized into four main types: neutralization plate, compression plate, 

buttress plate and condylar plate as shown in Figure 2.9 [10] 

Bone plate fixation has many benefits; one of the major benefits as compared to intramedullary 

nailing is that it can be used in several applications. For instance, femur fractures to the proximal 

end of the femur are relatively common following total hip or hip stem replacements. In these cases 

retrograde nailing cannot be used to fixate the fracture surface and antegrade nailing is generally 

considered to be too risky to be used in practice. In these cases practitioners generally use bone 

plates to fixate the fracture surface. The other benefit is that, in the place of multiple bone 

segments, bone plates are less likely to cause shortening of the injured femur. This is because 

unlike intramedullary nailing, bone plates can maintain an appropriate distance between segments. 

Upon full recovery, the length of femur is generally expected to be approximately equal to the 

contralateral femur [10, 50]. 

Bone plate fixation also eliminates the misalignment and deformity caused by lateral rotation. 

Since the bone plate is applied directly across the segments of a fractured bone, the alignment 

prevents rotation. Bone plate fixation can be directly applied on the fractured site, without reaming 

of the intramedullary canal or cutting of the epiphyses and nearby growth plates. This is 

particularly advantageous in pediatric patients [11]. 

Despite the benefits listed above, one of the problems arising from internal fixation involves the 

amount of stress being applied to the healing bone. When load is applied to the plate fixated bone, 

the metal plate receives majority of the transferred load. As a result, the bone weakens around the 

plate, and upon removal of the plate can cause re-fracture of the bone. This phenomenon is known 

as stress shielding. Stress shielding occurs when two or more components with different moduli 
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Figure 2.9 Major type of bone plates [10, 53] 

form one mechanical system. The component with the highest stiffness will bear more loads while 

protecting the other, as is the case with the bone and plate system. According to Wolff’s law of 

stress related bone remodeling, lower bone density and higher porosity in the healing bone is often 

observed when stress shielding has occurred, that phenomena is called bone resorption. Thus, the 

bone will remain weak and less dense even after the full union of the fracture site and is more 

prone to refracturing once the bone plate is removed [2, 10, 13]. As a result of bone resorption, a 

longer duration of bone plate fixation is required until the healing bone gains a sufficient amount of 

stiffness [50]. Therefore, the ideal bone plate must transfer a sufficiently large load to the femur in 

order to maintain healthy functionality; however it must also be stiff enough to maintain proper 

alignment of the fracture surface. 

One of the other major disadvantages of bone plate is that a second surgery is required to remove 

the implant. This additional surgery can itself damage the bone and is an obvious inconvenience. It 

also has a high risk of infection also compared to intramedullary nailing. This is due to the large 

amount of hardware such as screws and cables used in this method. Therefore an extremely careful 

sanitization process is required during preparation prior to the operation, and the appropriate 
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antibiotics must be prescribed in order to prevent serious illness due to infection. Plating also has a 

high risk of nonunion due to hardware malfunction. The screws and cables used to fix the plate to 

the bone are more prone to failure compared to IM nailing. If the hardware fails to maintain proper 

alignment at the fracture surface then immediate corrective action (usually surgery) is required 

[50]. 

Considering the drawbacks of intramedullary nailing and metallic bone plate fixation methods, 

there have been many studies concerned with the development of methods and techniques with 

appropriate mechanical properties (Table 2.2) to improve fractured bone healing and reduce stress 

shielding. 

In one study, Woo et al., proposed a tubular stainless steel plate, and compared its performance 

with a standard steel plate and a thin titanium plate. They observed similar results for the tubular 

plate and the titanium plate; however, the tubular plate had much higher bending and torsional 

stiffness than the thin titanium plate and would provide adequate fragment control in the pre-union 

phase of healing [54]. 

Beaupre et al. studied the factors influencing the bone plate such as screw tightness, sliding 

friction, and magnitude of load by using an FE model [55]. In the FE model frictional interface 

elements between the bone plate and the bone were employed while the screw head was separated 

from the surrounding surfaces in a way that it would not participate in any stress loading. The 

authors concluded that the factors contributing to the stress shielding effect were the material 

properties of the bone plate as well as the placement of the plate, rather than the amount of slippage 

between the plate and the bone.  

It has been observed that the need for rigid support diminishes as the fracture starts healing. 

Ideally, the stiffness of the fixation device should decrease as the bone strength increases. It is not 

possible to achieve it with metal implants; however, to achieve this goal composite materials 

should be used in place of metal bone plates.  

In one study on composite materials, Saidpour investigated the suitability of using a short carbon 

fibre- reinforced plastic composite as a bone-plate for fracture fixation. Based on his analytical 

results, the composite plate system is likely to reduce stress shielding effects at the fracture site 

when subjected to bending and torsional loads [56]. 
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Fan et al. tried to achieve favorable conditions for bone fracture healing by inserting a type of soft 

biodegradable cushion between the fractured bone and the rigid plate, with the aim of reducing 

bone stress shielding and damage to the bone’s blood supply [57]. 

2.7 Methods of Testing in Biomechanical Analysis 

Biomechanical analysis uses two most frequently used methods, experimental and computational, 

to investigate strength and stiffness and in some cases material properties [58-60]. Experimental 

methods are carried out in-vivo and in-vitro. In-vivo, experiments have been performed on human 

subjects and have provided clinically accurate and relevant results. However, working with live 

subjects is not possible all the time and issues arise such as accessibility to joints to acquire 

relevant data. Though, mechanical in-vitro tests have been performed on human cadaveric bones 

and implants for almost a century. Researchers, however, have found it difficult in replicating real 

world physiological loading condition due to intricate interaction of hard and soft tissues. 

Therefore, researchers have come up with simple experimental approaches for biomechanical 

testing by carrying out axial compression, lateral bending, 3- point bending and 4- point bending 

tests independent of each other [57, 61-63]. 

 

Type of Load 
Density 

(g/cm
3
) 

Ultimate 

Strength 

(MPa) 

Modulus of 

Elasticity 

(GPa) 

Human Bone 

(Femoral 

Shaft) 

Longitudinal Tension 1.85 133 17.7 

Longitudinal 

Compression 
1.85 193 17.7 

Titanium 

Alloy 
Longitudinal Tension 4.50 220 116 

Cobalt Alloy Longitudinal Tension 8.80 225 (yield) 211 

Stainless Steel 

Longitudinal Tension 

7.81 

870 190 

Longitudinal 

Compression 

1080 

 
196 

Table 2.2 Mechanical properties of human femur and metallic materials commonly used in orthopedic 

applications [45, 58-60] 
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There are many drawbacks associated with experimental testing of cadaveric bones. Availability, 

handling and preservation are major problems associated with the use of cadaveric bones. The 

other drawback is that, studies lasting several weeks can change mechanical properties of cadaveric 

bones as seen in previous studies, where axial stiffness was decreased by 30% over several months 

[63]. Furthermore, in cadaveric bones, there is inconsistency between inter specimen material and 

mechanical properties. As Papini et al., showed that between 25 cadaveric femurs the variation in 

axial and torsional stifnesses was 3.2 and 3.3 times respectively. This specimen to specimen 

discrepancy, makes virtually impossible for experimental results to be reproduced, thus makes 

difficult to draw useful conclusions from investigations [62]. 

Synthetic long bones are becoming popular due to their standardized geometry, similar material 

behavior to that of human bone and very small inter specimen variability, They are also easy to 

manufacture, non toxic, easy to store and readily available. Moreover, studies have revealed that 

synthetic bones have shown same mechanical behavior resembling to human bone in terms of axial 

stiffness, 4- point bending stiffness, torsional stiffness, cortical screw pullout strength, and 

cancellous pullout strength [62, 64-67, 67, 68]. 

In some studies, quasi-static loading tests have been performed to assess strength and stiffness, 

as well as strain gauges w e r e  u s e d  in analyzing strain and stress patterns, of long bones or 

long bone-implant constructs [61-64, 69-75]. Strain gauges have been commonly used by 

researchers, as they are easy to use, readily available and provide stable results. However, there are 

some drawbacks as well, like placement, as gauges have to be mounted on flat and smooth areas to 

ensure best possible planar strain detection. Curved surfaces of the bones tend to produce unstable 

results. The other drawback is that, it is impossible to predict the overall stress behavior of bones 

due to the limited amount of resolution obtained from strain gauges [75-77].  

2.7.1 Finite Element Analysis (FEA) 

FEA is another popular technique for design and evaluation of human bones and implants, often 

used to support biomechanical testing. As it is an inexpensive solution compared to clinical 

research and also can be done in short period of time. It also provides consistency between 

different specimens, this is ideal for comparison studies where identical testing conditions are 

required for all specimens. Given detailed information of the material properties of the 

components, a relatively high level of accuracy and repeatability can be achieved from finite 
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element (FE) modeling.  

FEA has been used as a tool for biomechanical analysis of human whole bones since 1970s. 

However, the first model of human whole bone had some limitations; it incorporated only two-

dimensional geometries and assumed homogenous, isotropic and elastic properties [78]. Although, 

models used later in the early 1980’s were three-dimensional models, but they incorporated 

simple geometries and lacked in mimicking realistic human femurs or performing complex clinical 

investigations [79-81]. Nowadays, with the advancement in computer hardware and computer 

aided design (CAD) softwares, more accurate geometries of human whole bones can be developed. 

These geometries, lack in incorporating microstructure of bones, but are useful in design and 

assessment of human bones and implants [62, 82-86]. 

Studies suggest that the FEA models of synthetic femurs can provide a good comparison of stress 

distribution and load sharing between bones and implants; however these models assumed linear 

isotropic mechanical properties of bones to simplify the analysis. Clinically, the behavior of human 

femurs is non linear, anisotropic and viscoelastic, this might limit the models to predict the stiffness 

of real bones [75, 82, 83, 87]. 

However, on the whole biomechanical testing in tandem with FEA analysis can compensate for the 

complicated loading conditions that cannot be achieved experimentally and can show a good 

correlation of mechanical properties. 

2.8 Infrared Thermography 

2.8.1 Background 

Infrared thermography (IRT) is a non contact optical method, a non destructive technique, where 

an accurate image of isothermal contours of steady or transient thermal effects is constructed from 

the measurement of infrared energy emitted by the target. The energy emitted by the body, can be 

in the form of irreversible applied mechanical load, direct heat source, ultrasonic stress waves, 

among others. It is widely used in various industrial applications such as aerospace, medical 

diagnostics, electronics, rubber, automotive and construction [88].  

The first application of IR thermography was made in 1950 to measure temperature variations on 

the surface of the body [89], though early attempts in the implementation of thermography were 

qualitative. However, advancements, specifically in the development of cost-effective and high 
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density resolution imaging sensors, have enabled to acquire very small temperature changes, 

precisely and accurately.  

Thermographic Stress Analysis (TSA) is a recently developed nondestructive IR technique, by 

which such small temperature changes induced by dynamic loading of materials are measured. The 

thermoelastic effect, as explained by Kelvin in 1885, is the conversion of mechanical energy into 

heat [90]. Thermoelasticity can best be explained by first law of thermodynamics, according to 

which an increase in volume under adiabatic conditions is related with decrease in temperature and 

vice versa.  

2.8.2 Principle of IR Thermography 

 

The principle of IR thermography when used as a nondestructive testing technique is that when 

heat travels through cracks, delaminations or other anomalies, the heat flow rate changes. Fourier's 

law describes the heat transfer by means of conduction within a material as well as from one 

material to another, which is described as: 

 

 

htA

Tk
Q

∆
=   (2.1) 

where Q is heat flux, k is the thermal conductivity of material, Ah is the surface area on which the 

energy is incident, t is the thickness, and ∆T is temperature gradient [91]. The rate of conduction of 

heat is higher in materials with higher values of k, such as metals, than in an air gap (or vacuum) 

whose k value is nearly zero. The heat flow rate is dependent on the medium in which it is 

travelling and the presence of any anomalies in that medium. The thermal conductivity of fibre 

reinforced polymer composites is much lower compared to metals. 

2.8.3 IR Thermography Techniques 

IR thermography is effectively used for inspection of fibre reinforced polymer composites, 

insulation materials, composites bonded to metals, composite-concrete bonds, and flaws in 

concrete. As every material reacts differently to heat input, therefore, a variety of thermographic 

methods have been developed to suit individual material and geometric configurations. The 

energy sources can be broadly divided into distinct groups, namely, optical and mechanical. In 

optical excitation, the defects are stimulated externally, and energy is introduced to the surface of 



22 

 

the test material until it reaches a flaw or discontinuity from where it is reflected back to the 

surface as thermal wave. When mechanical excitation heats the imperfections internally, 

mechanical fluctuations injected to the specimen pass through in multiple directions, dispersing 

energy at the discontinuities in the form of heat, which then travels to the surface by conduction. 

 
Three typical methods of thermography based on these two excitation modes are lock-in 

thermography, pulsed thermography and vibrothermography [92]. The thermal excitation for the 

detection of flaws, cracks or damaged zones is generally performed by three methods, which 

belong to the category of externally applied thermal field (EATF). The principle of EATF 

thermography is that heat is applied to the specimen surface, and the radiation emitted from the 

surface, as a thermal gradient, is studied. The thermal gradient will be uniform, and the isotherms 

will be straight lines if there is no defect in the specimen. In case there is a defect in the 

specimen, the isotherms will be curved and a non-uniform temperature will be observed due to 

disturbance in the heat flow [93]. 

 

EATF thermography can be divided into active and passive, depending upon the mode of 

thermal excitation. In passive IR thermography, thermal excitation is done by an environmental 

source of heating (the sun). Passive thermography is generally used to inspect large objects such as 

an entire building whose thermal diffusivity can be effectively measured by using the sun as heat 

input. However, it is a qualitative mode of inspection [94]. 

 

Active thermography is a better option for defect detection due to its capability for quantitative 

measurement and classification of the defects. In this mode of thermal inspection, the specimen is 

energised by an incandescent light bulb, heat gun, flash lamp or quartz lamp. The intensity and 

duration of heat pulses from these sources are easily adjusted. 

On the basis of the orientation of flaws and discontinuities in the specimen, EATF is further 

divided into parallel and normal modes [ 9 5 ] . Subsurface defects, such as delaminations, are 

effectively detected by the normal mode of EATF, as the infrared radiation emitted from the 

specimen surface may be interrupted due to the flaw and result in hot spots. The flaws of the 

surface, such as cracks, disturb the heat flow parallel to the specimen surface producing convexities 

in the isotherms or changes in surface temperature, which are efficiently detected by the parallel 

EATF mode. The ability to detect a flaw in the parallel mode is governed by the temperature 

difference across the crack and the duration for which the thermal pattern exists. 
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2.8.4 Lock-in Thermography 

Introduction 

One of the most widely used thermographic techniques is lock-in thermography, which is a 

nondestructive examination method that uses the phenomenon of thermal waves. A thermal wave is 

the reaction of a medium to an intermittent heat supply. Thermal waves are produced by 

intermittent heating of the surface of an object. These waves transmit into the solid object, and 

some of them are reflected back at the interfaces. The interfaces are the boundaries between 

dissimilar materials. A pattern of harmonic oscillating radiation is created when the incident and 

reflected thermal waves interfere on the surface of the specimen which can be recorded by 

instruments. The detection of the heat waves can be done by various means. Infrared thermography 

is one of the best and fastest methods for examination and defect detection of a large region in 

field test. Lock-in thermography is a combination of IR thermography and the thermal wave 

technique which allows for fast and remote nondestructive testing [96]. 

Principle of Lock-in Thermography 
 

Lock-in thermography (LT), a quantitative technique, is used quite often for rapid and remote 

recognition of subsurface structures. In addition, depth quantification by LT is performed simply 

through the diffusion length equation. The principle of LT is established on the propagation and 

reflection of thermal waves that are initiated from the surface into the examined component by 

absorption of modulated radiation. Phase images are acquired by superposition of the initial 

thermal wave and its internal reflection which display hidden thermal structures down to a 

certain depth below the surface. They are undisturbed by variation in emissivity of the surface 

and non-uniform distribution of heat emitted by the source [97]. 

In other words, in lock-in thermography, with adequate time for periodic heating, the surface 

temperature changes periodically in a sinusoidal pattern that develops from the transient state to 

the steady state. The heat source is used together with an adjusted intensity of a continuous sine 

wave source. The IR camera is utilized to detect the surface temperature of a thermal wave 

transmitting into materials and then produces a thermal image that displays the local variation of 

thermal waves in phase or amplitude [92]. 

 

Setup of Lock-in Thermography 

The test specimen is exposed to sinusoidal thermal excitation, where input frequency controls its 
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magnitude and phase during lock-in thermography. A modulated laser beam is used to thermally 

excite a specimen for a point inspection whereas heating is done by a modulated heating beam 

for a surface area inspection. An oscillating thermal field is generated inside the specimen due to 

this thermal excitation which is recorded by IR thermal camera from a distance. The setup is 

shown in Figure 2.10. The input and output signals are synchronized by a lock-in amplifier and 

thus the magnitude and the phase of the input and output heat waves can be calculated with 

respect to reference modulation. With the advancement in technology of IR thermography, the 

digitized data can be used to acquire the output signal in the absence of an amplifier. The local 

optical and infrared surface feature is related to the magnitude of the signal, and the phase is 

proportional to the transmission time delay. Due to the difference in the magnitude and phase of 

the signals between defective and defect free areas of the specimen, the subsurface flaws can be 

easily identified by monitoring the signals [98]. 

Advantages and Disadvantages of Lock-in Thermography 
 

Lock-in thermography is used for defect detection near the surface, determining material properties 

and measuring the thicknesses of coatings. It is advantageous in the detection of delamination 

and is a flexible tool for nondestructive examination. Unlike x-rays, it is not harmful for 

humans and requires lesser time for examination. The lock-in thermographic technique is able to 

conduct nondestructive testing over a large region in a small interval of time. It is a noncontact 

technique, and the equipment is portable so that it can be used in almost any field test. It is also 

used in the inspection of printed circuit boards, electric installations and quality control in arc 

welding [99, 100]. 

 

 
 

Figure 2.10 Typical of setup for lock-in thermographic inspection[91] 
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Lock-in thermography has better depth resolution than pulse thermography [101]. It gives better 

results for slow thermal response materials (such as carbon fibre reinforced polymers) as it uses 

significant power optical excitation sources using a long pulse mode, even though it takes a 

longer time than pulse thermography [91, 98] . This technique is still growing and offers some 

advantages over other nondestructive techniques. 

 

The subsurface defects and discontinuities can be successfully found by lock-in thermography, 

which is more sensitive than pulse thermography. The sensitivity of lock-in thermography is 

inversely proportional to the depth of the defect. In a specimen, the depth of penetration of low 

frequency heat waves is higher than high frequency heat waves. As the frequency of heat waves 

changes, the sensitivity of lock-in thermography also changes. When the depth of penetration for 

both high frequency and low frequency thermal waves is the same, lock-in thermography responds 

more accurately to high frequency thermal waves. High detectivity is achieved in inspection 

when more than one frequency of waves is used. A defect at a certain depth produces a phase 

difference which is significantly influenced by inspection frequency. A very small, or no, difference 

at all may be produced by a defect at a certain frequency. The defect generates maximum 

positive and negative phase differences at two certain frequencies [102]. 
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CHAPTER 3. METHODS AND MATERIALS 

3.1 General Approach 

In order to evaluate carbon /epoxy bone plate as a femoral fracture fixation method, two large left 

femurs, with two fracture fixation constructs (one specimen per group) were assessed. The 

investigation was performed using test conditions; (1) an injured femur with hip stem and a 

transverse mid-shaft fracture of 5 mm and (2) a healed femur with hip stem. The specimens were 

subjected to a dynamic axial load with average force of 800 N, to represent 1 times body weight 

(BW). The femurs were cycled between the ranges of 400 N to 1200 N to ensure that bone 

remained within the elastic range during the loading cycle. The temperature distributions on the 

femur due to varying loading regimes were recorded using an infra-red camera. The femurs were 

mounted in a mechanical tester, oriented at 7 degrees of adduction in the coronal plane and aligned 

vertically in the sagittal plane in order to mimic contralateral toe-off during mid stance phase of 

gait cycle and where maximum load bearing occurs, as shown in Figure 3.1 [71, 103, 104]. The 

difference in three dimensional surface stresses (sum of principal stresses) for both the constructs 

were obtained and compared to analyze the effect of stress shielding. The axial static and dynamic 

stiffness were also compared for both the constructs in a simulated femoral shaft fracture model in 

the presence of total hip replacement. Finite element analyses were also performed by modeling the 

femur fracture fixations using titanium as well as carbon epoxy plate. The models simulated 

identically resembled the specimens used in the experimental study and were validated by 

comparing with the experimental results. 

3.2 Material Selection 

3.2.1 Selection of Specimens 

Two large left fourth-generation composite femurs (model 3406, Pacific Research Laboratories, 

Vashon, Washington, USA) manufactured with a special injected black dye, as shown in Figure 3.2 

[105]. The black dye was used to ensure perfect infrared emission [106].  

The fourth-generation composite femur specimens were specifically designed and developed to 

model natural cortical bone using a mixture of glass fibers and epoxy resin pressure injected around 

a foam core. The intramedullary canal located in the mid shaft area had a diameter of 16 mm. 
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Figure 3.1 Axial loading of femur at 7 degrees of adduction 

 

 

 

Figure 3.2 Fourth generation large left femur 

This design also limits the number of screws that can be applied to the femoral shaft and is meant 

to simulate a worst case scenario. The material for cancellous bone comprised of cellular rigid 

polyurethane foam. The mechanical properties for the specimens were obtained directly from the 

manufacturer and are summarized in Table 3.1 [105]. 
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 Compressive 

 

Layer 

 

Material 

Density 

(g/cm
3

) 

Strength 

(MPa) 

Modulus 

(GPa) 

 

Cortical 

Short glass 

fibre filled 

epoxy 

 

1.64 

 

157 

 

16.7 

 

Cancellous 

Cellular rigid 

Polyurethane 

 

0.2 

 

3.9 

 

0.155 

Table 3.1 Material properties of composite femur specimens 

The fourth generation composite femur specimens were specially designed with a larger canal 

diameter. The detailed geometry of the specimens is shown in Figure 3.3. 

 

Figure 3.3 Detailed geometry of large left fourth generation femur [105] 

Bone plate 

Two different constructs for bone plate were used. Construct 1 was a Zimmer non-locking (eight 

hole) cable plate (Warsaw, IN, USA). The plate can be fixed with either unicortical or bicortical 

screws depending on the biological condition of the bone. The bone plate consists of 8 non-locking 

holes (i.e. non-threaded screw holes). Either a unicortical or a bicortical screw could be threaded 

through the screw hole depending on the biological condition of the bone. In this study, fixation 

was done by 4 bicortical and 4 unicortical screws. Construct 2 was a quasi isotropic laminate 
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composite, manufactured by autoclave technique. The material used was a pre-impregnated carbon 

fibre /epoxy commercially known as T700-M21 and manufactured by Hexcel Corporation, USA. 

The thickness of the UD plies was 0.26 mm and the total numbers of plies for the laminate were 16. 

Figure 3.4 shows the geometry of bone plates for both the constructs. 

 

(a)                                             (b) 

Figure 3.4 Zimmer Cable-Ready Bone Plate: (a) 8 non-locking hole bone plate (b) detail view of screw hole and 

cable insertion. 

Bone screws 

In this study, for constructs 1 and 2, both unicortical and bicortical pin head bone screws were 

used. The screws were made of 316L medical grade stainless steel (Synthes, Paoli, PA, USA). 

Proximal fixation was achieved with 4 unicortical screws, 4.5mm in diameter and 14mm in length. 

Distal fixation was achieved with 4 bicortical screws, 4.5mm in diameter and 50mm in length. The 

unicortical screws were used at the proximal end of femur, due to the presence of total hip 

replacement, to avoid crack initiation, whereas at distal end, bicortical screws were used. This was 

done as per common medical practices [107, 108].  
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Hip stem 

Two Exeter™ Total Hip Systems (Stryker, Mahwah, NJ, USA) were used in this study (Figure 

3.5). Each system consisted of an Exeter™ Femoral Stem and an Orthinox™ Head which were 

made of cobalt-28 chromium-6 molybdenum alloy. The Orthinox™ Head consisted of a spherical 

head placed on the tip of the hip stem to permit simulation of the human ball-and-socket hip joint. 

 

Figure 3.5 Exeter
TM

 Total Hip System (hip stem) used in this experiment 

3.3 Specimen Preparation 

3.3.1 Femur preparation  

In order to incorporate specimens into the mechanical testing system, it was necessary to anchor 

the femurs at the distal end. This was done by removing the femoral condyles partly with band saw 

on the lateral and medial sides and then long axis of the femoral shaft was aligned vertically in the 

sagittal and frontal planes before potting in 88mm X 88mm X 75mm steel chamber using 

commercially available anchoring cement (Flow-Stone, King Packaged Materials Company, 

Burlington, ON, Canada) [109], as shown in Figure 3.6. 
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Figure 3.6 Procedure for potting a femur 

Once potted, each femur had metallic hip stem installed at the proximal end to mimic total hip 

arthoplasty surgery. This was done in 3 steps. First, using an industrial band saw, proximal segment 

of each femur was removed by cutting at approximately 35° angle from the greater to the lesser 

trochanter. Second, by using a rasping device, the cancellous bone was removed from the incision 

area. Third, each hip stem was inserted and fixed using polymethyl methacrylate (PMMA) bone 

cement (Simplex P, Stryker, Mahwah, NJ, USA). The specimens were left for about 15 minutes 

until the cement was completely solidified. Figure 3.7 illustrates the hip stem implantation 

procedure. 

3.4 Levels of specimen conditions 

Synthetic femurs with following two conditions were used in current study. 

Level I: Injured Femurs with Hip Stem 

The injured femurs implanted with hip stem and having 5 mm gap, clinically mimicked a femoral 

mid shaft fracture repaired with bone plate. The transverse cut was made at mid-shaft level, by 

using an industrial band saw, approximately 200 mm proximal to the cement potting chamber.  
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Figure 3.7 Exeter hip stem implantation procedure [110] 

Level II: Healed femurs with Hip Stem 

The healed femurs with hip stem mimicked complete union at the fracture site. Once the healed 

femurs were tested a transverse cut was made at mid-shaft to prepare specimen for Level I 

condition. Clinically healing occurs after fracture, but in this study healed femurs were tested prior 

to injured femurs.  

3.5 Construct Designs 

Two types of constructs were used in this study, as shown in Figure 3.8. The difference in both 

constructs was in terms of bone plate. In Construct 1, commercially available titanium plate 

(Zimmer Inc., USA) and for Construct 2 carbon fibre/epoxy, (commercially known as T700-M21) 

plate was used. However, in both designs, plates were installed by 4 unicortical screws and 4 

bicortical screws at the proximal and distal end of femur.  
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Figure 3.8 Two conditions of testing (a) Injured femur with titanium bone plate; (b) Injured femur with 

carbon/epoxy bone plate 

3.6 Static Axial Stiffness Test 

The axial compression tests were performed on TESTRESOURCES 800 LE machine 

(TESTRESOURCES Shakopee, MN, USA). For axial compression each specimen was secured at 

its potted distal end by an industrial swivel vice (Figure 3.9). The proximal end of the femur was 

inserted into a stainless steel rectangular block 140 mm x 60 mm x 60 mm, with a sphere of 30 mm 

dia. cut into it. The swivel vice was tilted at 7
o
 to simulate the proximal anatomical orientation of 

the femurs with hip stem implantation. The femoral ball was able to rotate inside the cup in order to 

simulate natural hip articulation. The cup and ball of the hip stem were assumed to be frictionless. 

Due to the anatomical orientation of the femur, the axial load was applied away from the axis of the 

femoral shaft. Because of this, axial loading was in fact a combination of axial compression and 

bending [62].  
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Figure 3.9 Experimental set-up for axial compression test of femur with 7° inclination 

Compressive loading was applied vertically at a rate of 5mm/min with a linear preload of 100 N, to 

avoid slippage between femoral head and rectangular block. The testresources machine was 

programmed to reach a maximum displacement of 1mm. Stiffness was defined as the slope of the 

load vs. displacement curve. The stiffness was calculated as an average of three tests performed on 

each specimen. The same procedure was used for all specimens. 

3.7 Dynamic Axial Stiffness Test 

Dynamic axial stiffness test were performed similar to the axial test. The femur was preloaded to 

100 N, then using load control the femur was loaded up to 800 N and then cycled between a range 

of 400 N and 1200 N (Figure 3.10). This loading scheme was chosen to represent a contralateral 

toe-off gait with the use of a walker, studies reveal that patients with total hip replacement and 

femoral shaft fracture and using a walker have femoral head forces about one times the body 

weight [111]. The stiffness was calculated as an average of three tests performed on each specimen. 

The same procedure was used for all specimens. 
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Figure 3.10 Cyclic loading application 

3.8 Lock-in Thermography Experiments 

Infrared thermography was used for both the constructs to measure the surface temperature of 

cortical bone and bone plates, in order to analyze the heat flow pattern. The experiments were 

carried out by SC5000 Series Silver 420 Camera, shown in Figure 3.11 (Flir Systems, Oregon, 

USA) at an ambient temperature of 26.3⁰C. The technical data of IR camera is given in Table 3.2. 

 

Figure 3.11 FLIR SC5000 Silver 420 Camera 

The testresources 800 LE mechanical tester supplied a cyclic load to the specimens which was 

synchronized with the IR camera with the help of a signal generator. The cyclic average load of 

800 N was applied to all the specimens at the frequency of 5 Hz. According to the studies, to 

maintain adiabatic conditions frequency of the loading should exceed 3 Hz [112, 113]. For 

femur, the thermoelastic coefficient Km = 1.16 x 10
-5

/MPa for the synthetic cortical bone was 

used based on the cortical density ρ =1640 kg/m
3 

[114, 115]. Altair LI software (Cedip 

Infrared Systems) was used to process the temperature variations. Thermographic data was 
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acquired after 400 cycles so as to ensure that the body had reached ‘quasi’ steady state 

conditions, that is, dynamic loading temperatures had stabilized [116, 117]. 

Parameters Values 

 

Spectral Response (Wavelength) 

 

3.6 µm – 5.1 µm 

 

Subwindow 
 

160 x 120 pixels / 80 x 60 pixels / 64 x 8 pixels 

 

Frame Rate 
 

5 Hz to 170 Hz full Frame 

 

Image Capture 
 

Snapshot Integrate then Read mode (ITR) 

Number of Pixels 320 x 256 pixels 

Pitch 30 µ m x 30 µm 

Cooling Type Integral stirling Cooler 

Cooling Time < 7mn @ 25°C ambient 

Frame Rate Resolution 1 Hz step 

Resolution 1 MPa 

Power Supply 12 VDC / 5A 

Power Consumption 50W in cool down mode, 30W in steady state mode 

Digital video USB / Cam LINK 

Analogue Video PAL (50 Hz) or NTSC (60 Hz) 

Remote Control USB / Cam LINK 

Overall dimension (mm) 310 x 141 x 159 

Weight 3.8 kg 

Operational Temperature range -20°C + 55°C 

Table 3.2 Technical data of FLIR SC5000 Silver 420 Camera 

IR camera was used to record the surface temperature of the specimen by taking the infrared 

signals. A 0 – 5V signal, corresponding to the load and frequency, was extracted from the loading 

machine, filtered and amplified through the signal generator, and input to the IR camera. The 

system synchronized these IR signals with the loading signals. Lock-in system of the camera 



37 

 

acquired the lock-in reference signal from the loading machine to perform the frequency domain 

processing of the data. The lock-in system obtained four signal values S1, S2, S3 and S4 in every 

pixel of the image. From these values, the system calculated a phase value (Φ), according to 

the following basic equation: 










−
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Using the Φ values obtained with the above equation, the system produced a phase image. Thermo-

elastic stress analysis used in the IR analysis was based on the principle that when a body is 

compressed, its temperature increases. When the pressure is released, it returns to its original shape 

and temperature. The thermo-elastic equation used by the camera to generate stress fields is given 

below: 

σ
ρ

α
∆=∆

pC
TT         (3.2) 

Where ∆T is change in the temperature, T is ambient temperature, α  is the coefficient of thermal 

expansion, ρ  is the density, Cp is the specific heat capacity, and ∆σ  is change in the stress. This 

equation assumed adiabatic condition i.e. no significant heat loss. The Altair Li uses an algorithm 

similar to that of the least mean square method to extract the AC signal, that is, the average surface 

stress, from correlating the dynamic thermal signal and the dynamic reference signal. The DC value of 

the temperature which corresponds to non-harmonic heating is discarded. Images of anterior, posterior, 

lateral and medial view respectively were captured using the IR camera.  

During the experiments , the IR camera was used to record the oscillating surface temperature 

of the object by taking a series of IR images, on which every pixel represented the average 

temperature of the matching spot. The camera generated stress maps while averaging the applied 

force on the sinusoidal waveform.  

3.9 Finite Element Analysis 

A 3D model of the Fourth Generation Composite Femur was used which was developed and 

validated in previous studies [87]. SolidWorks CAD software (SolidWorks Corp., Dassault 

Systèmes, Concord, MA, USA) was used to modify these models to simulate the two construct 

designs used in the experimental study. The models were then exported to ANSYS Workbench 
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version 12(ANSYS Inc., Canonsburg, USA) for the finite element analysis conducted in this study. 

FE analysis was done at 3000 N applied load. The load of 3000 N represents 4 times body weight 

for a 75 kg person. The axial stiffnesses for Stage 1 to 4 were calculated by dividing virtual axial 

load of 3000 N by maximum directional displacement of the force application point on the 

proximal aspect of the femoral head. The behaviour of FE model was assumed to be linear; 

therefore, the approach to calculate stiffness was equivalent to using slope of the force vs. 

displacement graph. The detailed information was entered to simulate the model which resembled 

the testing procedure followed in the experimental study.  

After the initial analysis, the stress maps for Stages 1 to 4 for femur and hip implant, in particularly 

for femur of Constructs 1 and 2 were examined closely to assess the effect of two different 

materials and draw comparison between FE analysis and IR thermography. 

3.9.1 Synthetic femur, bone plate and hardware 

Six distinct combinations of models simulating Stage 1 (intact femur), Stage 2 (femur with hip 

stem, Stage 3 Construct 1 (injured femur with hip stem and titanium plate), Stage 3 Construct 2 

(injured femur with hip stem and carbon/epoxy plate), Stage 4 Construct 1 (healed femur with hip 

stem and titanium plate) and Stage 4 Construct 2 (healed femur with hip stem and carbon/epoxy 

plate) were developed. Carbon/epoxy plate was modeled as thin surface to simulate the geometry 

of a lamina. The bone plates were attached to the simulated femurs shown in Figure 3.12. Bone 

screws were then applied to secure the bone plate on to the femur model. The combinations of 

screws and cables were identical to that of the experimental study. 

Upon the completion of bone plate assembly, a fracture of 5 mm gap at the femoral mid-shaft was 

created. All models were evaluated to detect for any interferences between components. This was 

to ensure the alignment of the femur during simulation. The femur models were considered for two 

fracture fixation methods incorporating titanium and carbon/epoxy bone plates.  

3.9.2 Material properties 

The models of periprosthetic femurs fixed with two different types of bone plates consisted of 

various components made with different materials. The material properties used in the finite 

element model are discussed in this section. 
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Synthetic Bone Model 

The mechanical properties of the large left Composite Femur were provided by the manufacturer 

(Pacific Research Laboratories, Vashon, WA, USA). Many prior studies have assumed the 

behavior of synthetic femurs to be linearly elastic and homogeneous when comparing FE (finite 

element) and experimental results [77, 81-83]. Since the goal of the current study was to 

biomechanically evaluate the performance of carbon/epoxy bone plate as a femur fixation method, 

the same assumption was considered. The material properties of synthetic bone are listed in     

Table 3.3. 

 Cortical Bone Cancellous Bone 

Density (g/cm3) 1.64  0.20 

Young's Modulus (GPa) 16.7 0.155  

Ultimate Compressive Strength 

(MPa) 
157  6.0 

Poisson's Ratio 0.46 0.3 

Elasticity Model Linear elastic Linear elastic 

Isotropy Isotropic Isotropic 

Table 3.3 Material property of synthetic bone [75, 105] 

Bone Plate and Screws 

The metal bone plate was made of titanium and screws (both unicortical and bicortical) were made 

of 316L medical grade stainless steel as provided by Zimmer Inc., USA. The material properties 

for titanium and 316L stainless steel were obtained from the standardized values provided by the 

American Iron and Steel Institute (AISI). The range of Poisson's ratio was between 0.220 and 0.346 

for the stainless steel in general [60]. For this study, the approximate average value of 0.3 was 

chosen. The composite bone plate was manufactured by autoclave technique and the material 

properties for carbon/epoxy resin were provided by the manufacturer Hexcel, USA. The material 

for composite bone plate was quasi-isotropic; therefore the out of plane properties, in particular 

shear modulus, young’s modulus and poison’s ratio were assumed, as the composite was a thin 

laminate and majority of the load was axial compression in the experimental study. The material 
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properties of titanium, 316 stainless steel and carbon/epoxy are listed in Table 3.4, Table 3.5 and 

Table 3.6.  

 

Density (g/cm
3
) 4.5 

Tensile Ultimate Strength (MPa)  220  

Tensile Yield Strength (MPa) 140  

Young's Modulus (GPa) 116  

Poisson's Ratio  0.34 

Elasticity Model Linear elastic 

Isotropy Isotropic 

Table 3.4Material property of titanium[59] 

Density (g/cm
3
) 

8.0  

Tensile Ultimate Strength (MPa)  560  

Tensile Yield Strength (MPa) 235  

Young's Modulus GPa 193  

Poisson's Ratio  0.3 

Elasticity Model Linear elastic 

Isotropy Isotropic 

Table 3.5 Material property of 316L stainless steel [60, 118] 
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|              (a)                                (b)                                 (c)                                     (d)                                   (e)                                  (f) 

Figure 3.12 Six synthetic femur models: (a) Stage 1 (Intact femur) (b) Stage 2 (femur with hip stem) (c) Stage 3 Construct 1 (injured femur with titanium plate) , 

(d) Stage 3 Construct 2(healed femur with titanium plate), (e) Stage 4 Construct 1 (injured femur with carbon/epoxy plate), (f) Stage 4 Construct 2 (healed femur 

with carbon/epoxy plate). Note that all constructs have identical fixation designs proximal and distal to the fracture gap by employing 4 unicortical and 4 

bicortical screws respectively. 
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Hip Stem and Femoral Ball 

In this experimental study, hip stem along with the femoral ball, was implanted into the proximal 

end of femur to simulate total hip replacement (THR). This consisted of a femoral ball 

commercially called Orthinox™ Head and hip stem, called Exeter™ Femoral Stem. As per 

manufacturer’s manual, both were made of cobalt-chromium-molybdenum (CoCrMo) [70]. Due to 

its relatively high strength and corrosion resistance CoCrMo alloy is commonly used in hip joint 

implants [119]. Table 3.7 lists the material properties used in the FE simulation. 

Modulus of elasticity, E11 (GPa) 142 

Modulus of elasticity, E22 (GPa) 8.4 
Modulus of elasticity, E33 (GPa) 8.4 

Shear modulus, G12 (GPa) 4.6 

Shear modulus, G13 (GPa) 4.6 
Shear modulus, G23 (GPa) 3.6 
Poisson’s ratio, ν12 0.33 

Poisson’s ratio, ν13 0.33 

Poisson’s ratio, ν23 0.02 

Density (g/cm3) 1.58 

Ply thickness (mm) 0.26 

Ply orientation [90,45,0,-45,90,45,0,-45]s 

Table 3.6 Material property of Carbon/epoxy resin 

Density (g/cm
3
) 8.28  

Young's Modulus (GPa) 210  

Poisson's Ratio 0.31 

Yield Strength (MPa) 872  

Ultimate Tensile Strength (GPa) 1.172  

Elongation to Fracture  12% 

Elasticity Model Linear elastic 

Isotropy Isotropic 

Table 3.7 Material property of cobalt-chromium-molybdenum alloy [119-121] 
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Bone Cement for Hip Stem Implantation 

In this experimental study, surgical Simplex P bone cement (Stryker, Mahwah, NJ, USA) was used 

in order to implant hip stem to mimic periprosthetic femur. The bone cement used was 

polymethylmethacrylate (PMMA) [89]. Table 3.8 lists the mechanical properties used for PMMA. 

Density (g/cm
3
) 1.19  

Young's Modulus (GPa) 2.45  

Poisson's Ratio  0.38 

Ultimate Tensile Strength (MPa) 62  

Elasticity Model Linear elastic 

Isotropy Isotropic 

Table 3.8 Material Properties of PMMA [122, 123] 

Anchoring Block 

The square steel chamber with anchoring cement (Flow-stone, King Packaged Materials Company, 

Burlington, ON, Canada) was used to rigidly fix all the synthetic femurs at their distal end. For 

flexibility and to simulate experimental conditions as closely as possible, the material property of 

concrete was applied to the anchoring block. The material property of concrete was taken from the 

material library that came in ANSYS software (Table 3.9).  

 Density (g/cm
3
) 2.30  

Young's Modulus (GPa) 30.0  

Poisson's Ratio 0.18 

Compressive Ultimate Strength 

(MPa)  
41.0  

Tensile Ultimate Strength (MPa) 5.0  

Elasticity Model Linear elastic 

Isotropy Isotropic 

Table 3.9 Material properties of anchoring concrete 
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3.9.3 Elements and Nodes for Finite Element (FE) Modeling 

The CAD models of Stage 1, Stage 2, Stage 3 Construct 1, Stage 3 Construct 2, Stage 4 Construct 

1 and Stage 4 Construct 2 were imported into ANSYS Workbench 12.0 for finite element analysis 

(FEA). In order to simulate closely to the experimental scenario, all components accept 

carbon/epoxy plate were modeled with SOLID 187 tetrahedral elements, having 10 nodes with 3 

degrees of freedom at each node. SOLID 187 elements have been used in previous studies and are 

more optimal then mapped meshing or hexagonal meshing due to their stress stiffening, large 

deflection and large strain capabilities [62, 124]. For carbon/epoxy plate, SHELL 181 

quadrilateral element was used, having 4 nodes with 6 degrees of freedom at each node. It is 

well suited for modeling of orthotropic thin laminated composites with layered configuration 

[125]. SHELL 181 has also capabilities of nonlinear analysis that is largely attributed with 

the analysis of contacts in this study.  

3.9.4 Elements for Assembly of components in Finite Element (FE) modeling 

The assembly of all components including femur-bone plate, femur-PMMA, femur-screws, 

femur-cancellous and so on were all done in SolidWorks and the models as a whole, were 

checked for interference, if any. The models were then exported into ANSYS for finite 

element analysis. The structural analysis module in ANSYS Workbench, generated contacts 

automatically between assembled surfaces. CONTA174 is 3D 8 node element that is 

automatically generated for surface to surface analysis and was used in this study between 

solid elements. It is used in association with TARGET170, 3D target element and can be used 

for rigid-flexible and flexible-flexible surface analysis. In this study, all the assembled 

surfaces except carbon/epoxy plate and cortical bone of femur were modeled with 

CONTA174 and TARGET170 elements [126]. CONTA175 is a 2D or 3D contact element 

that can be used between two surfaces, or between a node and a surface or between line and a 

surface. This element in association with TARGET170 was used to model contact analysis 

between carbon/epoxy plate and cortical bone [126]. All the contact elements in this study 

were set to bonded except for the contact surface between bone plate and cortical bone which 

was set to no separation. The same methods as discussed above have been used in prior 

studies for FE models involving fracture fixation with total hip replacement [75, 127-130]. 

Figure 3.13 shows description of some of the contact elements for Stage 3 Construct 2. 
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Figure 3.13 Description of contacts used for Stage 3 Construct 2 

3.9.5 Boundary Conditions 

In order to mimic experimental scenario, anchoring cement block was constrained at 3 faces 

as shown in Figure 3.14. A force of 3000 N, representing 4 times body weight for a 75 kg person 

and simulating clinical-level loading analysis was applied to the tip of femoral ball at a 7
o
 angle to 

replicate the adduction angle used in experiments. The same boundary conditions were used for all 

models. 

3.9.6 Meshing and Convergence  

ANSYS used SOLID187 (tetrahedral) elements to generate meshes for Stage 1, Stage 2, Stage 3 

Construct 1 and Stage 4 Construct 1. SHELL 181 (quadrilateral) elements to generate mesh for 

carbon/epoxy bone plate. The results for the mesh were refined using Relevance setting in ANSYS 

Workbench. The mesh relevance for all specimens was set to 80%. Table 3.10 shows the total 

number of nodes and elements used for Stage 3 and Stage 4. The stress concentrations areas, 

contributing towards maximum stress, like holes; edges and sharp corners for each specimen were 

refined by using Sphere of Influence tool. Figure 3.15 show the meshing results for Stage 3 and 

Stage 4 for Constructs 1 and 2 respectively.  
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Figure 3.14 Sample boundary Conditions for Stage 3 Construct 2, same for all models 

 

Specimen Conditions 

Stage 3 Construct 1 Stage 3 Construct 2 Stage 4 Construct 1 Stage 4 Construct 2 

Number of Nodes 115,506 87,380 213,681 110,110 

Total Number of 

Elements 
67,489 50,865 200,326 65,739 

Table 3.10 Meshing set-up applied to Models for Stage 3 and Stage 4 
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Figure 3.15 Mesh applied to simulation models for (a) Stage 3 Construct 1, (b) Stage 3 Construct 2. (c) Stage 4 

Construct 1, (d) Stage 4 Construct 2. 
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CHAPTER 4. RESULTS 

4.1  Axial Stiffness Tests 

Stiffness for all the cases was calculated from the graph of force vs. displacement. According to 

Table 4.1, Static stiffness of Construct 1 level I, an injured femur with metal plate, was 597.6 

N/mm (Appendix: A1). Similarly static stiffness of injured femur with composite plate was 532.1 

N/mm (Appendix: A2), static stiffness of healed femur with metal plate was 1704.4 N/mm 

(Appendix: A3) and healed femur with carbon/epoxy bone plate was 1660.3 N/mm (Appendix: 

A4). Dynamic Stiffness under average load of 800 N for injured femur with metal plate was 697.9 

N/mm, injured femur with carbon/epoxy bone plate was 625.3 N/mm, healed femur with metal 

plate was 2070.4 N/mm and healed femur with carbon/epoxy plate was 2010 N/mm. The loading 

condition for all the specimens was kept in the linear elastic region to avoid plastic deformation, as 

can be seen from the value of linearity coefficient R
2
, which was above 0.9 for all the cases. 

Equation 4.1 was used to calculate the difference between static and dynamic stiffness for all the 

cases. The difference between static and dynamic stiffness for four different conditions is shown in 

Table 4.1 and the average difference between all these values was 19%.  

(4.1) 

Specimen 

Configuration 
Stiffness (N/mm) % Difference 

Static Dynamic Average Load of 800 N   

Construct 1 Level I (Injured 

femur with metal plate 
597.6 697.9 17% 

Construct 1 Level II (Healed 

femur with metal plate) 
1704.4 2070.4 21% 

Construct 2 Level I (Injured 

femur with carbon/epoxy 

plate) 

532.1 625.3 18% 

Construct 2 Level II (Healed 

femur with carbon/epoxy 

plate) 

1660.3 2010 21% 

Table 4.1 Axial Stiffness Results 

4.2 IR Stress Maps 

Error! Reference source not found. shows the IR stress maps for average dynamic loading of 800 

N. The injured femurs with metallic plate and composite plate (Construct 1 Level I and Construct 2 

% 100
StaticStiffness DynamicStiffness

Difference
StaticStiffness

 −
= × 
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Level I) were only investigated by IR thermography. As fractured femur, clinically being the worst 

case scenario therefore IR thermography investigation was limited Level I specimens only. 

 

Figure 4.1 IR Stress images of injured and healed femur under an average load of 800 N. Stress scale do not 

include max. or min. stress values. 
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Stress maps for anterior, posterior, medial and lateral sides for the femur were captured. The 

images were similar irrespective of the views of femur. The scale of images showed positive and 

negative values which corresponded to tensile and compressive stresses respectively. The images 

were captured only for the proximal half of the femur above the fracture line, as clinically, 

proximal portion of femur is of much interest in the field of biomechanics due to the hip joint. 

Overall, the proximal portion of the femur experienced tension on the anterior and posterior side. A 

similar trend was seen on the lateral side as well. However, on the medial side, mostly compressive 

stresses were observed. 

4.3 Comparison of IR stress results for Construct 1 and Construct 2  

4.3.1 IR surface stresses synthetic femur 

A comparison of IR stress results for Construct 1 and 2 was done to assess the behavior of different 

constructs under same loading conditions. Five positions on the IR stress maps were probed for 

anterior, posterior and lateral sides of the femur for both the constructs. Positions on the anterior 

and posterior side were chosen near the bone plate, in order to investigate the effect of metal and 

composite bone plates. However, positions on the medial and lateral sides were chosen along the 

midline. Figure 4.2, shows the positions probed for IR stresses. 

Anterior Side 

Results for the thermographic stresses for the anterior side are shown in Table A3-1 (Appendix 3). 

As can be seen from the bar graph, Figure 4.3, for both constructs, stresses experienced by all the 

positions were in tension. Position 1 near the proximal end of the femur experienced more stress 

and then steadily decreased from top to bottom until a rapid rise near the fracture site. It was also 

observed that Construct 2 showed higher stress values at positions probed as compared to 

Construct 1. Equation 4.2 was used to calculate the difference for each probed position from 1 to 5 

between Construct 1 and 2. Table A3-1 shows the calculated difference for each position probed. 

The overall difference between Construct 1 and 2 for anterior side was calculated to be 24.54 %.  
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Figure 4.2 Positions probed for anterior and posterior sides of the femur for Construct 1 and Construct 2 

 

  

Figure 4.3 Bar Graph with percentage difference for Anterior Surface Stresses for Construct 1 & Construct 2 

 
(4.2) 
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Posterior Side 

In the posterior side the trend was similar to that of anterior side. Results for the thermographic 

stresses are shown in Table A3-2 (Appendix 3). As can be seen from the bar graph, Figure 4.4, for 

both constructs, position 1 near the proximal end of the femur experienced more stress and then 

steadily decreased from top to bottom until a rapid rise near the fracture site. It was also observed 

that Construct 2 showed higher stress values at positions probed as compared to Construct 1. 

Equation 4.2 was used to calculate the difference. The difference for each probed position from 1 

to 5 between Construct 1 and 2 calculated was 14.6%, 26.9%, 38.4%, 56.6% and 32.9% 

respectively. The overall difference between Construct 1 and 2 for posterior side was calculated to 

be 33.88 %. 

  

Figure 4.4 Bar Graph with percentage difference for Posterior Surface Stresses for Construct 1 & Construct 2 

Medial Side 

The trend was quite different in the medial side as compared to anterior and posterior side. Results 

for the thermographic stresses are shown in Table A3-3(Appendix 3). All positions experienced 

compression. As can be seen from the bar graph Figure 4.5, for both the constructs, position 1 near 

the proximal end of the femur experienced more stress and then steadily decreased from top to 

bottom. Equation 4.2 was used to calculate the difference. It was also observed that there was not 

much difference between Construct 2 and Construct 1, for each probed position from 1 to 5 the 
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difference calculated was -6.8%, 1.3%, -0.9%, 0.3% and 1% respectively. The overall difference 

between Construct 1 and 2 for medial side was calculated to be -1.02%. In this case, the negative 

sign indicates that femur with carbon/epoxy experience more stress at point 1 and 3, with 

maximum difference at point 1 which is close to the distal end of the hip implant. 

        

Figure 4.5 (a) Bar Graph for Medial Surface Stresses for Construct 1 & Construct 2 (b) Positions probed 

Lateral Side  

Results for the thermographic stresses are shown in Table A3-4 (Appendix 3). In this case only 3 

positions were probed due to the presence of bone plate. As shown in Figure 4.6(b). All positions 

experienced tension. As can be seen from the bar graph Figure 4.6(a), for both the constructs, 

position 1 near the proximal end of the femur experienced more stress and then steadily decreased 

from top to bottom until a rapid rise near the bone plate. It was also observed that there was not 

much difference at position 1 between Construct 1 and 2; however the difference increases for 

position 2 whereas for position 3 there was considerable increase in difference. As shown in Figure 

4.6 (a) for Construct 2 near the bone plate femur experienced more stress as compared to Construct 

1. Equation 4.2 was used to calculate the difference. The difference for each probed position from 1 

to 3 between Construct 1 and 2 calculated was 4.6%, 32.9%, and 41.9% respectively. The overall 

difference between Construct 1 and 2 for posterior side was calculated to be 26.47 %. 
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4.3.2 IR surface stresses for Titanium and Carbon/epoxy bone plate 

A comparison of IR stresses for titanium and carbon/epoxy bone plates was done to assess the 

behavior of both the plates under same loading conditions. Six positions on the IR stress maps were 

probed covering total length of the plates. The positions probed were along the midline of both the 

plates as shown in Figure A3-1 (Appendix 3).  

     

Figure 4.6 (a) Bar graph with percentage difference for lateral surface stresses for Construct 1 & 2,                  

(b) Positions probed 

Results for the thermographic stresses of titanium and carbon/epoxy bone plate for six probed 

positions are shown in Table 4.2. As can be seen from the bar graph Figure A3-2 (Appendix 3), all 

positions experienced tension, the pattern of stress distribution was similar in both the plates. IR 

Stresses steadily increased from the top of the plate near the proximal end of the femur till the mid 

shaft, where maximum stresses were observed due to the presence of the fracture, and then there 

was a gradual decrease in IR stresses till the bottom of the plate near distal end of the femur. 

Equation 4.2 was used to calculate the difference. The difference for each probed position from 1 

to 6 between titanium and carbon/epoxy bone plate calculated was 16.6%, 25.6%, 12.3%, 13.8% 

and 25.7% respectively. The overall difference between titanium and carbon/epoxy bone plate was 

calculated to be 18.8 %. 
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  Stresses from IR Camera (MPa)   

Position Titanium Carbon/epoxy 

% 

Difference 

1 7.33 6.11 16.6% 

2 10.41 7.75 25.6% 

3 11.04 9.68 12.3% 

4 81.33 70.1 13.8% 

5 8.22 6.11 25.7% 
Table 4.2 Comparison of surface stresses from IR camera for titanium & carbon/epoxy bone plate 

4.4 Finite element analysis results  

4.4.1 FE Axial stiffnesses at 3000 N 

Axial stiffnesses for Stage 1 to 4 calculated at 3000 N of virtual axial load are shown in Table 4.3. 

As it can be seen, there was a noticeable rise in stiffness from Stage 1 (1553 N/mm) to Stage 2 

(1677 N/mm), mimicking a change from an intact femur to a femur with hip stem implantation. 

This was pursued by a significant decrease to the stiffness of Stage 3 Construct 1 (687 N/mm), 

simulating a mid shaft femoral fracture in the presence of a hip stem and a fracture metal plate. 

This followed by a noticeable drop to the lowest overall stiffness value of Stage 3 Construct 2 (610 

N/mm), There was an abrupt increase to the highest overall stiffness value of Stage 4 Construct 1 

(1965 N/mm), simulating healing of fracture with the metal plate and hip stem. Finally, there was a 

decrease in the stiffness of Stage 4 Construct 2 (1908 N/mm), mimicking healing of fracture with 

carbon/epoxy plate. In comparison to Stage 1, there was an increase of 8% for Stage 2, drop of 

55.7% and 60.7% for Stage 3 (Construct 1 and 2 respectively) and a rise of 26.5% and 22.8% for 

Stage 4 (Construct 1 and 2 respectively).  

FEA Axial stiffnesses at 3000 N (N/mm) 

Stage 1 Stage 2 
Stage 3 

Construct 1  

Stage 3 

Construct 2  

Stage 4 

Construct 1 

Stage 4 

Construct 2 

Intact 

femur 

Femur 

with 

hip 

stem 

Injured 

femur 

with metal 

plate 

Injured 

femur with 

carbon/epoxy 

plate 

Healed femur 

with metal 

plate 

Healed femur 

with 

carbon/epoxy 

plate 

1553 1677 687 610 1965 1908 

Table 4.3 FE Axial stiffnesses for Stage 1 to 4 at 3000 N 
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4.4.2 FE surface stress maps for the femur at 3000 N  

The maximum von mises stresses were determined in the FE analysis for Stage 1 to 4 at 3000 N of 

axial load applied. The surface stress maps were obtained for femur, implant, bone plate and 

screws.  

Stage 1 

The surface stress maps for Stage 1 (Intact femur) for anterior, lateral and medial views are shown 

in Figure 4.7. There was uniform stress distribution observed throughout femur, in all views with 

peak stresses at the top of femoral head (point of application of force) and femoral neck in the 

medial view with a maximum value of 80.7 MPa. 

 

Figure 4.7 Stage 1 surface stress maps (Anterior, lateral and medial views) 

Stage 2 

In comparison with Stage 1, femur with hip stem, the stress distribution was uniform and showed 

peak stress value of 30.94 MPa distal to the hip implant near the tip in the medial view. This shows 

the metal hip implant taking most of the load with stress concentration near its distal end. Figure 

4.8 shows surface stress maps for anterior, lateral and medial views. 
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Figure 4.8 Stage 2 surface stress maps (Anterior, lateral and medial views) 

Stage 3 

In Stage 3(injured femur), there were two construct designs. For Construct 1 (metal plate), there 

were low stresses observed in the proximal portion of femur above the fracture line, however, peak 

stresses, with a maximum value of 62.2 MPa, were observed in the distal portion of femur near the 

end of bone plate in the lateral view. The trend in Construct 2 (carbon/epoxy plate) was similar, but 

increase in peak stresses, with a maximum value of 101.7 MPa in the distal portion of femur. This 

increase in peak stresses may be attributed to the load transfer from bone plate to femur in case of 

carbon/epoxy bone plate. Figure 4.9 and Figure 4.10 shows the surface stress maps for Construct 1 

and 2. 

Stage 4 

In Stage 4 (healed femur), uniform stress distribution was observed in the femur. For Construct 1, 

peak stresses were observed near the top of the metal plate in the lateral view, however, Construct 

2 showed peak stresses near the tip of the hip stem. Figure 4.11 and Figure 4.12 shows the surface 

stress maps for Construct 1 and 2. 
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Figure 4.9 Stage 3 Construct 1 surface stress maps (Anterior, lateral and medial views) 

In order to evaluate the performance of carbon/epoxy bone plate, Stage 2 (femur with hip stem), 

was considered as a baseline and it was found that Stage 4 Construct 2 (healed femur with 

carbon/epoxy plate) showed a decrease of 14.35% in peak stresses.  

4.4.3 FE surface stress maps for the hip implant at 3000 N 

FE stress maps for the hip implant for Stage 2 to 4 are shown in Figure 4.13. It was observed that 

the peak stresses for all the stages were found in neck of the hip implant. For Stage 2, peak stress 

was found to be 471.8 MPa, followed by Stage 3 with 383.6 MPa and 326.2 MPa for Construct 1 

 

Figure 4.10 Stage 3 Construct 2 surface stress maps (Anterior, lateral and medial views) 
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Figure 4.11 Stage 4 Construct 1 surface stress maps (Anterior, lateral and medial views) 

and 2 respectively. For Stage 4, it was observed to be 435.8 MPa and 373.8 MPa for Construct 1 

and 2 respectively. Equation 4.3 was used to calculate the difference between Construct 1 and 2.   

 

4.4.4 FE surface stress maps for Construct 1 and Construct 2 at 3000 N 

Femoral shaft fractures being the worst case scenario, therefore, comparison of Stage 3 (Construct 

1 and 2) was done to assess the behavior of different constructs under same loading conditions. 

Positions probed were similar to as discussed in section 4.3.1 for anterior and posterior sides of the 

femur.  

 

Figure 4.12 Stage 4 Construct 2 surface stress maps (Anterior, lateral and medial views) 

(4.3) 
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Anterior Side 

Results for the FE surface stresses for the anterior side are shown in Table A4- 1 (Appendix A4). 

As can be seen from the bar graph Figure 4.14, for both the constructs, stresses experienced by all 

the positions were in tension. Position 1 near the proximal end of the femur experienced more 

stress and then steadily decreased from top to bottom until a rapid rise near the fracture site. Since 

the presence of less stiffness plate, femur of Construct 2 showed a noticeable increase in stresses as 

compared to Construct1. The difference for each probed position from 1 to 5 between Construct 1 

and 2 calculated was 6.5%, 29.5%, 22.7%, 45.6% and 33.5% respectively. The overall difference 

between Construct 1 and 2 for anterior side was calculated to be 27.6 %. 

Posterior Side 

The posterior side of femur followed similar stress distribution to that of anterior side. Results for 

the FE surface stresses are shown in Table A4- 2 (Appendix 4). As can be seen from the bar graph, 

Figure 4.15 tension was experienced by femur for both the constructs. Position 1 near the proximal 

end of the femur experienced more stress and then steadily decreased from top to bottom until a 

rapid rise near the fracture site. In this case also, femur of Construct 2 showed a noticeable increase 

in stresses as compared to Construct1. The difference for each probed position from 1 to 5 between 

Construct 1 and 2 calculated was 20.2%, 26.2%, 44.3%, 57.7% and 31% respectively. The overall 

difference between Construct 1 and 2 for anterior side was calculated to be 35.9 %. 
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Figure 4.13 Surface stress maps of hip implant (Stage 2 to 4) 

 

 

         

       Stage 2               Stage 3 Construct 1             Stage 3 Construct 2            Stage 4 Construct 1           Stage 4 Construct 2  
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Figure 4.14 Bar Graph with percentage difference for Anterior Surface Stresses for Construct 1 &Construct 2 

 

Figure 4.15 Bar Graph with percentage difference for Posterior Surface Stresses for Construct 1 & Construct 2 
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4.5 Validation of the Finite Element Model 

4.5.1 Evaluation of Axial static stiffness values 

The axial static stiffness values predicted by the finite element model were compared to the 

experimental static stiffness results to determine whether the finite element analysis software can 

be used to predict the axial static stiffness of particular construct. Results are shown in Table 4.4. 

 Axial Static Stiffness (N/mm) 

Construct 1 Construct 2 

Level I 

Experiment 597.6 532.1 

FE 687 610 

Difference 13% 12.8% 

Level II 

Experiment 1704.4 1660.3 

FE 1965 1908 

Difference 13.3% 12.9% 

 

Table 4.4 Comparison of predicted and measured axial static stiffness values 

The finite element analysis software predicted the axial static stiffness of Level I and Level II for 

Construct 1 and 2 to within 13% of the experimental results. The axial static stiffness predicted by 

the finite element model was slightly overestimated, but overall appeared in good agreement with 

majority of the observed experimental data Therefore the finite element model appears to have 

been successful in predicting the stiffness of the constructs for all levels. Possible explanations for 

the high measured stiffness in all levels are examined later in the discussion section. 

4.5.2 Comparison of IR stress maps with FEA stress maps 

The comparison between IR and FEA stress maps for Level I (injured femur) for the anterior and 

posterior sides is shown in Table 4.5 and Table 4.6 respectively. Assuming linear behavior of FEA 

model, the FEA stress maps were reduced linearly from calculated value of 3000 N to 800 N for 

comparison with IR stress maps. It can be seen that FE model compared reasonably well with the 

IR stress maps. 
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Table 4.5 Comparison of IR and FEA stress maps (Anterior Side) 

 

Table 4.6 Comparison of IR and FEA stress maps (Posterior Side) 

Equation 4.4 was used to calculate the difference. It can be seen from Table 4.5 and Table 4.6 that 

the FEA stress maps are in good agreement with IR stress maps. However, explanation of the 

results is done in discussion section.     

 

                         (4.4) 
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CHAPTER 5. DISCUSSION 

5.1 General Findings from Current Study 

This study evaluated the mechanical performance of a quasi-isotropic carbon/epoxy laminate 

(T700-M21) by comparing it to a commercially available metallic bone plate known as Zimmer, in 

an injured (femoral mid shaft fracture of 5 mm) and healed femur in the presence of a total hip 

stem. Lock-in infrared thermography was implemented to generate a comprehensive three-

dimensional surface stress mapping of two synthetic femurs under cyclic axial loading conditions. 

For the worst case scenario, only Level I (injured femur) with Construct 1 (metal plate) and 

Construct 2(carbon/epoxy plate) was investigated with IR thermography. The results showed that 

the femur of Construct 2 experienced more stresses as compared to Construct 1 with an overall 

difference of 29.2% in the anterior and posterior sides that is accounted for because carbon/epoxy 

is less stiff than titanium. This is the first study that tries to comprehensively evaluate the 

performance of an injured femur with two different bone plate designs, using lock-in 

thermography and comparison with FEA analysis.  

5.2 Comparison of Current Results with Previous Studies 

There are no prior studies of carbon/epoxy bone plate as a method of femoral shaft fixation in the 

presence of the hip stem. However, there are several studies on synthetic femurs with different 

fracture fixation methods; the following points of comparison are worth noting. 

5.2.1 Axial Stiffness 

Present FE axial stiffness for Stage 1, 1553 N/mm, was similar to prior experimental studies on 

intact synthetic femurs in a range of 1290 N/mm to 1900 N/mm [62, 131-134]; but higher than 

intact human femurs ranging from 757 to 1360 N/mm [62, 69]. FE axial stiffness of Stage 2, 1677 

N/mm, was much lower than one study of synthetic femur with a total hip stem yielding 3160 

N/mm [132]. The experimental average static axial stiffnesses of Level I for metal and 

carbon/epoxy bone plates of 597.6 N/mm and 532.1 N/mm compared reasonably well to an earlier 

study that achieved in a range of 500 N/mm to 1000 N/mm [132], and much lower than one study 

that achieved 1110 N/mm [103]. However, studies reveal that axial stiffness from a variety of 

other similar plated periprosthetic fixations in synthetic and human femurs can range from 304 to 
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5000 N/mm [103, 104, 135, 136]. The experimental average dynamic axial stiffness for Level I for 

Construct 1 and 2 of 697.9 N/mm and 625.3 N/mm compared well with one study that achieved in 

a range of 600 – 800 N/mm [132] and higher than one study that achieved 464 N/mm and 390 

N/mm [137]. However, there are no prior studies for experimental axial stiffnesses of healed 

periprosthetic fractures using plate fixation. As a baseline, experimental static average axial 

stiffness of 1660.3 N/mm, Level II (healed femur) with carbon epoxy plate was higher as 

compared to previous experimental average data for synthetic femurs as well as human 

cadaveric femurs. The studies revealed values of synthetic femurs with hip stem in a range of 

1230 N/mm to 1543 N/mm [62, 70, 71, 131, 133, 138]. Although, for one study of an intact 

synthetic femur with the same material properties, the average static axial stiffness calculated 

was 1347.9 N/mm, which was 23.2% lower than carbon/epoxy plate. This difference may be 

attributed to the presence of hip stem and carbon/epoxy bone plate as compared to the intact 

synthetic femur [139]. The differences in results are attributed to variations in experimental 

conditions, such as proximal load application method, distal fixation method, femur orientation, 

material properties, and so forth. 

The overall experimental dynamic axial stiffness was at an average of 19% greater compared to 

that of overall axial static stiffness (Table 4.1). There are no prior studies to report the changes in 

static to dynamic loading based on current loading conditions. In one study, carried out on human 

cadaveric femurs, it was observed that dynamic stiffness was higher than static stiffness by about 

20% [140]. However, the difference in axial static and dynamic stiffnesses is attributed to the 

increase in loading rate from static to dynamic loading and shows the viscoelastic nature of 

synthetic femurs [42]. 

5.2.2 IR Stress Maps 

There are no prior studies that have investigated similar stress patterns under the same loading 

conditions for injured femurs with hip stem. However, stress patterns for an average dynamic load 

of 800 N seem to agree significantly with one prior study of an intact synthetic femur along the 

anterior and posterior areas of the proximal femur, especially with respect to the femoral shaft, 

where stresses were seen in tension which decreased steadily along the femoral shaft for Level I 

(injured femur for Construct 1 and 2) [139]. IR surface stress maps of Level I for Construct 1 and 
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2(Figure 4.3 and Figure 4.4) agree significantly with FEA stress maps for the anterior and 

posterior sides (Figure 4.14 and Figure 4.15). This confirms that carbon/epoxy bone plate 

experiences less stress than metal plate resulting in more load transferred to the femur, which can 

obviously increase compressive stresses, reduce bone resorption and hip implant loosening. 

In the current study, the pattern of stresses for both the constructs were the same, and the highest 

stresses were seen in the medial and posterior region of the femur as seen from Figure 4.4 and 

Figure 4.5 and the maximum stress was recorded in the medial region near the proximal end of the 

femur. This could be attributed to the fact that bone plate in both constructs shared some load 

which is why the proximal portion of the femur experienced compressive stress. For the 

posterior side, the presence of peak stresses is due to the fact that the axial loading is not the 

only type of force present during the dynamic load [62]. Further investigation is required, as no 

prior studies suggest this phenomenon. 

5.3 Clinical and Practical Implications 

Stress shielding was related to changes in overall experimental axial static stiffness for Level I 

(injured femur) for Construct 1 and 2. According to stress shielding theory, high stiffness metal 

implants carry an increased proportion of stresses as compared to what bone carries thus lowering 

stresses on the femur and increasing the chances of bone resorption leading to implant loosening 

[141, 142]. Going from Construct 1 to Construct 2 (Level I), there was a drop in static stiffness of 

11% (Table 4.1) followed by an overall difference in IR surface stresses for femur (Level I) of 

29.2% (Figure 4.3 and Figure 4.4) in the anterior and posterior sides and an overall difference of 

25.48% between IR stresses for titanium and carbon/epoxy bone plate (Table 4.2). It was observed 

that femur of Construct 1(Level I) carried decrease proportion of stresses to what femur of 

Construct 2 (Level I) carried. Similarly, metal plate carried increased proportion of stresses to 

what carbon/epoxy plate carried. This can be attributed to increase in amount of stress shielding 

for metal plate compared to carbon/epoxy plate. Similar trend for stress shielding was seen in FEA 

analysis as well. Going from Stage 3 Construct 1 to Stage 3 Construct 2, there was a drop in axial 

static stiffness of 11% (Table 4.3) followed by an overall increase in peak bone stresses of 64% 

after replacing titanium plate with carbon/epoxy bone plate (Figure 4.9 and Figure 4.10). It was 

observed that femur of Construct 1 carried decrease proportion of stresses to what femur of 
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Construct 2 carried. This can be attributed to metal plate carrying increased proportion of load as 

compared to carbon/epoxy plate, resulting in an increase in amount of stress shielding for metal 

plate compared to carbon/epoxy plate.  

In this study a metal hip stem was used and had increased stress shielding compared to the 

composite bone plate. The composite plate, just like a prior composite hip implant, has shown 

promising results that replicates the performance of the natural femur better than the standard 

metallic hip implants. A previous study on a hip stem made from a composite CF/PEEK (Carbon 

Fibre-Reinforced Polyether-Ether-Ketone) and a previous investigation on the same composite hip 

stem examined currently [148, 149] showed that these materials can potentially reduce stress 

shielding by increasing the load transfer to the host femur in comparison to metallic hip implants. 

This also confirmed that the composite hip stems absorbed less stress than the metallic hip stems. 

As a result, more loads would be transferred to the host femur, which can obviously reduce bone 

resorption and subsequent implant loosening. 

The IR stress maps for both the constructs showed maximum peak stress in the femur, near the tip 

of the metal hip implant as seen in the medial view (Figure 4.5Figure 4.2 and Table A3-3), which 

may greatly increase the risk of bone fracture in this area [8, 47, 143-145]. The FEA stress maps 

suggest that stress fracture for Stage 2, femur with hip stem, has a high probability of occurring 

near the tip of metal hip implant (Figure 4.8). Similarly for Stage 4 Construct 2, the peak stresses 

were observed in the proximal portion of femur near the tip of the hip implant (Figure 4.12), 

which greatly increased the risk for bone fracture in this area. In both the cases, the region near the 

tip of the hip implant is prone to fracture failure. Clinically, the poor bone stock arising from 

severe osteopenia or osteoporosis may not permit the hip implant to be anchored firmly, thereby 

causing the site of implant failure, loosening, or migration to be in the distal region where the 

implant is in direct contact with the bone. 

The application and use of IR thermography in the field of biomechanics has been validated by 

strain gauge measurements in number of studies [139, 146]. Therefore, IR thermography has the 

capability of providing accurate measurements and can be used in isolation without strain gauges 

in biomechanical testing of synthetic bones undergoing dynamic loading conditions [147]. 
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The major benefits of IR thermorgraphy include that it is a non destructive technique and therefore 

does not damage the surface of the testing specimen. It can be easily used in isolation, once the 

specimen is calibrated experimentally using strain gauges, and it has the ability to generate a full 

three-dimensional stress map simulating actual experimental loading conditions which is not 

possible with strain gauges unless every point on the surface is covered.  The other benefits 

include minimal setup and testing time and the testing of specimens is done under cycling loading 

conditions depicting real life clinical conditions that bones experience. However, IR stress maps 

may not remove completely the requirements for FEA, but could provide assistance for 

biomechanical researchers in refining and improvement of orthopaedic devices. Specifically, IR 

thermography can measure surface stresses, but FEA can also obtain sub surface stresses in the 

interior of an object.  

5.4 Limitation/Sources of Error and Future Work 

Only the proximal portion of the femur was imaged using IR thermography. However, in the 

biomechanical studies of hip joints, proximal portion of the femur is of great interest; therefore, the 

IR camera captured images  of  the  proximal region of femur only. Camera can be positioned to 

provide a complete map of the femur to investigate the stresses in the distal end of the femur. In this 

study, sinusoidal loads were applied with an average load of 800 N, simulating one times the BW 

of a person and for a limited number of cycles. This was to ensure no permanent damage occurred 

and all surface views can be captured at all load levels. However, using increased cyclic loads at an 

average load of up to 3 or 4 times BW can be applied to simulate a full clinical level scenario.  

Strain gauges were not used in this study to validate the results of IR thermography, however, strain 

gauges can only provide local stress and strain, and therefore, other experimental techniques should 

be used for comparison of results for IR thermography. Techniques such as brittle coating, 

photoelastic coating, and ultrasound techniques and so on can be used to measure measured 

experimental stresses [150, 151].  

A synthetic, rather than a cadaveric femur, was used. Synthetic femurs are easier to obtain, less 

expensive, environmental friendly, easier storage and above all reduced specimen-to-specimen 

variability in physical properties [69, 152]. They have also shown similar results for cortical and 

cancellous screw pullout stress relative to human femurs, as well as having potential failure patterns 



70 

 

at the neck when tested intact or with a hip stem [66, 68, 153-155]. There are many studies in which 

synthetic femurs were used for fixation of femoral shaft fractures, but prior validation against 

cadaveric femurs did not included total hip implants or fracture plates [75, 82, 131-133]. 

In the FE analysis, the model for the synthetic femur was assumed to be linear and isotropic. This 

may not truly simulate human femur, which is non-linear, anisotropic, and visco-elastic. The use of 

cadaveric femurs may have provided a more realistic evaluation. However, prior studies have 

effectively used linearly isotropic FE models of long bones with respect to experiments on 

synthetic and human bones [19, 62, 75, 82, 128, 129].  

IR thermography has been incorporated by several studies in analyzing stress patterns on human 

bones. However, due to limited advances in thermographic technology, qualities of images were 

poor and inconsistent [114]. 

In the current study, dynamic loading was carried out at 5Hz because adiabatic conditions can 

be achieved with a frequency greater then 3Hz. However, in biomechanical studies, 

normal human walking gait is often replicated as using frequencies between 1 to 3Hz 

[42, 156-157]. The use of higher frequency may result in increase in the magnitude of stresses 

measured on the surface of the femur.  

The specimens used in experimental tests were limited to linear elastic limit. Fatigue failure 

should also be considered in order to understand more comprehensively the behavior of synthetic 

femurs and bone plates under dynamic loading conditions simulating long-term use by a patient. 

Only two synthetic femurs were tested for the current study which could be increased to a 

number of specimens so that a more thorough statistical comparison could be carried out. However, 

the aim of current study was not to asses specimen-to-specimen variability among synthetic 

femurs, but to evaluate the performance of carbon/epoxy bone plate in an injured and healed femur 

using same synthetic femur and comparing it to another synthetic femur with metal plate. 

Moreover, similar prior studies have also used single specimen strategy [87].   

The FEA model as compared to experimental results, predicted an increase in axial static stiffnesses 

for Level I and Level II of about 13% (Table 4.4). This may be attributed to the effect of slippage in 
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experimental analysis. However, the value of coefficient of correlation (R
2
) was higher than 0.9 for 

all tests, this showed that model remained within linear elastic limit.  

T h e  femoral head of the implant was covered with tape so that slippage c o u l d  be avoided 

between the rectangular cup indenter and the femoral head when load was applied by the 

Testresources machine. However, the presence of peak stresses on the posterior side, can be due to 

the twisting and bending forces on the femoral ball, and may be due to the effect of slippage, which 

can be minimized but cannot be eliminated. The acetabular cup indenter could have been used to 

avoid slippage, as the prior studies have used the same geometry to minimize slippage [139, 146]. 

The FEA stress maps showed a good agreement with IR stress maps (Table 4.5 and Table 4.6) and 

can be a good tool in validating IR results. However, though the stress maps for IR and FEA were 

similar, but the nature of loading was different in both the cases. IR stress maps were due to cyclic 

loading and the other due to static loading. IR stress maps were three dimensional; whereas FE 

stress maps were two dimensional. So comparison in this case cannot be justified. FEA with cyclic 

loading may have justified this scenario.  
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CHAPTER 6. CONCLUSION 
 

The present study used IR thermography and finite element analysis (FEA) for the evaluation of 

carbon fibre/epoxy plate as fracture fixation method to minimize stress shielding and bone 

resorption. 

IR thermography was used to produce three dimensional stress maps of Level I (injured femur) 

and Level II (healed femur) under cyclic loading reflecting the walking gait cycle of healthy 

human subjects. For Level I, Construct 1 (metal plate), representing the immediate post surgical 

scenario, yielded high stiffness and femur experienced relatively less stresses as expected. This 

attributed to the fact that the metal plate carried most of the load due to “stress shielding”. Femur 

of Level I Construct 2 yielded low stiffness and high bone stress as compared to Construct 1. At 

Level II, healed femur showed similar pattern but an overall substantial rise in stiffness for both 

the constructs. It was observed that overall dynamic stiffness values for all specimens were 

significantly higher as compared to static stiffness values, with an overall difference of 19%. The 

analysis of the two fracture fixation methods incorporated both static and dynamic conditions, 

simulating standing and walking/running activities of humans. 

FEA analysis provided a more realistic clinical approach by observing the effect of 3000 N axial 

load on synthetic femur. FEA incorporated a quantified approach analyzing stress maps for an 

intact femur through to full fracture healing followed by a femoral mid shaft fracture in the 

presence of a total hip stem. At Stage 1, the intact femur, experienced peak stresses proximal to 

the femoral head with a uniform stress pattern. Stage 2 and Stage 3, showed the effect of stress 

shielding, as metal hip stem, metal plate carried most of the load. For Stage 4, the femur with 

metal plate experienced low stresses due to the effect of stress shielding.  

This study also highlighted the adverse effect of high stresses during entire surgical process from 

intact stage to the fracture healing stage.  
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APPENDICES 
APPENDIX 1: Static Stiffness Tests 

Figure A1-1 to Figure A1-4 shows static stiffness graphs for different Construct 1 and 2. Stiffness for 

all these specimens were obtained from an average of three tests. The numerical values shown on 

the axes are based on the Testresources testing machine’s coordinate system. The value of R
2
 

shows the degree of linearity and the equation gives the slope and the intercept of the line. Results 

indicate that there was a good correlation between experiments and line of best fit.  

 

 

Figure A1-1 Static Stiffness Construct 1 Level I 

 

Figure A1 2 Static Stiffness Construct 2 Level I 
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Figure A1-3 Static Stiffness Construct 2 Level II 

 

 

Figure A1-4 Static Stiffness Construct 2 Level II 
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APPENDIX 2: Dynamic Stiffness Tests 

Figure A2-1 to Figure A2-4 showed static stiffness graphs for different constructs. Stiffness for all 

these specimens were obtained from an average of three tests. The numerical values shown on the 

axes are based on the Testresources testing machine’s coordinate system. The value of R
2
 shows 

the degree of linearity and the equation gives the slope and the intercept of the line. Results 

indicate that there was a good correlation between experiments and line of best fit. 

 

Figure A2-1 Dynamic Stiffness for Construct 1 Level I 

 

Figure A2-2 Dynamic stiffness Construct 2 Level I 
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Figure A2-3 Dynamic Stiffness Construct 1 Level II 

 

 

 

Figure A2-4 Dynamic Stiffness Construct 2 Level II 
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APPENDIX 3: IR Surface Stresses for Construct 1 and Construct 2 

Anterior Surface Stresses 

Table A3-1 gives the comparison of surface stresses from IR camera for positions 1 to 5 for 

Construct 1 and 2. It was observed that the difference between stresses for Construct 1 and 2 was 

significant with an overall difference of 24.54%.  

Stresses from IR Camera (MPa) 

Position Construct 1 Level I Construct 2 Level I % Difference 

1 2.72 3.03 11.40 

2 1.94 2.49 28.35 

3 1.65 2.06 24.85 

4 1.02 1.42 39.22 

5 2.03 2.92 43.84 

Table A3-1 Comparison of Anterior surface stresses from IR camera for Construct 1 and 2 

Posterior Surface Stresses 

Table A3-2 gives the comparison of surface stresses from IR camera for positions 1 to 5 for 

Construct 1 and 2. It was observed that the difference between stresses for Construct 1 and 2 was 

significant with an overall difference of 33.88%. 

  Stresses from IR Camera (Mpa)   

Position Construct 1 Level I Construct 2 Level I % Difference 

1 2.87 3.29 14.6 

2 1.97 2.5 26.9 

3 1.64 2.27 38.4 

4 0.99 1.55 56.6 

5 2.19 2.91 32.9 

Table A3-2 Comparison of Posterior surface stresses from IR camera for Construct 1 and 2 

Medial Surface Stresses 

Error! Reference source not found. gives the comparison of surface stresses from IR camera for 

positions 1 to 5 for Construct 1 and 2. It was observed that the difference between stresses for 

Construct 1 and 2 was not significant with an overall difference of -1.02. %. 
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  Stresses from IR Camera (Mpa)   

Position Construct 1 Level I Construct 2 Level I 

% 

Difference 

1 -10.57 -11.29 -6.8 

2 -4.54 -4.48 1.3 

3 -4.17 -4.21 -0.9 

4 -3.55 -3.54 0.3 

5 -2 -1.98 1.00 
Table A3-3 Comparison of Medial surface stresses from IR camera for Construct 1 and 2 

Lateral Surface Stresses 

Table A3-4 gives the comparison of surface stresses from IR camera for positions 1 to 3 for 

Construct 1 and 2. It was observed that the difference between stresses for Construct 1 and 2 was 

not significant with an overall difference of 26.47 %. 

  Stress from IR Camera (Mpa)   

Position Construct 1 Level I Construct 2 Level I % Difference 

1 2.41 2.52 4.6% 

2 0.76 1.01 32.9% 

3 2.29 3.25 41.9% 

Table A3-4 Comparison of Lateral surface stresses from IR camera for Construct 1 and 2 

 Bone Plate Surface Stresses 

Table A3-4 shows the bar graph for the IR stresses between titanium and carbon/epoxy bone plates. 

Six positions on the IR stress maps were probed for comparison of surface stresses. It was observed 

that the overall difference between IR stresses for titanium and carbon/epoxy bone plates was 

25.48% 

 

Figure A3-1 Positions probed for titanium and carbon/epoxy plate 
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Figure A3-2 Bar Graph for IR Stresses for Construct 1 and Construct 2 
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APPENDIX 4: FEA Surface Stresses for Construct 1 and Construct 2 

Anterior Surface Stresses 

Table A4- 1 gives the comparison of FEA surface stresses for positions 1 to 5 for Construct 1 and 2. 

It was observed that femur of Construct 2 experienced 27.6% more stresses as compared to femur 

of Construct 1.  

  Stresses from FEA (MPa)   

Position Construct 1 Level I Construct 2 Level I 

% 

Difference 

1 10.555 11.2453 6.5 

2 7.4058 9.5903 29.5 

3 5.8244 7.1467 22.7 

4 3.7749 5.4954 45.6 

5 8.3638 11.169 33.5 

Table A4- 1 Comparison of Anterior surface stresses from FEA for Construct 1 and 2 

Posterior Surface Stresses 

Table A4- 2 gives the comparison of FEA surface stresses for positions 1 to 5 for Construct 1 and 2. 

It was observed that femur of Construct 2 experienced 35.9% more stresses as compared to femur 

of Construct 1. 

  Stresses from FEA (Mpa)   

Position Construct 1 Level I Construct 2 Level I % Difference 

1 10.4414 12.5491 20.2 

2 7.6426 9.6468 26.2 

3 5.8343 8.4194 44.3 

4 3.5543 5.6054 57.7 

5 8.1712 10.704 31.0 

Table A4- 2 Comparison of Anterior surface stresses from FEA for Construct 1 and 2 
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Table A4-3 FE Axial stiffnesses for Stage 1 to 4 at 3000 N 
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