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Abstract

Development of a Composite Intramedullary Nail for Treating Femoral Shaft Fractures

Saeid Samiezadeh
Doctor of Philosophy
Mechanical and Industrial Engineering
Ryerson University
2016

Intramedullary nails are the primary choice for treating long bone fractures. However, the high
axial rigidity of conventional nails, can significantly reduce compression at the fracture site, and
thereby inhibit bone healing. It can also lead to subsequent bone loss upon fracture healing. Fibre-
reinforced composites have been suggested as an alternative material of choice in the design of
fracture fixation implants to address these drawbacks. There are very few studies in the literature
on the use of composite materials for intramedullary nails. In particular, there are no known studies
which have considered the optimization of such implants to fulfill the requirements of a proper
fracture healing. The purpose of the current thesis is to develop a composite intramedullary nail
made of carbon-fibre/epoxy whose structure is optimized to provide a preferred mechanical
environment for fracture healing. The thickness and stacking sequence of the composite tube were
optimized using closed-form expressions for structural rigidities of a composite tube to minimize
axial rigidity of the structure, while minimally sacrificing the bending and torsional rigidities. The
actual performance of the best nail candidates inside the human femur was then examined in an

experimentally validated finite element model.

It was found that a composite nail with an outer diameter of 14 mm and a stacking sequence of
[0,/-45/45,/-45/0/-45/45,/-45,/45,/-45/90,] showed an overall superiority compared

to the other configurations. The expressions for rigidity yielded an axial rigidity of 3.7 MN, and
bending and torsional rigidities of 70.3 and 70.9 N.m?, respectively, which correlated well with
the results of mechanical testing on the manufactured specimens (i.e. 3.74+0.05 MN, 66.9+1.0
N.m?, and 70.74#2.0 N.m* for axial, bending, and torsional rigidities, respectively). The
manufactured composite specimens showed high strength in tension (403.9£7.8 MPa),
compression (316.9+10.9 MPa), bending (405.3£8.1 MPa), and torsion (328.5£7.3 MPa).



Moreover, a fatigue limit of 27 kN was obtained for the composite nail. The stiffness of the
composite nail was found to remain almost constant versus the number of cycles. Overall, the
findings of this thesis suggest that the proposed intramedullary nail is a potential candidate for use

as an alternative to the conventional intramedullary nails.
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1 INTRODUCTION

1.1 Background motivation

The femur (thigh bone) is the longest and strongest bone in human body. Femoral fractures are
considered one of the most common bone injuries in both male and female populations [1]. These
fractures are observed in all age groups. However, there tends to be an age- and gender-related
bimodal distribution of fractures with injuries occurring most frequently in young males after high-
energy trauma and in elderly females after falls from standing [2]. Certain medical conditions such
as osteoporosis or cancer can weaken the bone and make it more susceptible to breaking. A fracture
in femur takes about 3 to 6 months to completely heal, although the healing can start as early as 6
weeks [3]. Such a long healing period can result in misalignment of the fracture ends, leading to
malunion or non-union. Therefore, it is crucial that these fractures are fixed using internal fracture
fixation devices. There are different types of fixation devices for femoral fractures. The choice of
a proper fixation device depends on the type, angle, and location of the fracture. Fractures that
occur in the femoral shaft can be fixed with bone fracture plates and intramedullary (IM) nails.
However, with the favourable results of IM nails, the use of fracture plates is limited to those cases
where IM nailing is technically impractical. For instance, for patients with extremely narrow
medullary canal or those with an existing implant, bone fracture plates remain an excellent option.
Despite recent advancements in IM nail design, there are still complications associated with these
implants including mal-union, non-union, and failure of the nail or screws [4]. The rigid structure
of conventional IM nails, usually made of Ti-alloy, can properly stabilise the fracture site.
However, an undesirable consequence of such rigid structure is peri-implant osteopenia as their
high axial rigidity causes the nail to bear the majority of the load once implanted, reducing the
physiologic loading on the bone [5]. The reduction of the mechanical stress on the femur, which
is referred to as stress shielding, results in bone resorption over time [6]. In a fractured femur fixed
with an IM nail, the stress shielding effect of the implant can cause the density in the bone to be
lower than it was pre-operatively. Consequently, the risk of re-fracture in weakened bone increases
once the fixation implant is removed [7]. Although primary bone healing can occur with rigid
fixation, the secondary bone healing that is the major type of bone healing requires axial movement
of fracture fragments [8]. Reducing the rigidity of the fixation device could favourably increase
the load levels at the fracture site, but it may also compromise the stability of the fracture by
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increasing the unfavourable (e.g. shear and torsional) interfragmentary movements, which are
detrimental to fracture healing [9]. Therefore, controversies remain regarding the optimal rigidity
of the fixation device [10]. On the other hand, reducing the rigidity in a metallic alloy, which is
achievable by reducing the cross-sectional area, can significantly increase the stress levels in the

structure of the fixation device, making it vulnerable to fatigue failure [2].

Fibre-reinforced composites have been recently used in biomedical implants because of their high
strength, low rigidity, and corrosion and fatigue resistance [11]. Most importantly, they have the
possibility to be tailored and adapted based on specific requirements through changing the stacking

sequence or volume fraction of the fibres [12].

This thesis aims at developing a flexible yet strong composite IM nail made of carbon-fibre/epoxy.
It was hypothesized that the proposed composite nail would result in a more desirable condition
for healing, as it would provide sufficient stability and reproduce the strain distribution of an intact
femur in the healed stage through increasing the load transferred to the bone. This would

subsequently encourage bone regrowth and prevent bone degradation.

1.2 Research objectives

The main objective of this thesis is to solve the limitations of current IM nails by using fibre-
reinforced composite materials (Carbon-fibre/epoxy) in order to provide preferred mechanical
environment for fracture healing. The IM nail is supposed to be rigid enough to produce necessary
immobilization at the fracture site during ambulation but should not be so rigid that the fracture is
shielded from the stresses required to stimulate healing. This main objective will be achieved

through the following sub-objectives:

a) Developing closed-form expressions for structural rigidities of composite circular tubes
based on the material being used, the stacking sequence of the laminate, the diameter, and

the wall thickness of the tube.

b) Investigating the structural couplings (e.g. extension-twist coupling in a composite tube) to

be avoided in the design process.



c) Using the derived expressions for structural optimization of a composite tube by altering
the composite stacking sequence and thickness, aiming at minimizing axial rigidity, while

maximizing bending and torsional rigidities.

d) Examining the preferred candidate configurations (obtained from the structural
optimization process) in an experimentally validated finite element model to evaluate their
mechanical performance in transverse and oblique femoral shaft fractures under extreme

physiologic loading.
e) Manufacturing the optimized configuration of the composite IM nail.

f) Performing mechanical characterization of the manufactured IM nails (i.e. performing
compression, bending, torsion, hardness, moisture absorption, and fatigue tests).

1.3 Thesis outline

The current thesis contains eight main chapters. It is comprised of a series of journal papers that

were previously published or are currently under review in peer-reviewed journals.

Chapter 1 provides the motivation behind this research and states the hypothesis in the current

work. It also contains the goals this thesis sets out to accomplish as well as detailed objectives.

Chapter 2 includes a comprehensive literature review on the concepts and theories related to this
thesis. It starts with an introduction to the anatomy of the human femur, the types of femoral
fractures, biomechanics of intact and healing bone, and fracture fixation devices that are commonly
used to treat femoral shaft fractures. In particular, it includes the current complications associated
with rigid metallic fixations as well as a summary of the studies that proposed less-rigid materials
for bone fracture fixation purposes. Further, the shortcomings of the previous biomechanical and
clinical studies on using composite materials as fixation devices are discussed. A part of the
literature review in this chapter was taken from the introduction section of the following published
paper that includes a preliminary study on biomechanics of composite IM nails for fixation of

femoral shaft fractures.

Samiezadeh S., Tavakkoli Avval P., Fawaz Z., Bougherara H., 2014. Biomechanical assessment
of composite versus metallic intramedullary nailing system in femoral shaft fractures: A finite
element study. Clinical Biomechanics (Bristol, Avon) 29 (7), 803-810.
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Chapter 3 includes the optimization of a fibre-reinforced composite bone fracture plate made of
carbon-fibre/flax/epoxy based on fracture healing requirements. In the first part of the chapter,
closed-form expressions for axial, bending, and torsional rigidities derived from the classical
laminate theory, and the composite plate was optimized by varying the laminate stacking sequence
and the contribution of each material, in order to minimize the axial rigidity and maximize the
torsional rigidity for a given range of bending rigidity. In the second part of the chapter, the best
configurations were evaluated using a comprehensive finite element model to obtain their
mechanical performance in terms of its fracture stability, load sharing, and strength in transverse
and oblique fractures. The winning configuration was then selected considering the various
mechanical factors that play a role in the fracture healing process. This part of the thesis was
performed prior to the optimization of a composite IM nail in order to test the hypothesis that a
composite fixation device could be optimized based on the selective stress shielding approach to
increase loading at the fracture site while maintaining the fracture stability. The contents of this
chapter were published as a journal paper in the Journal of the Mechanical Behavior of Biomedical

Materials as follows:

Samiezadeh S., Tavakkoli Avval P., Fawaz Z., Bougherara H., 2015. On optimization of a
composite bone plate using the selective stress shielding approach. Journal of the Mechanical
Behavior of Biomedical Materials 42, 138-153.

Chapter 4 combines the classical laminate theory and the beam theory to obtain closed-form
expressions for axial, bending, and torsional rigidities of a composite tube. The obtained
expressions will then be verified using a three-dimensional (3D) finite element model. These
expressions will be used in chapter 6 for optimization of a composite IM nail. This chapter was an
Appendix to the following journal paper that was recently published in the Journal of

Biomechanical Engineering:

Samiezadeh S., Tavakkoli Avval P., Fawaz Z., Bougherara H., 2015. An Effective Approach for
Optimization of a Composite Intramedullary Nail for Treating Femoral Shaft Fractures. Journal
of Biomechanical Engineering 137 (12), 121001.

Chapter 5 investigates the structural couplings in a composite tube that, if exist, can cause
undesirable deformations and interfere with the normal functionality of the component. In

particular, this chapter introduces a factor that detects extension-twist coupling in a composite
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tube. The accuracy of the proposed factor in detecting the extension-twist coupling in composite
tubes with similar dimensions to IM nails is then examined using a 3D finite element model that
takes into account the out-of-plane deformations and interactions among laminate plies. This
chapter was taken from the following journal paper that is currently under review in the Journal of

Composite Materials:

Samiezadeh S., Fawaz Z., Bougherara H., 2016. Analysis of extension-twist coupling of thick-

walled composite circular tubes. Journal of Composite Materials. Under review.

In chapter 6, the structural optimization of the composite IM nail is performed using the equations
derived in chapter 4, the coupling factor introduced in chapter 5, and a comprehensive finite
element model. The optimization process starts by altering the composite stacking sequence and
thickness to minimize axial rigidity, while maximizing torsional rigidity for a given range of
bending rigidities using the closed-form expressions. The selected candidates are then examined
in an experimentally validated finite element model to evaluate their mechanical performance in
transverse and oblique femoral shaft fractures. The finite element model consists of the femur,
composite IM nail, and locking screws. The best configuration is chosen based on a number of
parameters that are involved in fracture healing. The content of this chapter was taken from the

following journal paper:

Samiezadeh S., Tavakkoli Avval P., Fawaz Z., Bougherara H., 2015. An Effective Approach for
Optimization of a Composite Intramedullary Nail for Treating Femoral Shaft Fractures. Journal
of Biomechanical Engineering 137 (12), 121001.

Chapter 7 discusses the mechanical properties of the proposed composite IM nail which was
optimized in chapter 6. This chapter contains the results of a set of quasi-static mechanical testing
on the manufactured composite specimens. To investigate the response of the composite nail to
cyclic loading during normal daily activities, the fatigue performance of the developed composite
IM nail is also investigated in this chapter using the infrared thermography approach. The majority

of the materials in this chapter were taken from the following journal paper:

Samiezadeh S., Fawaz Z., Bougherara H., 2015. Biomechanical properties of a structurally
optimized carbon-fibre/epoxy intramedullary nail for femoral shaft fracture fixation. Journal of
the Mechanical Behavior of Biomedical Materials 56, 87-97.



Chapter 8 concludes the important findings of the current thesis and outlines the major
contributions of the work. It also discusses how the current findings support the hypothesis of the

research, and contains the limitations and suggestions for future work.

Chapter 9 is the Appendix of the thesis and contains the computer codes developed in chapters 3

and 6 to perform the optimization procedure.



2 LITERATURE REVIEW

2.1 Human femur

The human femur, also referred to as the thigh bone, is the largest and strongest bone in the human
body. It is approximately one-fourth of the height of the individual [13]. At the upper (proximal)
end it articulates with the pelvis forming the hip joint, and at the lower (distal) end it articulates
with the tibia and patella. Figure 2-1 depicts the anatomy of the human femur. The femur primarily
consists of the head, neck, greater and lesser trochanter, shaft, and the epicondyle [14]. The femoral
shaft, which is so called as diaphysis, is made up of the cortical bone, and hosts the medullary

canal which is associated with an interior empty space.
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Figure 2-1. Anatomy of the human femur [14]

The femur is subjected to loads that are typically twice the weight of an adult body [2]. There are
two main axes in the femur, i.e., the long axis and the neck axis (Figure 2-2). The angle between

these axes is referred to as the inclination angle and is approximately 125°in a healthy femur.
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Figure 2-2. The main axes in human femur

The femur, similar to other long bones, contains two distinct morphological types of bone, i.e.,
cortical (compact) bone, and cancellous or trabecular bone. The former type forms a dense cylinder
as the shaft of the bone surrounding the marrow cavity. The latter type is located at the ends of
long bones, and has an open and spongy structure. It has a much lower elastic modulus than the
cortical bone. Due to the higher density of the cortical bone structure, it counts for approximately
80% of the mass of bone in the human body [15]. Figure 2-3 illustrates the structure of the femoral

bone.
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Figure 2-3. Structure of the femoral bone [16].

2.2 Hip fractures

Hip fracture is a main concern of the elderly population, most of whom suffer from osteoporosis
in addition to various medical and mental diseases that result in them being a high-risk population.
It is currently estimated that 250,000 hip fractures occur annually in the United States alone and
that this number may double within 40 years [17]. Hip fractures comprise 20 % of the operative
workload of an orthopaedic trauma unit [18]. A recent survey [19] on the epidemiology of bone
fractures in adults reviewing 5953 cases in a single trauma unit showed that femoral fractures have
an overall incidence of about 13% of all body fractures. These fractures are considered one of the
most common bone injuries in men and women [1]. Numerous associated injuries occur in
conjunction with fractures of the femoral shaft and are more commonly observed in young patients

after high-energy traumatic injuries.

Femoral fractures are observed across all age groups and are attributable to a variety of
mechanisms [19-21]. The mechanisms in young patients tend to be motor vehicle crashes,
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motorcycle crashes, pedestrians struck by vehicles, or falls from height. The relative distribution
of these fractures depends on multiple factors including the geographic location (urban versus
rural) and country of study. In a review of 515 patients with 551 femoral shaft fractures in a typical
urban U.S. city, the average age was 27.2 years and 70% were males [22]. The mechanisms of
injury were motor vehicle crashes in 78%, motorcycle crashes in 9%, pedestrians struck in 4%,

falls from height in 3%, gunshot wounds in 2%, and other miscellaneous mechanisms in 3%.

2.2.1 Femoral fracture classifications

Femoral fractures can occur at different parts of the femoral bone. They are classified as head
fracture, neck fractures, intertrochanteric fractures, subtrochanteric fractures, shaft fractures, and

distal fractures.

Femoral shaft fractures

A femoral shaft fracture is a fracture of the femoral diaphysis occurring between 5 cm distal to the
lesser trochanter and 5 cm proximal to the adductor tubercle [23]. These fractures have been
classified by the anatomic location, fracture morphology, degree of comminution thereof. One of
the world-wide accepted classification is done by Winquist-Hansen [24, 25] as depicted in
Figure 2-4, and Table 2-1.

Grade 0 fractures have no associated comminution. Grade | fractures have a small chip or fragment
of comminution. Grade Il fractures have a small butterfly fragment, but at least 50% of the cortex
remains intact. Grade I11 fractures have a larger butterfly fragment with minimal cortical abutment
predicted. Grade 1V fractures have no predicted cortical contact between the fracture fragments
and are often referred to as segmentally comminuted. Grade 0 and | fractures are stable in length,
whereas grade 1l fractures are at risk for rotational abnormalities; fractures that are grade 11l and

IV require interlocking to prevent shortening and rotational malunion [2, 26].
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Figure 2-4. The Winquist-Hansen classification for femoral shaft fractures [2]. Refer to
Table 2-1 for explanation.

Table 2-1. Winquist and Hansen classification of fracture comminution

Grade Degree of Comminution

@) No comminution.

| Small butterfly fragment (<25%) or minimally comminuted segment with at least 75%

cortical contact remaining between the diaphyseal segments.

I Butterfly fragment or comminuted segment with (approximately 25% to 50%) with at

least 50% cortical contact between the diaphyseal segments.

1 Large butterfly fragment or comminuted segment (approximately 50% to 75%) with

minimal cortical contact between the diaphyseal segments.

v Complete cortical comminution such that there is no predicted cortical contact between
the diaphyseal segments. Segmentally comminuted.

11



Another classification of such fractures is the Orthopedic Trauma Association (OTA) classification
which is based largely on the fracture morphology and includes the fracture location as well as the
degree and type of comminution (Figure 2-5). Type A fractures are considered simple and include
spiral, oblique, and transverse patterns. Type B fractures are wedge fractures and include spiral
wedge, bending wedge, and segmental wedge patterns. Type C fractures are considered complex
patterns that have no predicted cortical contact between the major proximal and distal fractures.
These fractures are divided on the basis of the same characteristics described for B fractures. Each
of these fractures is further divided on the basis of location as subtrochanteric, middle, or distal.
Although the precise alphanumeric classification assigned to each femoral fracture is of limited
utility, an understanding of the fracture pattern and its location assists with surgical planning and
may be useful for documenting and categorizing large numbers of femoral fractures [2]. In a review
conducted by Wolinsky et al. [22] on 515 cases, the distribution of fracture comminution according
to the scheme of Winquist Hansen was relatively uniform among types O, I, II, I1l, and 1V. The
fracture patterns that could be identified were oblique in 51%, transverse in 29%, comminuted in
14%, and spiral in 6%.
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Types:
A. Simple (32-A) B. Wedge (32-B) C. Complex (32-C)

N8

Groups:

Femur, diaphyseal, simple fracture (32-A) Femur, diaphyseal, wedge fracture (32-B) Femur, diaphyseal, complex (32-C)

1. Spiral (32-A1) 2. Oblique 3. Transverse 1. Spiral wedge 2. Bending 3. Fragmented 1. Spiral (32-C1) 2. Segmental 3. Irregular
(=30°) (32-A2) (<30°) (32-A3) (32-B1) wedge (32-B2) wedge (32-B3) (32-C2) (32-C3)

Figure 2-5. OTA classification of femoral shaft fractures [27]. Simple fractures (type A) are
distinguished by the degree of obliquity of the fracture line. Wedge fractures (type B) are sub-
classified according to the anatomy of the wedge fracture. Complex fractures (type C) can be

spiral, segmental, or irregular.
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2.3 Femoral shaft fracture fixation

Several methods of closed management exist for the treatment of femoral shaft fractures. These
include spica casting, traction, cast bracing, or combinations thereof. Currently, closed
management as definitive treatment for femoral shaft fractures is largely limited to instances in
which devices for internal fixation are unavailable or in patients with significant medical

comorbidities that make femoral stabilization impossible [2].

External fixation as a definitive treatment method for femoral shaft fractures has limited
indications. Pin tract infections occur commonly and are related to the time the fixator is in place,
the amount of soft tissues that the pins must traverse, and the sterility at the time of the initial
application [28]. Loss of knee motion occurs commonly. Angular mal-union and femoral
shortening occur more frequently than with other methods. There are still concerns about the
potential increased infection risk associated with conversion of an external fixator to other
definitive treatment methods. Finally, unilateral external fixation has limited ability to adequately
stabilize the femoral shaft. This is largely because of the large weight of the leg combined with the

distance between the femoral shaft and the bar of the external fixator.

Internal fracture fixation is used to provide bending and torsional rigidity to bone while the fracture
heals. Operative stabilization with any technique offers numerous advantages compared with non-
operative methods and includes early patient mobilization and early functional rehabilitation of
the injured extremity [2]. The two common operative techniques used in femoral shaft fixation are

plating and intramedullary (IM) nailing.

Bone fracture plates

The use of plate fixation for the routine treatment of femoral shaft fractures has decreased with the
increased use of IM nails [2, 26]. With the favourable results of IM nails, the indication for plates
has been limited to those cases where IM nailing is impractical or difficult [2]. In patients with
extremely narrow medullary canals, fractures around or adjacent to a previous malunion, fractures
extending proximally or distally into the pertrochanteric or metaphyseal region, associated
vascular injury requiring repair, ipsilateral neck shaft fractures, fractures at or near existing
hardware (e.g., peri-prosthetic or peri-implant fractures), and skeletal immaturity, plates remain

an excellent option [2, 26]. The ultimate goal of plate fixation is to stabilize the fracture by driving
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fracture ends together, allowing for both primary and secondary bone healing [2, 29]. In this
technique, a plate of appropriate length is attached usually to the lateral side of the femur, bridging
the fracture (Figure 2-6). The plate is fixed with a number of screws to the proximal and distal

portions of the femur.
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Figure 2-6. Femoral plating for a simple fracture pattern [2]

Intramedullary (IM) nails

IM nails are the gold standard internal fracture fixation tools used to treat diaphyseal fractures in
long bones. They are implanted within the IM canal and fixed by interlocked screws to stabilise
the bone fragments during the healing process [26]. Several advantages over other internal fixation
devices, such as plates, have made IM nails the golden standard for treating long bone fractures
[2]. These advantages are both clinical and mechanical. The mechanical advantages include less
stress shielding, lower tensile and shear stresses on the implant and thus a lower rate of implant
failure, and the possibility of obtaining a flexible fixation [23]. The clinical advantages include
less extensive exposure and dissection, lower infection rate, increased vascularization, and less

quadriceps scarring, early mobilization of the patient and thus a marked decrease in the cost of
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hospitalization [26, 30, 31]. Unlike rigid fixation such as plates, fracture treatment with IM nails
results in indirect healing characterized by periosteal callus formation and enchondral bone

formation [30].

IM nails could be implanted in antegrade or retrograde configurations with static or dynamic
interlocking screws fixations (Figure 2-7). Location, angulation, number, and the size of the
interlocking screws are variable. The number of distal interlocking screws necessary to maintain
the proper length, alignment, and the rotation of the implant-bone construct depends on numerous
factors including fracture comminution, fracture location, nail size, patient size, bone quality, and
patient activity [2]. In virtually all femoral shaft fractures, however, the definitive management of
choice is implanting an anterograde, reamed, locked IM nail [32]. Such placement of IM nails can
facilitate transfer of the load and stress through both the fractured femur and the nail. Different

metallic alloys such as stainless steel and titanium are being used in manufacturing IM nails.

A B C D

Figure 2-7. IM nailing for a simple fracture pattern [33]. A) static antegrade, B) dynamic
antegrade, C) static retrograde, D) dynamic retrograde configurations.
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2.4 Biomechanics of intact and healing bone

Bone has a hierarchical structure (Figure 2-8). Its lowest level consists of single collagen fibrils
with embedded apatite crystals. Changing the collagen to mineral ratio at this level significantly
affects the elastic modulus of the bone as it reduces with the loss of mineral [34, 35], as depicted
in Figure 2-9. This figure shows Young’s modulus as a function of different concentration of
HCL. The graph can be used to study the contribution of bone mineral density to the Young’s
modulus since bone gets demineralized by the exposure of HCL and greater HCL concentration
progressively demineralizes bone, ultimately leaving only collagen. This is important from a
fracture healing point of view because mineralizing healing callus goes through phases of

increasing mineral density and corresponding increased modulus as healing occurs [2].
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Figure 2-8. The hierarchical structure of bone [2].
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Figure 2-9. Elastic modulus of bone samples tested in tension after exposure to different
concentrations of HCL [34].

At the next level of the structure, the orientation of the collagen fibrils is important [36-39], as it
affects the ability of the bone to support loads in specific directions (Figure 2-10). During fracture
healing process, the callus initially starts as a disorganized random array of fibres, which
progressively reorganize to become stiffest along the directions of the major applied loads to which

the bone is exposed [2].

At the next level, the density of the haversian systems affects bone strength. Several studies
suggested that a power law relationship exists between bone density and strength at this level of
structure (Figure 2-11) [35]. Similarly, the Young’s modulus changes with bone density by a
power of between 2 and 3 [40, 41]. As a fracture heals, its strength is affected by changes in its
mineral content, callus diameter, and fiber organization. The initial callus forms from the periosteal
surface outward, which is beneficial mechanically, because as the outer diameter of the healing
area increases, so does its moment of inertia and therefore its initial rigidity [42], as depicted in
Figure 2-12.
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Figure 2-10. Effects of collagen fiber direction on the resistance to loads applied in different
directions [39].
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Figure 2-11. The relationship of trabecular bone density to compressive strength and modulus
[35].
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(A) Rel strength/mm?2 5/3
Rel rigidity/mm?2 2

(B) Rel strength/mm?2 1
Rel rigidity/mm?2 1

(C) Rel strength/mm?2 1/2
Rel rigidity/mm?2 1/4

Figure 2-12. A comparison of the moments of inertia and resulting strengths when fracture callus
is located A) on the outer surface, B) on the bone surfaces, or C) in the medullary canal [42].

The cross-sectional area increases progressively up to the peak point and then slowly decreases,
as shown in Figure 2-13. There is a similar increase in the mineral content [43]. It is evident from
the figure that beyond 4 weeks (in rats, whose bones heal rapidly), the cross-sectional area starts

to decrease as the bone remodels to normal shape, while the bone tissue continues to mineralize.
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Figure 2-13. Changes in the cross-sectional area of a healing femoral fracture in rats [43].
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Both rigidity and strength of bone increase with increased duration of healing. Figure 2-14 shows
significant increase in both rigidity and peak torque to failure with increased duration of healing
in rabbits [44]. In that experiment, the rigidity appeared to gain normal values before the peak

torque to failure, suggesting that rigidity and strength are related but not directly.
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Figure 2-14. Torque versus angular displacement plots taken from experimental long bones at
different stages of healing in rabbits. The numbers in the graph show time in days [44].

Fracture healing can be divided into two main categories, i.e., primary (direct) bone healing and
secondary (indirect bone healing). Primary bone healing occurs with rigid stabilization (strain is <
2%) and does not require compression of the fracture ends. It is direct bone repair without
endochondral ossification, which includes cartilaginous callus formation. The main part of this
process is Haversian remodeling and re-establishment of blood vessels [8]. Secondary bone
healing is characterized by three overlapping stages: the inflammatory response, callus formation,
initial bony union and bone remodeling [8]. It occurs in the absence of rigid fixation at the fracture

site (strain is 2-10%), and it is the more common method of bone healing [45].

The mechanical environment created by the fixation system along with the available blood supply

affects the type of tissue formed in a healing fracture. The theory of interfragmentary strain
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attempts to relate the types of tissues formed to the amount of strain experienced by the tissue
between the healing bone fragments [42]. This theory is a simple representation and cannot
describe the complex stresses that the tissue is exposed to during actual healing. Nonetheless,
within the limitations of the theory, when large strains occur in the tissues between healing bone
surfaces, granulation tissue is formed. Intermediate level strains produce cartilage and small strains
result in primary bone healing, or direct deposition of bone tissue with limited callus formation
[2]

Among the limitations of this theory, one should recognize that it does not follow that zero strain
will result in maximum bone formation. Load and some resulting strain are necessary within the
healing fracture to stimulate bone formation [42]. In a study by White et al. [46] on 24 adult female
rabbits, controlled daily displacements in compression were applied to healing long bones using
an external fixator, and the bone mineral within the healing fracture was measured with time. It
was found that there was an optimal displacement above or below which less mineral was created
in the fracture callus, as depicted in Figure 2-15. It is evident that some displacement (in this
experiment, 0.5 mm) stimulates bone formation, but that greater displacements (1.0 mm and 2.0
mm) do not enhance bone formation. These results point to an optimal range of displacements for
maximum bone formation. Moreover, compression rather than tension is the preferred direction of
loading at the fracture site. Fracture fixation constructs of different rigidities within a certain range
produce healed fractures with similar mechanical properties, however, they may reach this
endpoint by different routes. In a study by Woodard et al. [47] femoral fixation was performed
using IM nails by of either 5% or 50% of the torsional rigidity of the intact femur. It was found
that the femurs fixed with the lower rigidity rods produced an abundance of stabilizing callus, as
opposed to the femurs with more rigid fixation. This is mainly due to the fact that there was less
necessity for biological fracture stabilization with more rigid fixation. However, in both cases, the
mechanical properties of the healed fractures were eventually similar. These studies demonstrate
that some strain as a result of loading the fracture site stimulates healing, and that bone will adapt

and heal within a relatively wide range of mechanical stability environments.
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Figure 2-15. The effect on bone mineral content of different cyclic displacements applied daily
within a healing fracture (upper curve, 0.5 mm; middle curve, 1.0 mm; lower curve, 2.0 mm for
500 cycles/day) [46].

In summary, several factors affect the strength of bone and healing fractures. Increasing mineral
content increases fracture stiffness. Callus that forms on the periosteal surface is beneficial in
increasing the moment of inertia and therefore the rigidity of the fractured region. Healing fractures
exhibit several stages, with rigidity returning to normal followed later by peak load to failure. Bone
will heal within a range of mechanical environments. To a certain extent, healing bone will
compensate for more flexible fixation by forming a greater quantity of fracture callus. However,
there is a range of loading of a healing callus, sufficient to stimulate bone formation, which
increases as the callus matures [2]. Compressive normal stress at the fracture site has shown to
boost fracture healing by stimulating remodelling of the callus, while excessive shear movements
may result in delayed union or poor callus quality [9, 48]. There are controversial results regarding
the effect of shear movement on fracture healing. It is assumed that shear movement at fracture
sites reduces vascularization and promotes fibrous tissue differentiation [49]. However, natural
rapid healing has been observed in oblique fractures treated by functional bracing, where shear

movement up to 4 mm could occur [50]. While some studies reported delayed healing with the
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presence of shear movement at fracture [9], others reported no impairments of healing [51] or even
improved healing with shear [52]. The effect of shear movement might be sensitive to the presence

of axial motion, timing, and/or gap size [49].

2.5 The major limitations of conventional IM nails

The nail’s function is to stabilise the fracture fragments, allowing load transfer across the fracture
site while maintaining anatomic alignment of the bone [53]. There are, however, complications
associated with the use of IM nails as in other internal fracture fixation. These include pain,

malalignment, functional impairment, or fracture of the nail or the bone [26, 54].

Conventional metallic nails usually made of titanium (Ti)-alloys or stainless steel can provide
appropriate stability at the fracture site. However, an undesirable consequence of such sturdy
implants is peri-implant osteopenia as their high axial rigidity causes the nail to bear the majority
of the load once implanted, deviating the surrounding bone from the load to which it would be
naturally subjected [5]. This removal of normal stress from the bone, which is known as “stress
shielding” effect, causes the bone to adapt by reducing its density [6]. This condition makes the
bone prone to re-fracture, which is considered a difficult-to-manage complication of plating [55].
Also, bone resorption may cause weakening of the bone-implant interface, thus potentially
loosening the implant. The high rigidity of the fixation device can also delay union by reducing

compressive loads at the fracture site, thereby inhibiting secondary bone healing [29].

Failure of the construct occurs as breakage of the locking screws, fracture of the nail itself, or
damage of the bone around the screw holes [56]. This could be as a result of stress concentrations
and stress shielding following the surgery. Furthermore, the excessive loads carried by the nail as

a result of its high rigidity could lead to the failure of the device.

2.6  Previous attempts to solve the problem of stress shielding

According to the Mechanostat, the reduction of mechanical stress causes the bone to adapt itself
by reducing its mass either by becoming more porous (internal remodeling) or getting thinner
(external remodeling) [6]. Much work has being directed into increasing the portion of the load
carried by the bone to prevent the bone density from deceasing as a result of bone resorption and
to encourage healing. Metal alloys that are commonly used in manufacturing orthopaedic implants,

cause the nail to bear the majority of the load once implanted, shielding the bone from the stress it
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would naturally experience [5]. In addition, stress generated within the postoperative femur is often
unnatural and has maximum occurring strains significantly larger than that of an intact femur. This
is due to the high rigidity of the metallic nail which increases strain generated in adjacent bone as
a result of the non-anatomical loading experienced along the femoral shaft. Several studies have
shown that less rigid implants reduce the stress shielding and boost the healing process [57, 58].
The superiority of titanium over stainless steel IM nails has been shown in a biomechanical study
conducted by Perez et al. [59]. In an animal study conducted by Sha et al. [60], a low-rigidity nail
manufactured from a Ti alloy (Ti-24Nb-4Zr-7.9Sn) exhibited better external callus formation, and
reduced the effects of stress shielding and bone resorption when compared to a more rigid nail.
They also showed that the low-rigidity nail was sufficiently strong to maintain alignment of the

fracture in the osteoporotic rat model without delayed union.

In trying to solve the problem of stress shielding, various implants made of so called “isoelastic”
materials have been designed [61]. The main challenge here is to design an implant which is
flexible enough to diminish stress shielding and, at the same time, rigid enough to provide
sufficient level of stabilization and maintain interface micro-motion relatively low [61]. Flexible
implant for use in total hip arthroplasty (THA) did not yield mid-term satisfactory results [62, 63],
mainly because of the micro-motion at the interface which is believed to have a direct effect of
implant failure. Composite materials were initially introduced as they have potential to be
manipulated to have combinations of properties that cannot be obtained by conventional materials
[64-66].

2.6.1 Previous studies on composite fracture fixation devices

There is a growing interest in using fiber-reinforced composites in bioengineering. Several studies
have investigated the possible applications of fiber-reinforced composite materials for biomedical
implants [64-75]. Factors such as high specific modulus and strength, wear properties, fatigue
behaviour, chemical inertness, moisture absorption, their biologic similarities to the human tissue,
less stress shielding, and cost play important roles in selecting a robust candidate for use in
biomedical applications [61]. One could alter the fiber orientation and properties in fiber-
reinforced composites to obtain desired axial, torsional and bending rigidity. Manufacturing 3D

complex shapes would also be possible by using appropriate molds.
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Carbon fibre reinforced composites have shown promising results in recent animal studies [76].
Of their main advantages is that they are radiolucent (i.e. they have greater transparency to X-ray
photons) [77]. This characteristic makes them compatible with modern medical imaging like
computed tomography (CT) or magnetic resonance imaging (MRI), which are not possible with
current metallic implants. Yet, the complications of using composite materials include reduction
of properties over time, degradation of the properties in humified atmosphere, and the risk of fiber
breakage [78]. Additionally, there are potential risks to surrounding biological tissue associated
with generation of carbon debris from carbon-based composite implants, such as inflammation
(i.e., soft tissue thickening), osteolysis (i.e., bone cell resorption), and cytotoxicity (i.e., slowed or
halted bone cell proliferation), which might eventually lead to implant loosening and/or failure
[79-81].

Several studies reported enhanced healing with the use of more flexible mainly composite bone
plates [55, 57, 66, 79]. However, excessive flexibility results in poor fixation and subsequent
complications, such as malunion or non-union [10, 82-84]. Therefore, controversies remain
regarding the optimal fixation rigidity [10, 32]. Reducing the rigidity of the fixation plate could
favourably increase the load levels at the fracture site and stimulate remodelling of the callus, but
it may also compromise the stability of the fracture by increasing unfavourable (e.g. shear and
torsional) interfragmentary movements, which are detrimental to fracture healing [9]. Furthermore,
stress shielding is not always disadvantageous, and can actually be beneficial in fracture healing,
as if the implant adequately counters bending, torsional, and shear stresses while only fractionally
resisting compressive stress, it can thereby stimulate remodelling of the callus at the fracture site
[85]. This concept is referred to as “selective stress shielding” [48], and is gaining traction in the

design of fixation implants as the new generation of materials become available.

In conventional Ti bone plates, axial rigidity could be lowered by reducing the thickness of the
structure. However, bending and torsional rigidity will then drop proportionally to the 3™ power
of the thickness. Another way of tailoring the rigidity of a metallic bone plate is to make it tubular,
as has been done previously in the literature [85]. However, this would increase the stress in the
structure, making it prone to fatigue failure [2]. In contrast, a composite material has the potential
to be tailored and adapted based on specific requirements through changing the arrangement or
volume fraction of the fibres [12]. Studies have been performed to develop polymer-based
composite materials as bone implants using natural or synthetic fibres [81, 86]. They have mainly
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focused on developing hip prosthesis or bone plates. Ali et al. [79] conducted a comprehensive
study on developing carbon fibre bone fracture plates. In the first section of their study, they
compared the mechanical properties of a carbon fibre composite fracture plate with those of
stainless steel and titanium, and in the second section they assessed the cytotoxicity of the proposed
plate and reported clinical results from implantation of the nail in 40 human forearms. They found
that the proposed carbon fibre plate provides adequate stability, and stress sharing by the bone.
The composite plates enhanced callus formation and thus resulted in much earlier union. They did
not find a sever reaction from the surrounding tissues, but detected carbon fragment following nail
removal. Fujihara et al. [58] proposed a braided carbon/PEEK composite structure for bone plate
applications and investigated the effect of plate thickness on plate bending rigidity. Later, Huang
et al. [87] compared the bending rigidity of six composite bone plates (using unidirectional (UD)
fibre prepregs, braided fabrics, and knitted fabrics), and concluded that a bone plate made of small

angle braided fabrics can lead to the best mechanical performance.

Several studies showed increased bone stress with the use of composite bone plates through
computer simulations or ex-vivo testing [88-91]. Kim et al. [92] used the finite element method to
examine the fracture gap strain distribution in a fractured tibia fixed with five different composite
bone plates, and compare it to that in a fractured tibia fixed with a stainless steel plate. Later, Kim
et al. [93] investigated the biomechanical performance of the aforementioned composite bone
plates in tibial oblique shaft fractures using the finite element method. Both studies evaluated
fracture healing rates by considering interfragmentary strain and time-dependent properties for
callus, and concluded that a composite bone plate can provide appropriate strain distribution at the
fracture site for both transverse and oblique fractures. However, in addition to simplified
assumptions about the bone geometry, these investigations did not consider the effect of non-axial
loads on fracture. They furthermore did not investigate the failure behaviour of composite bone
plates. Recently, Bagheri et al. [81] developed a hybrid composite bone plate made of CF/epoxy
prepregs with a flax/epoxy core and evaluated its mechanical performance [91] and fatigue
behaviour [94]. However, the effects of various plate rigidity (i.e. axial, bending and torsional
rigidity) on fracture stability (i.e. interfragmentary motions), fracture healing, and the strength of
the composite structure in physiological loading were overshadowed in previous works that simply
aimed to develop a “less rigid” bone plate. Moreover, to date, no optimization has been performed

on the composite plate structure to fulfill the requirements of fracture stability and fracture healing.
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There are very few studies on the use of composite materials for IM nails [95, 96]. In one recent
study, Moritz et al. [95] developed composite IM nails made of E-glass fibres and bisphenol A
dimethacrylate (BisGMA) and triethylene glycol dimethacrylate (TEGDMA) resin. Braided glass
fibre sleeves were added to the unidirectional (UD) structure to enhance its properties in bending
and torsion. The composite IM nails were then used to fix fractured femurs of 14 rabbits. They
harvested the femurs after 12 weeks of follow-up and compared the torsional strength of healed
femurs with that of the contralateral intact femur of same rabbit which served as the control group.
They found that the healed bone had 83% of the torsional strength of the contralateral femurs, and
did not observe any implant debris or adverse tissue reaction following fixation. The findings of
their study suggested the possibility of using fibre-reinforced composite IM nails to fix diaphyseal
fractures. However, they only considered two types of structure for their IM nail and no

optimization was performed on the nail structure to fulfill the requirements of a proper healing.

To date, however, no study has considered a carbon fiber reinforced composite for use in IM nails.
In 2009, a patent was proposed by Metzinger et al. [97] in which the possible geometry of a
composite IM nail was presented. However, no details were provided regarding the type and the
configuration of the composite material the nail is supposed to be made of. Those few studies [95]
that considered the use of composite IM nails for long bone fractures did not perform any
optimization on the structure of the IM nail to fulfil the mechanical requirements of fracture

healing.

2.7 Shortcomings of previous biomechanical studies on IM nailing

Any effort in reducing stress shielding occurred in IM nailing in femoral shaft fractures requires a
deep understanding of the biomechanics of fracture fixation and fracture healing in long bones.
Several mechanical factors are involved in fracture healing. These include the rigidity of the
fixation device, the fracture configuration, the type and the amount of the stresses occurring at
both fracture ends, and the relative motion of the fracture fragments [9, 29, 53]. While several
researchers have investigated the biomechanics of IM nailing in long bones through simulations
and biomechanical testing, few have considered the main factors involved in fracture healing.
Cheung et al. [5] conducted a finite element study in which the load sharing patterns of a retrograde
IM nailing system at four different stages of gait cycle was investigated. They found that 28% and

9% of the axial force is carried by the nail in 45% and 70% of the gait cycle respectively. Moreover,
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the use of a stainless steel IM nail results in significantly lower loads in the bone when compared
to titanium nail. They also found high level of stress concentrations at the vicinity of screw holes
which would suggest the possibility of future fractures. Bougherara et al. [56] performed a
biomechanical study on the IM nails implanted in anterograde and retrograde configurations by
various locking techniques. They found a moderately good agreement (11.6-33.5% discrepancy)
between the strains obtained from FE simulations and the experimental results. Neither of the
studies, however, considered the fracture in the bone and focused on fully healed stage only.
Another limitation was that they both ignored the interaction between the IM nail and the inner
wall of medullary canal. In the latter study, an axial load was applied on the bone and the forces
coming from other muscles were ignored. Montanini et al. [1] investigated stress/strain distribution
in a composite femur implanted with an anterograde IM nail by means of FE simulations and
experiments. They concluded that the patient underwent IM nailing should avoid full weight
bearing due to the high level of stress generated around the proximal screws. Their study had
several limitations; only transverse mid-shaft fracture was studied and other fracture types and
locations were ignored. Their conclusion about avoiding the full weight bearing following the
surgery was based on a relatively large gap in their model (3.2 mm) which caused the nail to carry
a large portion of the load. Their results disagree with several clinical observations [98, 99] that
found early weight bearing safe when locked anterograde IM nail is used. Another study that
modeled the fracture in IM nailing was conducted by Shih et al. [100], in which static and dynamic
fixations in IM nailing were compared using FE analyses. They suggested the used of dynamic
technique as it may increase the contact area and pressure at fracture site by looking at a two
proximal and distal shaft fractures. The authors omitted the proximal screws in their dynamic
fixation configuration which is not clinically the case in dynamic fixation. Moreover, they did not
assess the stability of the structure at all and also did not investigate the mid-shaft fractures. Last

but not least, they did not verify their numerical results by any means.

A large number of mechanical factors are involved in fracture healing. The most dominant ones
are the fracture type and geometry, and the magnitude, direction, and history of the
interfragmentary movements [29, 30]. To date, no comprehensive study has investigated the
biomechanics of IM nailing employing realistic boundary conditions (i.e. considering muscle

forces), and the major mechanical factors involved in the nail performance and fracture healing.
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2.8 Motivation

Despite the recent advancements in design and manufacturing of IM nails, several complications
remain. The major limitation seems to be their high rigidity, which lowers the physiologic loads
carried by the fractured bone, once fixed with an IM nail, as a result of stress shielding induced by

the rigid fixation device.

The lack of compressive normal stress at the vicinity of the fracture could result in delayed union,
and the increases level of stresses in the nail would increase the risk for nail failure. Even after
healing, the lower stresses in the shielded bone increases the chance of bone resorption leading to

possible bone re-fracture or implant failure.

Employing a new material which can provide enough stability and, at the same time, minimally
affect the internal load patterns in the fractured bone could result in faster union, and a lower rate
of implant failure and bone re-fracture. The tailorability, biocompatibility, high strength-to-weight
ratio, wear resistance, corrosion resistance, fatigue life, and the radiolucency of fibre-reinforced

composite materials have made them one of the best candidates for use in fracture fixation devices.

The motivation of the study is to develop a composite IM nail (made of a carbon fibres) to be used
in treating femoral shaft fractures. The nail is supposed to provide sufficient stability for healing
and reduce the stress shielding induced by the fixation device. The idea is to increase the normal
stress at the fracture site to boost healing and to keep the loading patters within the healed bone as
close as possible to those in the intact one to reduce the chance of further complications such as
bone re-fracture. There are very few studies that considered composite materials for IM nail
applications. Moreover, to the author’s knowledge, no previous study has considered the
optimization of a composite IM nail based on fracture healing requirements. This is also the first
study that has used a comprehensive finite element simulation in assessing fracture fixation
devices, which takes into account different fracture angles and locations, and mechanical factors

involved in the healing process.
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3 OPTIMIZATION OF A COMPOSITE BONE PLATE USING
THE SELECTIVE STRESS SHIELDING APPROACH

3.1 Introduction

Optimization of a fibre-reinforced composite bone plate was performed prior to optimizing a
composite IM nail in order to test the hypothesis that a composite fixation device could be
optimized based on the selective stress shielding approach to increase loading at the fracture site
while maintaining the fracture stability. Both fracture plate and IM nail are used for treating
femoral shaft fractures, although the use of fracture plates is limited to those cases where nailing
is technically impractical. The structural optimization procedures are similar for a composite bone
plate and a composite IM nail. However, closed-form expressions for laminate axial, bending, and
torsional rigidities, which are required for optimization purposes, could be derived much more
easily for a composite rectangular beam compared to a composite circular tube. There are a number
of guidelines that must be followed when designing a fixation device for treating long bone
fracture. For instance, similar to an IM nail, the structure of a bone fracture plate must be coupling
free, e.g., applying compressive load must not cause twist in the plate structure. Such guidelines
can be obtained and verified in the design process of a composite bone fracture plate and then be

used in the development of a composite IM nail.

Since both fracture plates and IM nails are used to treat long bone fractures, development of finite
element models would be similar. For instance, obtaining muscle forces and muscle attachments,
the assumptions in contact modeling, and in particular defining the output parameters in the finite
element models that can relate clinical factors to measurable quantities in the model would be
similar for both fixation devices. Overall, this chapter acts as a baseline for chapters 4-6, in which

development of a composite IM nail will be performed.

To date, no optimization has been performed on the composite plate structure to fulfill the
requirements of fracture stability and fracture healing. The purpose of this chapter was therefore
to optimize a composite (carbon fibre (CF)/flax/epoxy) structure for use in bone plate applications,
based on the selective stress shielding approach and data available from the literature. This
combination has been proposed previously as an alternative material of choice for bone plate

applications aiming to reduce the adverse effect of stress shielding induced by a rigid implant [81].
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The optimization process was performed using equations derived from classical laminate theory.
The strength of the plate and the effect of plate rigidity on the beneficial factors for healing, in
addition to fracture stability, were then investigated using an experimentally validated finite
element model. A Vancouver B1 fracture, classified as a stable periprosthetic femoral fracture
about the tip of the hip implant following total hip replacement, was considered in the simulations.
This type of fracture represents more than 80% of all periprosthetic femoral fractures, and is

commonly fixed with a long bone fracture plate [2, 91].
3.2 Methodology

3.2.1 Derivation of rigidity formulae

The bone fracture plate was treated as a composite beam and analysis was based on the results of
the classical laminate theory. The analyses are based on the laminate plate theory and contain some
approximations which mainly result from plane-stress conditions. The theory assumes that the
strains vary linearly across the laminate thickness and that the out-of-plane shear deformations are
negligible [101].

The resultant forces and moments per unit length acting on a laminate cross section are defined as
follows [102]:

N, Ar A Ag || 4 By By, Byl &
Ny, =1 A2 Ay A€ y0 +| B, By By K, (3.1)
N, As As Ay 7/Xy0 Bs Byx Bg

M, By, B, Bp |4 D, Dy, Dy || &
M y | = B, By Byll¢ y0 +| Dy, Dy Dy || & y (3.2)
i M Xy Bie By Be i }/Xyo D Dy Des || 1 Xy

where A, B, and D are the extensional rigidity matrix, coupling rigidity matrix, and bending rigidity
matrix respectively. For symmetric laminates, forces and moments are decoupled in equations
(3.1) ) and (3.2) since Bjj=0, leading to:
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N | TA A AJE"
Ny =1 A Ar Ay gyo (3.3)
N, As A A _yxyoj

M, Dy D, Dy ||
M, |=|D, D, Dy | x, (3.4)
Mxy D16 Dze D66_ Ky

To obtain the axial rigidity (EA), an axial force of N was applied at the centroid of the laminate

(Figure 3-1a). To apply the laminate plate theory, N, was defined as the force per unit length (i.e.

the width of the beam) by using the following expression:

N = (3.5)

X

N
b

in which b is the width of the beam. Assuming that n_ is the only force component applied on the

laminate (i.e. Ny = ny =0), (3.3) can be rearranged as:

&, NX
5y0 =[A]_1 0 (3.6)
Vg 0
which yields:
gXO — Ail*NX (363.)

where A, are the elements of the [ A] " matrix. The mid-plane strain in the x-direction is:

o _ Oy 3.7
gx _8X ( )

where U, is the displacement of the mid-plane in the x-direction, and is generally a function of x

and y. However, in the case of a narrow beam, i.e., when the length to width ratio is sufficiently

high (>10), we can assume that u, =u,(x). Equation (3.7) can then be written as follows:
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(3.8)

X

du .
gl=—T= N
X dX Ail

Comparing (3.8) with the axial strain of an isotropic beam (i.e. Z_u = %) yields the axial rigidity
X

of a rectangular symmetric composite beam with orthotropic laminae, as follows:

b

EA=—;
Ay

(3.9)

To obtain the bending rigidity (Elyy), a pure bending moment was applied in the x-z plane (My)
My
b

(Figure 3-1a) and the moment per unit length was defined as M, = . This produces the x-

component of the stress (0, ):

K M

x, |=[D]*|0 (3.10)
Ky 0
which yields,
Ky = Dll*Mx (311)

where Dij* are the elements of [D]’lmatrix. The mid-plane curvature in the x-z plane and the out-

of-plane curvature are defined by Agarwal et al. [102] as:

2
AL (312
oX
2
%:46% (3.13)
oxoy

Where wo is the displacement of the beam in the z-direction and is a function of x and y. However,

in the case of a narrow beam, we can assume that w, =w,(x) [101]. Equation (3.12) can then be

written as:
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(3.14)

2
Comparing (3.14) with the curvature of an isotropic rectangular beam (i.e. W = _E) yields the

bending rigidity of a rectangular symmetric composite beam with orthotropic laminae, as follows:

b (3.15)

X Ny K
z
® s
h M., q
: v [T e D

Figure 3-1. Rectangular laminated beam subjected to (a) axial load and bending moment, (b)
twisting moment T and the resultant shear flow

To obtain the torsional rigidity of the rectangular cross section of the plate, we assume that any
applied twisting moment (T) on the beam results in a twist moment (Mxy) and subsequent shear
flow (q) (Figure 3-1b), which has units of force per length. The applied twisting moment could be

written in terms of the shear flow as follows [101]:

T =2gh'd’ (3.16)
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where ' and b’ are the length and the path of the resultant shear flow (Figure 3-1b). The latter could
be considered approximately equal to the width of the plate (i.e. b’~b). The twist moment (Myy)

per unit length in the rectangular cross section is:

M,, = —gh’ (3.17)
Combining equations (3.16) and (3.17) yields:

T =-2bM,, (3.18)

Recalling (3.4) and considering the fact that no axial force or bending moment are applied on the

beam, the out-of-plane curvature of the plate x,, would be:

Ky 0
K, |= [D]*1 0 (3.19)
Xy M Xy
ny - DGG*M Xy (3193.)

where Dij* are the elements of [D]‘1 matrix. The twist of the cross section in a beam is defined

by Kolléar et al. [101]:

_ M (3.20)
Y

and the rate of twist ¢ is:

_oy 3.21
d OX ( )

Combining equations (3.13) and (3.21), the out-of-plane curvature of the beam can be written in
the form of:

o Mo
oy oy (3.22)
K, =—2——=—-2—
y OX OX
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Thus, we have:

pe_ly (3.23)
By combining equations (3.19), (3.20), and above (3.24), one can obtain the rate of twist of a

rectangular composite beam in terms of the applied twisting moment:

*

_Ds 1

= (3.24)
4b

g

Comparing (3.24) with the rate of twist of an isotropic beam (i.e. &= (-;r_J ), the torsional rigidity

of a symmetric composite beam with a rectangular cross section and sufficiently high width to

thickness ratio (> 10) is:

GJ=—o (3.25)

3.2.2 Optimization process

A sound approach to the design of an optimized composite structure for bone plate applications
begins with identification of all of the factors that could affect the rigidity and strength of the
structure. The most important input parameters involved in the structural rigidity of the bone plate
are the type of materials, number of materials, the number of plies made of each material, ply
thickness, and the stacking sequence of the laminate. The total thickness of the plate was made to
be equivalent to that of a conventional metallic plate (5.6 mm), and the thickness of each ply was
assumed to be approximately 0.2 mm in the cured structure [81], resulting in 28 plies in total.
Carbon fibre/epoxy was used at the outermost layers to obtain superior strength and to increase
bending and torsional rigidity [64, 81]. A flax fibre/epoxy core was used to allow for the potential
to obtain the desired axial and bending rigidity. The only configurations considered were those

which:

1- were symmetric about the mid-surface—eliminates the bending-stretching coupling which
causes an undesirable warping due to in-plane working loads, and temperature changes

during manufacturing processes [102].
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2- were balanced—this requirement indicates that angled plies (those at any angle other than
0° and 90°) should occur only in balanced pairs, which uncouples in-plane normal and
shear behaviour. Symmetric and balanced laminates also maximize buckling strength
[103].

3- contained 45 plies at their outer surfaces—maximizes buckling strength and keeps the

primary load carrying plies (0°) away from the outer surfaces [103].

4- had greater than 10% of 0° and 90° plies—avoids excessively high thermal coefficients
of expansion, which can cause undesirable warping/curvature during the manufacturing

process [103].

5- had 60% or less of plies in any direction—prevents the laminate from splitting parallel to

the principal loading axis at screw holes [103].

6- had at least six 90° plies at the mid-surface—increases transverse rigidity while minimally

affecting the bending and torsional rigidity.

All candidates which did not meet requirements 1-6 were excluded from the set. Consequently,
the only design variables considered in the current optimization process were the number of lateral

CF/epoxy plies and the stacking sequence of the laminate.

The ultimate goal of the current optimization process was to maximize the bending and torsional
rigidity of the bone plate while keeping it axially flexible, thereby minimizing the axial rigidity.
As a result of the symmetric laminate assumption, only 14 plies were taken into account. Four
different angles were considered as possible orientations for each ply (i.e. 0, -45°, 45°, and 90°).
The number of carbon fibres (nc) ranged from 2 to 28 (taking only even numbers due to symmetry),
resulting in 14 configurations. Considering all combinations in the number of CF/epoxy plies and
ply orientations resulted in 14x4" possible configurations. Out of all of these conceivable
configurations, those which did not satisfy the above-mentioned criteria were excluded from the
set of configurations, yielding a total of 279,990 configurations. A code developed in MATLAB
(The Mathworks Inc., MA, USA) (included in Appendix A1) was used to obtain the axial, bending,

and torsional rigidity for the remaining configurations using (3.15), and (3.25) respectively.

There is no data in the literature regarding the required axial and torsional rigidity of a bone

fracture plate. Bending rigidity is reported to be the leading factor that defines the fracture stability
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[87]. The minimum bending rigidity required for proper healing without significant pain in long
bones was reported in a clinical trial to be 2 N.mper degree [84]. Considering their
methodological setup, this is equivalent to a bending rigidity of 8 N.m?. Out of all of the existing
combinations, those resulting in a laminate bending rigidity lower than 8 N.m? were excluded from
the analysed set. The remaining 199,905 configurations were then categorized into intervals of
1 N.m? based on their bending rigidity. Of the configurations in each interval, the one with the
highest Stiffness Efficiency Factor (SEF) was chosen. This factor is defined by:
GJ,

SEF, - o.5(EEiAin) +05() (3.26)

max

where EA; and GJi are the axial and torsional rigidity of the it configuration respectively, and
EAnmin and GJmax represent the minimum axial rigidity and the maximum torsional rigidity amongst
all configurations respectively. The SEF explains how close each configuration in a given interval
for bending rigidity is to the ideal case, in which the laminate is rigid in torsion while axially
flexible. The 0.5 coefficients represent the weight of minimizing axial rigidity and maximizing
torsional rigidity, which were assumed to be equal in this study. It is worth noting that they could
be adjusted to increase or decrease the weight of each rigidity (e.g. when attaining a high torsional
rigidity is more critical). Considering the aforementioned selection procedure, the number of
configurations which passed to the second round were 13. For comparison purposes, a
configuration that was recently proposed in the literature, and which used the same fabrics [81]
and a conventional titanium alloy (Ti-6AL-4V) metallic bone plate, was also examined, leading to

a total of 15 configurations.
3.2.3 Finite Element Analysis

Development of computer-aided design (CAD) models

A computer-aided design (CAD) model of the synthetic femur was created using a large left fourth
generation composite femur (Model 3406, Sawbones, Vashon, WA) which had CT images
obtained every 0.5 mm along the length. This artificial femur's geometry, in turn, was originally
developed by the manufacturer based on an adult, male, cadaveric, human femur. The 3D model

of the femur was imported into SolidWorks software (SolidWorks Corp., Dassault Systemes,
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Concord, MA, USA). To virtually model a total hip arthroplasty (THA), the femoral head was
removed by cutting at an angle of 55° with respect to the femoral axial plane along the greater
trochanter. A portion of the proximal cancellous bone was also removed to fit a hip implant. A
Stryker Exeter hip stem (size 2, offset 37.5 mm) whose geometry was obtained through laser
scanning the implant’s outer surface using a NextEngine 3D scanner (NextEngine, Inc., Santa
Monica, CA, USA) [104], was inserted into the proximal end of the femur, and the space between
the hip stem and the bone was filled with surgical Simplex P bone cement (Stryker, Mahwah, NJ,
USA). To evaluate the bone plate configurations at pre- and post-healing conditions, three stages

were considered: immediately post-operative (IPO), post-operative (PO), and healed bone (HB).

In the IPO stage, Vancouver B1 fractures at three different angles were considered. These included
atransverse fracture, a 60° proximal medial to distal lateral (PMDL) fracture, and a 60° proximal
lateral to distal medial (PLDM) oblique fracture. These angles were measured with respect to the
axial plane of the femur. The fracture was modeled as a 4-mm bone gap at mid-shaft, and fixed
with an eight-hole plate (246 mm long) on the lateral side. The plate was modeled as a shell to
ensure it would be capable of being used as a composite laminate in later simulations. At this stage,
30% of the hip joint and muscle forces were applied to the bone, simulating partial weight bearing
post-operatively. Locking screws (4.5 mm dia.) were modeled as solid bodies and positioned at
proximal and distal sides of the fracture. In oblique fractures, the screw passing through the

fracture surface was removed, as done clinically.

To simulate the post-operative (PO) stage, which represents 4-6 weeks following plate attachment
and exhibits callus formation at the fracture gap, the CAD model of the IPO stage was used with
a new body located in the fracture gap to model the callus, whose properties were averaged for

central, adjacent, and peripheral callus from the literature [105] and were included in Table 3-1.

In the healed bone (HB) stage, where bone continuity was assumed to be recovered, the gap was

filled with cortical bone.

Meshing, material properties and contact modeling

Assemblies were imported into ANSY'S Workbench 15.0 software (ANSYS Inc., Canonsburg, PA,
USA) to generate finite element (FE) models (Figure 3-2). The bone, hip implant, bone cement

and screws were meshed using quadratic tetrahedral elements, whereas the plate was meshed using
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quadrilateral 4-node elements. Surface-to-surface contact elements (CONTA174 and TARGE170)
were used to mesh all interfaces. Mesh sensitivity was performed using the “relevance” option in
ANSYS Workbench software, with a range between -100, indicating a very coarse mesh, and 100,
corresponding to an extremely fine mesh. A value of 75% was chosen, as it was found that further
increasing the relevance resulted in a less than 1% change in the maximum displacement and
average nodal strain values in the model. The number of body elements after convergence was
313,949 and the number of contact elements was 171,784, leading to 485,733 elements in total in
the FE model.

Contact between the following contact pairs was set to “bonded”: cancellous bone-cortical bone,
screws-bone, screws-plate, hip stem-bone cement and bone cement-cancellous bone. However,
contact between the plate and the bone was considered to be no-separation, which allows for
sliding of the touching surfaces [91, 104]. The bodies were assigned linear elastic properties as
tabulated in Table 1. The screws and the hip implant were made from 316L surgical-grade stainless
steel and CoCrMo (cobalt—chrome—molybdenum), respectively. The metallic bone plate, made of
a titanium alloy (Ti-6Al-4V), was assigned a thickness of 5.6 mm. ANSYS Composite PrepPost
module was employed to assign the stacking sequence of the laminates in the composite bone

plates selected in section 3.2.2.
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(b)

Figure 3-2. Finite element models of a femur with a transverse (a), proximal medial to distal
lateral (PMDL) oblique (b), and proximal lateral to distal medial (PLDM) oblique (c) Vancouver
B1 periprosthetic fracture, which was fixed with an eight-hole bone plate.
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Table 3-1. Linear elastic material properties used in this study [104-109]

EX

(GPa) (GPa)

’ ’
EY Gy Uxy Uyz Oxu Ovu O'xu Ovu Txyu

(GPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Composite  Flax/epoxy* 35 44 21 03 04 330 31 -150 -80 79
Prepregs  crjepoxy* 121 86 47 027 04 2231 29 -  -100 60
1082

Ti-6AL-4V 113.8 - - 034 - 950 - - - -
316L stainless steel 193 - - 0.3 - 235 - - - -
CoCrMo 210 - - 031 - 872 - - = s
Bone Cement 2.45 - - 0.38 - 62 - - - -
Callus 0.1 - - 035 - 23 - - = =
Cortical 16.7 - - 0.26 - 106 - - - -

Bone
Trabecular 0.155 - - 0.3 - 6 - - - -

*The layers were made of unidirectional (UD) prepreg flax and carbon sheets, with their X-axis
aligned with the long axis of the bone plate.

Gait loads and boundary conditions

The distal epiphysis was constrained in all directions to avoid rigid body motion. The present thesis
employed a comprehensive load case at 45% gait cycle presented by Duda et al. [110], [111] and
simplified by Bitsakos et al. [112]. It included contributions from five major muscles (i.e. m.
gluteus maximus, m. gluteus medius, m. gluteus minimus, m. psaos, and m. abductor magnus) and
the hip joint force. This reduced muscle system was selected because previous studies ([111, 112])
have shown that the aforementioned muscles have the most significant effect on the internal loads
of the femur at 45% of the gait cycle due to their magnitudes and directions. The m. abductor
magnus and m. abductor mimimus were not considered in this study as they have negligible effects
at this instant of the gait cycle. The muscle attachment points obtained by Duda et al. [111] and
scaled for use on the 3" generation composite femur by Cheung et al. [5] were employed, as there
is no geometrical difference between the 3™ generation and neration composite femurs. Force

components, tabulated in Table 3-2, were applied to the femur as shown in Figure 3-3.
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I Hip joint force
I . piriformis

M. gluteus minimus
B M. gluteus medius
P M. gluteus maximus
B M. psoas

Figure 3-3. Diagram showing the five major muscles and hip joint forces applied to the femur.

The coordinate system used for load application is also shown. Note that the z-axis aligns with
the femoral shaft axis and the x-axis lies in the femoral coronal plane.

Table 3-2. Force components for muscle and joint reaction forces. Muscle force data taken from
Duda et al. [110] and [112].

Force components (N)

Muscle name

X Y Z
Hip joint force -613.7 -219.3 2868.7
Piriformis 110.5 -70.1 -22.4
Gluteus minimus 25.4 -0.7 -51.6
Gluteus medius 63.7 -28.9 -113.3
Gluteus maximus =~ 172.3 -105 -203.8
Psoas 3.6 160.6 -158.5
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Output parameters

In order to measure fracture stability and evaluate the healing process, seven parameters were

employed as follows:

Axial movement—relative axial movement of the fracture ends, which is one of the factors
defining fracture stability has been previously employed [29, 30, 82, 85]. Moderate axial
movements (less than 2 mm) in diaphyseal fractures have been shown to be advantageous
in stimulating periosteal callus formation [29], while excessive axial movement can
degrade healing [85]. Therefore, axial movement at the fracture site was selected as an
output parameter when evaluating fracture stability in the IPO stage, and was defined by
the relative motions (normal to the fracture plane) between the two nodes at each fracture

end located farthest from the plate (Figure 3-4).

Shear movement— high levels of shear movement at the fracture site result in reduced
stability and are believed to be the leading factor in producing a predominance of fibrous
tissue at the fracture site, resulting in delayed union or non-union [9, 29]. Shear movement
at the fracture site was therefore selected as an output parameter to indicate fracture
stability in the IPO stage. It was defined as the relative motions (tangent to the fracture
plane) between the two nodes at each fracture end located farthest from the plate
(Figure 3-4).

Inverse safety factor (ISF)—the failure of the composite bone plate is an important factor
to consider, as failure in the laminate can result in difficult-to-manage complications. The
strength of materials can be predicted based on different failure criteria. The safety factor
indicates a margin to failure that, when multiplied by the applied load, gives the failure
load. The inverse safety factor (ISF) is more commonly used in practical situations, with
non-critical values ranging from 0-1, while a value greater than 1 is considered critical. In
the present study, the ISF reported is based on the Tsai-Hill failure criterion for composite
laminate and the maximum equivalent stress for titanium alloys. The ISF was obtained in

the IPO stage where there is a fracture gap and the plate is under excessive bending stress.

Compressive normal force— compressive normal force at the fracture surface was used as
an output parameter in the PO stage, as it stimulates proliferation of the periosteal callus
and so has a beneficial effect on the healing rate [29, 48, 113].
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Contact bending moment— local strain distribution at the fracture site provides the
mechano-biological signal for the regulation of fracture healing and causes the cellular
reaction [29]. Although uniform compressive stress at the fracture site is ideal for fracture
healing as it encourages even enchondral bone formation, there is always a nonuniform
pattern of stress at fracture due to bending moments. To investigate the level of normal
stress uniformity at the fracture site, the bending moment resulting from bone-on-bone
contact was used as an output parameter in the PO stage. The moment was calculated using
the normal contact stresses at the fracture surface. A zero contact moment corresponded to
purely even compression, whereas a large bending moment indicated an uneven pattern of

normal stress [92, 114].

Mean stress—to assess the changes in the stress pattern imposed by the external implant
(i.e. load sharing), the mean value for the nodal von-Mises stress in the femoral shaft after
healing (in the HB stage) was selected to be a parameter. Von-Mises stress was chosen
because it not only represents an accurate state of stress in each node, but it is also always
positive. Negative nodal results, as in the case of maximum principal stress or strain, could

bias the average results.

Maximum deformation—several studies concerning bone plate design have introduced the
rigidity of the bone-implant structure as one of the primary factors involved in assessing
fracture healing and the level of stress shielding caused by the implant [90, 91]. The
maximum deformation of the structure in the HB stage was obtained and compared to that

of the intact bone to evaluate the effect of implant rigidity on the structural rigidity [114].
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Figure 3-4. Schematic figure showing axial and shear movement measurements at the fracture
site

3.3 Results

3.3.1 The optimal configurations

Axial, bending, and torsional rigidity for the configuration with the highest SEF in each interval
of bending rigidity have been tabulated in Table 3-3. A configuration used for CF/flax/epoxy in
the literature [81], and a Ti bone plate were also included in the table for the comparison purposes,

resulting in 15 configurations in total (C1-C15).

47



Table 3-3. Optimal configurations in the intervals of bending rigidity. EA: Axial rigidity, El:
Bending rigidity, GJ: Torsional rigidity of the plate

Conf. Stacking Sequence = EA S ser
(Nm?)  (MN) (N.m?)

C1 [81] [0. /041 40 27 076 -
C2 [+45,/45/0/-45/0/45/0/-45/90,]; 8.1 4.2 27.1 0.49
C3 [F45/0/ +45, / F4510, /90,1, 90 42 262 047
C4 [F45/0/F45/45/0/45/-45/0/90,]¢ 10.0 4.2 25.1 0.46
Cs [45/0/445/0/+45/0/ 45/ 90,] 11.0 42 242 044
C6 [F45/0,/+45,/0/F45/90,] 12.1 4.2 23.1 0.42
c7 [F45/0,/45/0/ 45,145,/ -45/90,], 133 42 218 040
C8 [+45/0,/45/0/-45,/45/0/90,]; 14.0 4.8 20.9 0.38
Co [¥45/0,/45/0, /45, 45/90,] 151 48 198 036

C10 [+45/0, /+£45,/90,]; 16.0 4.8 18.9 0.35
Cl1 [F45/0,/45/0/-45,/45/90,]; 17.1 55 18.0 0.33
c12 [45/0, /45/0/-45/0, /90, ], 181 68 170 031
c13 [F45/0, / £45/0/90,], 191 68 160 029
Ccl4 [45/0,/90,], 203 73 145 026
C15 Ti-6AL-4V 28.3 10.8 42.2 -

*SEF is calculated using Eq. (3.26).

3.3.2 FEA results

IPO stage

Immediately post-operative results were measured at the level of the fracture gap. Axial and shear
movements between fracture fragments for a VVancouver B1 fracture fixed with composite and

metallic bone plate configurations (C1-C15) is shown in Figure 3-5. Figure 3-6a shows the inverse
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safety factor (ISF) based on the Tsai-Hill failure criterion for the composite plate and the maximum
equivalent stress failure criterion for the metallic plate. A typical distribution of the ISF in a
composite configuration (C7) for transverse and oblique fractures has also been illustrated in
Figure 3-6 b-d.

(@)

M Transverse
47 [ PmMDL
CJPLDM

w
1

Axial Movement (mm)
o]
|

-
1

Cc1 c2 o= c4 o] c6 c7 cs o] c10 cn Cc12 Cc13 Cc14 C15

(b) M Transverse
0.6 EPMDL
[JPLDM

0.4

Shear Movement (mm)

1 c2 [ox:} 4 (o] C6 c7 8 (o] cio  Cn Cci12 13 Ci4 C15

Figure 3-5. Axial (a) and shear movement (b) between fracture fragments in transverse and
oblique Vancouver B1 fracture fixed with different composite bone plate configurations (C1-
C14) as well as the metallic plate (C15).
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Figure 3-6. The inverse safety factor (ISF) for composite bone plate configurations (C1-C14)
(based on Tsai-Hill failure criterion) and the metallic bone plate (C15) (based on maximum
equivalent stress failure criterion) for transverse and oblique Vancouver B1 fractures (a). The
distribution of the ISF in a typical composite bone plate configuration (C7) for transverse (b),
PMDL oblique (c), and PLDM oblique (d) fractures.

PO stage

Post-operative results, simulating 4 to 6 weeks following fixation, are depicted in Figure 3-7. They

include the compressive normal force and the contact bending moment at the fracture site.
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Figure 3-7. Compressive normal force (a) and contact bending moment (b) at a transverse and
oblique Vancouver B1 fracture site fixed with composite (C1-C14) and metallic (C15) bone
plates.

HB stage

The average equivalent bone stresses and the maximum deformation of the bone-implant construct
obtained in the healed-bone (HB) stage were compared to those in an intact bone (Figure 3-8).
Figure 3-9 shows the strain distribution in an intact femur in addition to the same femur implanted

with CF/epoxy and Ti bone plates.
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Figure 3-8. Mean nodal von Mises stress and the maximum deformation in the intact femur, the
healed femur fixed with the composite plate configurations (C1-C14), and the healed femur fixed
with the metallic plate (C15).
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(a) (b) ()

Figure 3-9. Strain distribution in the intact femur (a), the healed femur implanted with CF/epoxy
plate (b) and the healed femur implanted with Ti plate (c)

Validating FEA with experiments

For the finite element results to be credible, it is crucial that they are verified against experimental

data for at least one configuration [115]. FE models of the IPO and HB stages were selected to be

verified against infrared (IR) thermography camera measurements, as outlined in a previous study

[91]. To replicate the test setup, a compressive force of 750N was applied to the hip prosthesis
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head in the femoral coronal plane at an angle of 15° to the femoral axis. The sum of the principal
stresses obtained from the FE models at each of 4 points on the femoral surface were compared to
equivalent measurements found using an IR thermography camera, as reported in Bagheri et al.
[91]. As shown in Figure 3-10, good correlations (IPO stage: R?=0.9411, slope=1.0347; HB stage:

R?=0.9851, slope=0.9465) were found between the FE values and experimental measurements.

MPa MPa
I 60 Max Tension I 60 Max Tension
10 10
— ) B5
I 2 I 2
105 I — 0.5 I
10 0
-2 -2
-85 Max -85 Max
Compression Compression
900 2600
9%
P, 2400 A 1%
800 - .P
= = 2200 4
< 2 < R%=0.9411
= R“=0.9851 ~ e
2000 - =
§ 700 - Slope=0.9465 § Slope=1.0347
- S
7 » 1800 -
B g
[ i (]
E %0 £ 1600 -
© ©
o o
= £ 1400
500 A
1200 -
6% .
400 . . : . : 1000

600 700 800 900 1000

FE Stress (KPa)

1000

1200

1400 1600

1800 2000 2200 2400

FE Stress (KPa)

Figure 3-10.Validation of FE results against IR thermography camera measurements by Bagheri
et al. [91]. Values show the sum of principal stresses on the bone surface. (a) and (d) show FE
results in healed and fractured femur respectively, (b) and (e) shows IR thermography camera

measurements in aforementioned configurations (adopted with permission), (c) and (f) illustrate

the graphs with slope and R?. The values in blue show the percentage error for each point.
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3.4 Discussion

3.4.1 General findings

Reducing the rigidity of the fracture fixation can favourably increase the compressive normal stress
at the fracture site, which can in turn boost fracture healing [48, 82, 116]. However, stability of the
fracture is always a concern with a flexible fracture fixation [30, 82]. One school of thought,
referred to as “selective stress shielding,” suggests that the fixation device should resist detrimental
loads (i.e. shear and bending), yet allow for some compression of the fracture ends [48, 85]. In
transverse fractures, this is equivalent to reducing the axial rigidity of the implant while keeping it
rigid in bending and torsion. Conversely, in oblique fractures, this can be achieved through altering
both the axial and bending rigidity. Designing a bone plate with such capabilities is technically
impractical with conventional metallic alloys. Fibre reinforced composite bone plates have been
introduced because of their high strength, corrosion and fatigue resistance, as well as their
capability to obtain desired rigidity and strength values in different directions [11, 81, 94].
Although several studies have investigated the use of fibre reinforced composite bone plates for
fixation of diaphyseal fractures [58, 65, 66, 79, 81], none have considered the optimization of such

implants to fulfill the requirements of an efficient fixation.

The composite concept made of CF/flax/epoxy was optimized to obtain the lowest axial rigidity
with the highest bending and torsional rigidity. The optimization was performed by altering the

contribution of carbon fibres and changing the stacking sequence of the laminate.

The findings (Table 3) revealed that, in contrast to metallic bone plates, increasing the bending
rigidity in a composite plate does not necessarily result in an increase in its axial rigidity. It is
interesting to note that configurations C2-C7 yielded the same axial rigidity but differing bending
rigidity. This enables one to tailor the rigidity based on fixation requirements. When examining
the optimal configurations in each set, one can see that no laminate containing a flax/epoxy core
has been selected as the best configuration. This is mainly due to the low torsional rigidity of
structures with a flax/epoxy core. The table also shows that the axial rigidity of the plate grows as
the number of 0° plies increases, but it is independent of the location of those 0° plies. Conversely,
the bending rigidity of the plate depends on the number of plies as well as their location. Therefore,
one may place the existing 0° plies in a laminate closer to the outer surface to increase the bending
rigidity, while keeping the axial rigidity unchanged. When considering column GJ in Table 3, it
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can be concluded that the torsional rigidity of the plate is highly dependent upon the number of
45° plies and their proximity to the outer surface. That said, use of additional 45° plies favourably
increases the torsional rigidity of the plate, but tends to simultaneously sacrifice the bending
rigidity of the structure. C14 depicts a configuration in which sixteen 0° plies and only four 45°
plies have been used, which resulted in the highest bending rigidity but the lowest torsional rigidity

of all of the second round configurations.

It is worth mentioning that PMDL oblique fractures were found to be more critical when compared
to transverse or PLDM oblique fractures, regardless of the plate configuration, as they resulted in
higher shear movements and lower compressive forces at the fracture site. The plate was also more
susceptible to failure due to a higher ISF. This was primarily due to the state of hip joint and
muscular forces to the femur, which act to displace fragments and reduce stability in these
fractures. The lower stability of oblique fractures as compared to transverse fractures was

previously shown in a canine study [117].

3.4.2 Selection of the best configuration

The FE results revealed useful information regarding the actual performance of each configuration
in the second round. In examining Figure 3-5, configurations C6-C14 resulted in an axial
movement of 2 mm or less, reported as the allowable axial motion for periosteal callus formation
by Woo et al. [85] in a canine study. Interestingly, the resultant axial movements in configurations
C10-C14 are even less than those found with a Ti plate for PLDM oblique fractures. C13-C14
could be prone to failure in PLDM oblique fractures based on the Tsai-Hill failure criterion
(ISF~1). Therefore, configurations C6-C12 could all be acceptable configurations, as they all
resulted in an allowable degree of axial movement (<2 mm) and negligible shear movement (<0.5
mm) at the fracture site, providing the required fracture immobilization. Furthermore, they did not
experience failure, as established by their ISF (<1). However, C7 was selected as the best

configuration for the following reasons:

e It had the lowest axial (4.2 MN), and moderate bending and torsional rigidity (21.8 N.m?
and 13.3 N.m? respectively).
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e It had one of the lowest ISF in all of the fracture configurations when compared to other
configurations, implying a sufficiently strong fixation structure for femoral diaphyseal

fracture.

3.4.3 Comparison of the best composite configuration with conventional Ti plates

Configuration C7 has a bending rigidity well above 8 N.m?, but is almost 53% less rigid axially
when compared to a conventional Ti plate. Furthermore, despite being 48% less rigid in torsion, it
could provide sufficient torsional stability for all transverse and oblique fractures. The proposed
configuration could increase the compressive normal force between the fracture fragments by 6.5%
(280.1 N), 14.0% (245.1 N), and 10.7% (218.1 N) as compared to a conventional Ti plate in
transverse, PMDL oblique and PLDM oblique fractures respectively in the PO stage. In the IPO
stage, it minimally affects fracture stability, as seen by the increase of 0.05-0.51 mm in the
fragments’ axial movements and 0.001-0.19 mm in the fragments’ shear movements at different
fracture angles. Examining Figure 3-7, one can observe that the contact bending moment increased
by 4.4, 8.7, and 7.0 N.m? for transverse, PMDL, and PLDM oblique fractures respectively, when
the composite bone plate was used instead of the Ti bone plate. This indicates that although the
average compressive stress increases at fracture through use of the composite plate, the distribution

of compressive stress may not be as uniform as that seen when using the Ti plate.

The HB stage reflects the condition in which union has occurred and the plate is expected to
minimally alter the amount and pattern of loads carried by the bone. When considering Figure 3-8,
one can see that implantation of the Ti bone plate reduced the average von-Mises stress in the
femoral shaft by 36% while a 29% reduction in average von-Mises stress was observed with use
of the CF/epoxy bone plate. It is worth mentioning that these average values are overshadowed by
the stress rise in the vicinity of the screw holes following plate implantation, and cannot accurately
represent the load distribution in the healed bone. However, Figure 3-9 depicts the strain patterns
in an intact femur and the healed femur with bone plates attached, and it is clearly shown that strain
patterns in the femur implanted with the composite plate more closely replicate those in an intact
femur. This similarity, in turn, could possibly result in less peri-implant bone loss over time as a
result of bone remodelling, and could be considered another advantage of the composite bone
plate. Furthermore, comparing the healed bone stage to an intact femur revealed that implantation
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of the Ti plate for a Vancouver B1 fracture caused a 40.3% increase in the structural rigidity, while

the composite nail raised the rigidity by only 32.9%.

3.4.4 Comparison with prior studies

An increase was found in the stress levels of the bone when a composite bone plate was used to
fix the fracture as opposed to a metallic plate, which is consistent with the findings of previous
studies [90, 91]. It was found that implantation of a Ti plate caused a 40.3% reduction in the
maximum deformation of the bone-plate construct as compared to an intact femur, which concurs
with the findings of a former study [91] in which a 39.3% increase in overall rigidity was reported
when a Vancouver B1 fracture was fixed using a Ti plate. The current results also support the
rationale behind why overly flexible implants have resulted in complications during healing, as
reported in the literature [82, 84]. Excessively flexible bone plates can cause large structural
deformations, particularly in the presence of a fracture gap, resulting in pain and excessive bending

stress on the plate itself.

A number of studies [64, 90, 92, 93] considered unidirectional laminates for bone plate
applications as they resulted in the highest bending rigidity when compared to other stacking
sequences with the same laminate thickness. However, selection of UD laminates significantly
reduces the torsional rigidity of the structure, which can lead to torsional instability at the fracture
site. UD laminates are also inferior in supporting load components transverse to the fibre direction,
and are prone to failure near the screw holes, as the laminate can easily be split in these regions
[87]. The stacking sequence obtained in the current optimization process benefited from F45°
plies, which not only increased the buckling strength of the plate but also the torsional rigidity of
the laminate, and ensured the primary load carrying plies (0°) were located away from the
structure surface. Given that the minimum required bending rigidity could easily be achieved, the
F45° plies were used at the outermost layers to yield maximum torsional rigidity. Furthermore,
the 90°plies used around the midsurface increased the transverse modulus and strength and
resisted laminate split around the screw holes [103]. Bagheri et al. [81] recently developed a UD
sandwich structure made of CF/flax/epoxy for treating the same type of fracture as examined in
this study, and showed that their design could boost the load sharing of the implant, thereby
reducing its adverse stress shielding effects [91]. However, they investigated the stability of

fracture by measuring the rigidity of the bone-plate construct rather than the interfragmentary
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motions at the fracture site. As depicted in Figure 3-5a, their design resulted in excessive axial
movement of the fracture (>4 mm), especially in PLDM oblique Vancouver B1 fractures, which
can interfere with callus formation, as reported by Woo et al. [85]. Moreover, the low torsional
rigidity of their design (0.76 N.m?) resulted in shear instability of the fracture (i.e. overriding
fracture ends) (Figure 3-5b). The Tsai-Hill inverse safety factor of 2, 2.14, and 3.49 in transverse,
oblique PMDL and oblique PLDM fractures indicated failure of the structure in the IPO stage of
fracture healing (Figure 3-6a). The current design yielded bending and torsional rigidity more than
3 and 28 times higher, respectively, than those obtained by their design, while producing an axial
rigidity twice as high as that reported. Furthermore, the current design took advantage of the
tailorability of composite structures and thus optimized it for flexibility in desired directions and

rigidity in others.

When comparing the findings of the current study with those reported previously concerning the
design of composite bone plates, one can see that the critical role of fracture stability in designing
bone plates may have been underestimated to date. Any bone plate whose rigidity is less than that
of a conventional metallic one could reduce the stress shielding effect of the implant; however,
one should bear in mind that the fracture stability and strength of the structure should not be
overlooked when designing bone plates, as they can result in adverse effects such as excessive

pain, delayed union, non-union, or failure of the fixation construct [82, 84, 85].

Simple bending tests, which have been employed in previous studies [58, 81, 84] to evaluate the
performance of fixation devices, fail to consider several critical factors in bone plate design,
including the behaviour of the plate around screw holes, the deformation of the plate, and the
relative motions at the fracture site in complex muscle loading or in the presence on non-transverse

fractures.

The proposed design is superior to those in which flax fibres were used as the hydrophilic nature
of these fibres promotes high moisture absorption rate, which has been shown to significantly
degrade the mechanical properties of the bone plate over time [118]. This paper is unique in that
it is the first to consider the optimization of a composite bone plate based on fracture healing
requirements. It is also the first study to evaluate the susceptibility to failure of composite bone
plates in Vancouver B1 fractures. The proposed composite plate can potentially be used in other

long bones such as tibial shaft fractures since the tibia is subjected to a similar load level to the
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femur. However, separate simulations are required to investigate whether the plate is strong

enough in the vicinity of the screw holes in the tibia.

3.4.5 Potential limitations

The present chapter has certain limitations. Firstly, the derivation of closed-form expressions for
structural rigidities of the laminate were based on the classical laminate theory which assumed the
plane-stress conditions for the laminate. For instance, the out-of-plane normal and shear stress
were considered small compared with in-plane stresses. While these assumptions may be less
accurate for thick laminates or those subjected to certain loads, the finite element models did not
have such simplifying assumptions, and in fact, both out-of-plane response of the laminate and the

interactions amongst the plies were considered in the simulations.

The performance of the proposed bone plate was evaluated in Vancouver Bl periprosthetic
fractures only. Further investigations are therefore required in other femoral fracture types or other

diaphyseal fractures.

Moreover, there were some limitations associated with the FE model. Linear isotropic material
properties were assumed for the bone, while nonlinear, anisotropic, and viscoelastic properties
might be more characteristic of the mechanical behaviour of real bones. However, previous FE
comparisons of synthetic femurs with human cadaveric femurs suggest that linear material
behaviour is a reasonable approximation for real femurs [119, 120]. Furthermore, different callus
types (i.e. central, adjacent, and peripheral) were not modeled separately in this study, and their
properties were averaged at 4 to 6 weeks after surgery. The present model did not consider the
relative motions between the bone-bone cement, bone cement-hip implant and screws-bone
constructs as it assumed bonded contacts between the interfaces. However, these assumptions
simulate perfect interdigitation of the cortical bone with the threads of the screws, complete
adhesion of the bone cement to the hip stem, and full bony ingrowth around the cement mantle
and have been used in a number of biomechanical studies [91, 104]. Additionally, the model
considered 5 major muscles and the joint reaction force at 45% of the gait cycle, while other stages
of the gait cycle were not included. However, this should not affect the conclusion as this instance

of the gait cycle has been shown previously to produce maximum loading of the femur [112, 121].
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Due to the repetitive nature of physiological loads, the fatigue behaviour of the proposed design
should be evaluated, which could be the focus of future studies. Finally, the in-vivo performance
of the proposed composite plate must be evaluated using animal studies and ultimately clinical

trials before it can be used as an alternative to conventional metallic plates.

3.5 Summary

In this chapter, laminate theory and the finite element method were employed for optimization of
a composite bone plate. A hybrid composite made of carbon fibre/epoxy with a flax/epoxy core,
which was introduced previously, was optimized by varying the laminate stacking sequence and
the contribution of each material, in order to minimize the axial rigidity and maximize the torsional
rigidity for a given range of bending rigidity. The initial 14 x4" possible configurations were
reduced to 13 after applying various design criteria. A comprehensive finite element model,
validated against a previous experimental study, was used to evaluate the mechanical performance
of each composite configuration in terms of its fracture stability, load sharing, and strength in
transverse and oblique VVancouver B1 fracture configurations at immediately post-operative, post-
operative, and healed bone stages. It was found that a carbon fibre/epoxy plate with an axial rigidity
of 4.6 MN, and bending and torsional rigidity of 13 and 14 N.m? respectively, showed an overall
superiority compared with other laminate configurations. It increased the compressive force at the
fracture site up to 14% when compared to a conventional metallic plate, and maintained fracture
stability by ensuring the fracture fragments’ relative motions were comparable to those found
during metallic plate fixation. The healed stage results revealed that implantation of the titanium
plate caused a 40.3% reduction in bone stiffness, while the composite plate lowered the rigidity by
32.9% as compared to the intact femur. This study proposed a number of guidelines for the design
of composite bone plates. The findings suggest that a composite bone plate could be customized
to allow for moderate compressive force on the fracture ends, while remaining relatively rigid in
bending and torsion and strong enough to withstand external loads when a fracture gap is present.
The results indicate that the proposed composite bone plate could be a potential candidate for bone
fracture plate applications. This is the first study to consider the optimization of a composite bone
fracture plate using the selective stress shielding approach. This study suggests a number of
guidelines when designing composite bone plates. The proposed composite design is superior to

those previously developed in that it takes advantage of the tailorability of composite structures to
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achieve desired properties in the required directions, with the aim of developing a flexible yet
strong fracture fixation. Beneficial and detrimental mechanical factors that are directly or
indirectly involved in fracture healing were employed to evaluate the composite plate’s
performance in both transverse and oblique fractures. The CF/epoxy composite bone plate
increased the compression at fracture ends while minimally affecting the axial and torsional
stability of the fracture. The susceptibility of the plate to failure was also assessed using the Tsai-
hill failure criterion. Strain patterns that were more similar to the intact femur were found with use
of the composite bone plate as opposed to the Ti plate following healing which can result in less
peri-implant bone loss over time as a result of bone remodelling. The findings also revealed that
using a flax/epoxy core for the composite bone plate regardless of its contribution and stacking
sequence sacrifices the torsional rigidity and strength of the bone plate and is not superior to a pure
carbon/epoxy plate for femoral shaft fracture fixation. The proposed methodology can be used to
design composite bone plates for treating fractures of long bones other than the femur, such as the
tibia and humerus. However, the required rigidity and strength for the bone plate might be different
for weight-bearing bones as opposed to non-weight-bearing ones, and the thus actual loading on
the bone should be considered in the design process. The results of this study suggest that the
proposed composite bone plate could be a potential candidate for bone plate applications in the

femur.
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4 STRUCTURAL RIGIDITIES OF A COMPOSITE TUBE

4.1 Introduction

To start the optimization process for a composite IM nail (i.e. to minimize the axial rigidity while
maximizing bending and torsional rigidities), it is necessary to obtain closed-form expressions for
axial, bending, and torsional rigidities in a composite tube. In this chapter, a combination of the

classical laminate theory and beam theory was used for derivation of the rigidity formulas.

4.2 Composite beam governing equations

In a circular hollow orthotropic beam subjected to an axial force, bending and twist moments
(Figure 4-1), the forces-strain relationships are:

8)(0
Nl [EA 0 0 071
My| |0 El, El, 0 ||p, 4.1)
M.[ |0 ElI, EI, 0]|1
T 0 0 0 Gl|p
9

0. . 1 1 : :
where &, is the axial strain, — and — are curvatures about y and z axes respectively, and ¢ is
Py P

the rate of twist about the x axis. In order to relate the external forces and moments on the beam to
the beam wall, a local coordinate system (s-n-x) is defined (Figure 4-1) with its origin at the
laminate mid-surface and its x-axis parallel to the x-axis of the beam and its s-axis tangent to the
beam circular cross section. Thus, n-axis is always normal to the beam wall. Based on Bernoulli-
Navier hypothesis [101], the axial strain varies linearly with the curvature of the beam. That said,

the axial strain on an arbitrary point across the beam cross section can be written as:

gngxo+zi+ y— (4.2)
P, P,
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Figure 4-1. The definition of the local coordinate system on the wall

Also, the wall curvature (in x-n plane) can be obtained as a function of beam curvature:

K =icose—isin9 (4.3)

top, Py
where @ is the angle between the n- and y-coordinate axes (Figure 4-1). With the preceding
definition of s-n-x coordinate system, one can obtain expressions for the in-plane forces and

moments in the laminate as follows:

N, Ar A, As By By, Byglls
N, A, A, As B, By, Bylle
N, _ As A As B By Bg || (4.4)
M, By B, Bg Dy Dy, Dyllk
M; B, By, By Dy, D, Dy||x
My) [Bis Bs Be Dig Dy Des||K

in which Ajj, Bij, and Dij are extensional, coupling, and bending rigidity matrices respectively.

Solving for strain components, and considering an unsymmetrical orthotropic laminate yield:
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Ex a, a, 0 py B, O N,
s a, p 0 B, pp 0 N,
Vel |0 0 % 0 0 Fy|[Ng (4.5)
Ky B P 0 6y 06, O M,
K Bo Po 0 6, 6, 0 M
ko) O 0 B 0 0 65 ||M,

where which «;, f;, and J; are elements of [A], [B] ™, and [D]* respectively.

Resultant forces and moments applied on the beam can be obtained in terms of in-plane forces and

moments as follows:

N=["N,Rdo (4.6)

0

My =—["M,Rsin@d6+ | N,R?singde (4.7)
0 0

M. =["M,Rcosedf [ “N,R? cosgdd (4.8)

T=2["M,Rdo (4.9)

4.3 Bending rigidity of a composite tube
To obtain the bending rigidity, it is assumed that no axial force and twist moment are applied on
the beam and that the beam is only subjected to My. As a result, (4.2) becomes:
gxzzi+yi (4.10)
Py P
To simplify the formulation, the laminate rigidity elements are evaluated at the laminate neutral

surface, in which a bending moment (Mx) does not result in axial strain (&, ) in the laminate. Using

this definition, the deviation of the laminate neutral surface and the mid-surface is obtained as
[101]:
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B
d=-r1 (4.11)
511

Transferring ¢, ﬂij , and 5” to the neutral surface yields [101]:

o = o +d (B +ﬂij)+d25ij (4.12)
ﬂI; = f; +d5ij (4.13)
é‘lj — 5ij (4.14)

As a result of this transformation:
Bi=0 (4.15)

If the dimensions of the beam cross section are relatively small compared to the beam’s length,
and the beam layup is orthotropic, the following in-plane forces and moments are infinitesimally

small and can be assumed zero [101];
N=N_=M.=M_=0 (4.16)

Also, in the case that the composite beam is manufactured by wrapping or advanced fiber
placement (AFP) which is usually the case for composite circular tubes, the layup configurations
is referred to as circumferential uniform stiffness (CUS). In such structure, a bending moment in

the y-direction does not cause a curvature in the z-direction [122]. This uncoupling results in:
— =0 (4.17)
P,

Combining (4.10), (4.15), (4.16), (4.17), (4.5), and (4.7) yields:

My :J.Zﬂi,sin26?d6?i+J'2”i,R’SSinzé’dGi (4.18)
0 511 py 0 all py

1
and the coefficient of — in the above equation gives the bending rigidity of the orthotropic
Py

composite beam with circular cross section.
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’ 3
El =7T(i,+R_’) (4.19)

11 Gy

In symmetric layup, the neutral surface coincides with the laminate mid-surface and (4.19) can be

simplified to:
3
El :n(i+R—) (4.20)
1 On

4.4  Axial rigidity of a composite tube

To obtain the axial stiffness, it is assumed that the beam is only subjected to an axial force and
there is no moments applied on it. In a circular cross section beam with CUS layup, an axial force
does not cause any bending [122, 123].This uncoupling reduces (4.2) and (4.3) to:

g =& (4.21)
k, =0 (4.22)

Also, in such beam the curvature does not change along the circumference [101]

K, =0 (4.23)
Thus, and (4.5) yields:

g, =ouN, + .M, + .M, (4.24)

K, = BN, +0,M, +6,M, (4.25)

K, = B,N,+0,M, +5,,M, (4.26)
Combining (4.23), (4.24), and solving for N and ™M :

N, = %(5ll —551—22: £, —§(,311 —ﬂg—jz)’(x (4.27)
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1 B0 1 B’
M, = — (P2 - _fi2 4.28
=D ( 5, B, D (o, 5, )&, ( )
where
. 35,7 B’ B0,
D" =(5. — 2 _ ey _1712712)2 4.29
( 11 5, )(all 5, ) (1811 5, ) ( )

Combining (4.26) with (4.6), the coefficient of axial strain yields the axial rigidity of composite

tube with circular cross section and an orthotropic layup as

1 5,°
EA=27R— (6,,—=2-) (4.30)
D Sy

In case of a symmetric layup, the above equation reduces to:

_ 27R
ay,

EA (4.31)

4.5 Torsional rigidity of a composite tube

To calculate the torsional stiffness, it is assumed that the beam is subjected to a twist moment only.
In a composite beam with CUS configurations, this twist moment doe not cause any bending [122].

In fact, it induces shear flow q in the wall thickness defined as:

q= _[; r.dn=N (4.32)

where t is the wall thickness. The external twist moment can be related to the beam shear follow

as:
'I_'=<j'>qus = 20A (4.33)
in which A is the swept area of the wall mid-surface. (4.5) yields:

7xs = aGGNx +ﬂ66st (434)
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This equation can be simplified by selecting a “twisting moment neutral” surface (TNS) at which

Pss 1S zero. Such surface can be found using equation (4.13). The distance between the wall mid-

surface and the TNS would be:

e= P (4.35)
566
Obtaining 7,, on the TNS yields:
Vs = OgsNy (4.36)

where aé'e is the transferred g to the TNS. For a circular composite tube with uniform walls

thickness, the warping is zero. This results in the rate of twist to be:

£=Leds (4.37)

in which A" is the swept area of the TNS. Combining (4.37), (4.36), and (4.33), and integrating
over the TNS yields:

&= T (4.38)

From which the torsional rigidity of a composite tube with circular cross section is obtained as:

27Z_RH3
= "
Agg

GJ (4.39)

When considering a symmetric layup for the composite tube, TNS coincides with the laminate

mid-surface and the above equation reduces to:

B 27R3
e

GJ (4.40)
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4.6 Validation of the rigidity formulas

In order to verify the validity of assumptions in derivation of the rigidity formulas, a 3-dimensional
(3D) finite element (FE) model was employed. This model took into account the out-of-plane

response of the laminate and the interactions amongst the plies.

The computer-aided design (CAD) model of a cylinder with an outer diameter of 14 mm (similar
to that of a conventional Ti-alloy IM nail) was created in ANSYS Workbench software (ANSY'S
Inc., Canonsburg, PA, USA). ANSYS Composite PrepPost module was employed to assign the
stacking sequence of the laminates. Each layer was meshed with solid (SOLID 187) elements. Ten
different lay-ups with 16 plies of CF/epoxy were considered, as tabulated in Table 4-1, and the
structural rigidities were obtained in the FE model as follows:

To obtain the axial rigidity, an axial force of 1000 N was applied on the beam cross-section and
the axial displacement of the beam was obtained from the FE model. Using Eq. (4.41), the axial

rigidity of the beam was calculated.

EA= - (4.41)
D

max

In this equation, F is the applied axial force, L is the length of the beam and Dmax is the maximum

axial displacement of the beam which occurs where the axial force is applied.

A standard four-point bending test was simulated to obtain the bending rigidity of the composite
beam. In this test, two normal equidistant forces (with a total magnitude of 1000 N) were applied
on a beam which was simply supported as depicted in Figure 4-2. The maximum displacement of
the beam, occurred and the middle, was measured for each laminate configurations and the bending

rigidity of the beam was calculated using Eq. (4.42)

FL®

El =
64D,

(4.42)

where F is the total force, L is the length of the beam (between the two supports), and Dmax is the

maximum displacement of the beam.

A standard torsion test was simulated to obtain the torsional rigidity of the beam. In this test, a

twisting moment of 50 N.m? was applied to one end of the beam, while the other end was
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prevented from twisting. The angle of twist as a result of the applied moment was measured in the
FE model and the torsional rigidity of the beam was obtained using Eq. (4.43)

TL
Gl=—0o 4.43
7 (4.43)

max

where T is the applied twisting moment, L is the length of the beam and Omax is the maximum twist

angle.

F72 F/2

| ' ’ J
tm;: L/2 ;<L/4!

Figure 4-2. The standard testing setup for the four-point bending tests used in the simulations

The rigidity values obtained from the closed-form expressions were compared to those obtained
through 3D FE models in Figure 4-3 and 4-5. The slopes of the graphs (1.015, 1.1385, and 0.9486)
and correlation coefficients (0.998, 0.989, and 0.989) were both close to the ideal value of 1,
indicating excellent agreement between the predicted values of rigidity by the close-form

expressions and 3D FE simulations.
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Figure 4-3. Axial rigidity values obtained from closed-form expression versus those obtained
from 3D FEA
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Figure 4-4. Bending rigidity values obtained from 3D FEA versus those obtained from closed-
form expression
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Figure 4-5.Torsional rigidity values obtained from 3D FEA versus those obtained from closed-
form expression

4.7 Summary

Closed-form expressions for axial, bending, and torsional rigidities of a composite tube were
derived by combining the classical laminate theory and the beam theory. The obtained expressions
were validated against numerical results obtained from finite element analysis. Good correlations
were found between the theoretical and numerical values. The formulas can be used in the

optimization process of the composite IM nail structure.
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Table 4-1. Different lay-up configurations used for validation of the rigidity formulas

Lay-up Stacking Sequence Laminate Type

C1 [45];; Unidirectional, Symmetric

C2 [45; / —45,] Angle-Ply, Balanced

C3 [£45], Angle-Ply, Balanced

C4 [0,/45,/90,/-45,/0,] Balanced

C5 [0/454/90], Symmetric

C6 [0],¢ Unidirectional, Cross-Ply,
Symmetric

C7 [0/90], Cross-Ply, Balanced

C8 [0,/45,/90,/-45,]; Quasi-isotropic,
Symmetric

C9 [-45/45/0,/45/-45/90,/45/-45,/45/0,/90,] Balanced

C10 [0/-45/45,/-45/0/-45/ 45,/ —45/ 45/ -45,/45/90,] | Balanced
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5 STRUCTURAL COUPLINGS IN A COMPOSITE TUBE

5.1 Introduction

Despite the advantages of composite IM nails, the couplings in the tube structure which can arise
with particular stacking sequences, can cause undesirable deformations and interfere with its
performance as a fracture fixation device. For instance, an extension-bending coupling can bend
the IM nail even when the structure experiences pure compressive load, resulting in uneven

compression at the fracture site, which in turn can be detrimental to fracture healing.

Hollow composite beams can be manufactured with circumferentially asymmetric stiffness (CAS)
or circumferentially uniform stiffness (CUS) configurations. In the former configuration,
extension-bending and bending-twist couplings can be produced even with a symmetric beam
cross-section [124]. As a result, an applied axial load can produce coupled axial deflection and
bending of the beam, and a bending moment can twist the beam structure. In the latter
configuration, there is no extension-bending or bending-twist coupling present. However, a
composite tube with CUS configuration can still produce extension-twist coupling [125]. In a
composite IM nail, such coupling can twist the fracture ends when the fracture site is in
compression and can increase the relative shear movement of both ends. The situation can occur

in daily physiologic activities and may delay the healing process.

Circular composite tubes are commonly manufactured by automated fiber placement (AFP) or
filament winding techniques which lead to a CUS configuration. The ratio of the wall thickness to
the laminate mid-plane diameter in a composite IM nail is usually greater than 0.1 [126], and thus

the thin-wall theory assumptions for the beam structure may not be valid.

There are several studies in the literature which investigated the structural behavior of thin-walled
composite tubes [101, 123, 127, 128], but there are few studies on the structural response of thick-
walled circular composite tubes [122, 129]. In particular, there seem to be no criteria (e.g. a factor)
that can quantitatively express the extension-twist coupling in thick-walled circular composite

tubes which have numerous practical applications.

This chapter aims at introducing a quantitative criteria (i.e., a factor) to detect and measure
extension-twist coupling in circular composite tubes with CUS configuration. Such factor could

then be employed in the design process of composite IM nails to uncouple extension and twist in
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the structure. In the first part of this chapter, the derivation of constitutive equations for the beam
was performed considering out-of-plane displacements of the beam cross-section due to bending
and shear. The assumptions took into account the transverse shear effects of the wall which also
makes the formulation valid for thick-walled composite tubes. A closed-form solution for the
extension-twist coupling factor was derived by obtaining resultant forces and moments over the
beam cross-section and then by finding force-displacement relations. In the second part of the
chapter, the extension-twist coupling factor was obtained for ten composite tubes with different

stacking sequences, and a 3D finite element model was employed to capture such coupling.
5.2 Analysis

5.2.1 Basic assumptions

The system under study was a hollow composite beam, with a thickness of h, and a length of L
made of homogenous elastic orthotropic material. The beam had a circular cross-section and the
wall consisted of a composite laminate. The radius of the mid-plane of the wall was R and it was
assumed that R << L making the 1D beam theory assumptions valid. Also there was no restriction
on the wall thickness of the beam. The beam was subjected to an axial force (N) and a twisting
moment (twisting moment) (T). Analysis was started by defining the displacement field of a

general point on the beam cross-section.

5.2.2 Displacement field

The circular beam geometry is normally described by two coordinate systems, namely s-z-n and
x-y-z. The former was a local curvilinear coordinate system located on the mid-plane of the wall
thickness whose s-axis was tangent to the mid-plane of the wall at any point. The normal
coordinate n was measured along the normal to the mid-plane towards the outer side (Figure 5-1).
The latter system was a Cartesian coordinate system placed at the centre of the beam cross-section
[127]. As depicted in Figure 5-1, the z-axes of both coordinate systems coincided. The 3D
displacement field of a general point on the cross-section was expressed with respect to these

coordinate systems considering the following assumptions [123, 130-132]:

e The out-of-plane displacement of the beam cross-section as a result of bending and shear

was described by a cubic function of the cross-sectional coordinates x or y. This indicates
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that the transverse shear effects of the beam were considered and that the transverse shear

strains vary parabolically across the thickness.
e The beam cross-section did not deform in its own plane.
e All deformations were small and within linear elasticity.

Using the kinematic assumptions, the beam displacement field was assumed to be [122, 130]:

W(z,t,n) = W, (2) T, {Hx(z) LAR +§%35053 2 (U, (2) —Hx(z))}

. ° (5.1)
- {@(z) e —@(z))}w(a, (2
U, (z,a,n) =—uy(z)sina +v,(z)cosa + (R+n)g(z) (5.2)
u,(z,a,n) =u,(z)cosa +v,(z)sinx (5.3)

Figure 5-1. The definition of the local coordinate system on the wall and the global coordinate
system at the centre of the composite beam cross-section
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The functions u,(z), v,(z), and w,(z) represent the rigid body translations along the x, y, and z

axes, while the rigid body rotation about x and y axes are denoted by &, (z) , Hy(Z) . The warping

function is denoted by y (a,n), and us, un , and w are curvilinear tangential, normal, and axial
displacements respectively, and ¢(z) is the angle of twist. The prime denotes derivatives with
respect to the span of the beam (z-coordinate). In Egs. (5.1-3), the angle o was used to represent
the circumferential coordinate s since the radius of the mid-plane of the wall (R) was constant in a
circular tube. In these equations, Ro is the outer radius of the beam. The functions rx and ry denote
the x and y components of the position with respect to the global coordinate system and are defined

as:
r,=(R+n)cosa (5.4)
r,=(R+n)sina (5.5)

It is worth noting that the term (R +n)g(z) in Eq. (5.2) is not considered in thin-walled composite

beam theories [123, 127].

5.2.3 Strain field

The beam strain field can be derived by differentiating the displacement field. Based on the
assumption of a cross-section without in-plane deformations as well as the 1D formulation in beam

theory, the strain filed was expressed by:

oW
_ v 5.6
fu = (56)
1ow ou
_Tow s 5.7
"5 " Roa @ 5.7)
YV = @ n-+ aun (58)
oa 0z
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5.2.4 Stress-strain relationship
For a generally orthotropic i™ layer of a laminate, the stresses and the strains are related through

the following equation in which éab are the elements of the transformed stiffness matrix for an

orthotropic material [101].

_Gzz i 611 612 613 0 0 616 _EZZ i
O le Q22 Q23 0 0 Q26 Ess
Om _ Qs Qun Qs _0 _O Qss | | &m (5.9)
Tsn 0 0 0 Q4 Qs O Ean
T 0 0 0 Qg Q. O [|%n
R _616 626 636 0 0 665_i e

In 1D beam theory, the off-cross sectional components of stress (i.e. oss, onn, and zsn) are considered
negligibly small compared to the remaining stress components [122]. However, the contribution
of off-cross sectional strains to the beam deformation may become significant as the wall thickness

increases [133]. This is why the contribution of strain components ¢, &,,, and y,, were taken

ss !
into account in the current formulation.
Setting oss, onn, and zsn equal to zero in Eq. (5.9), in-plane normal strain (&), transverse normal

strain (&, ) and transverse shear strain (y,,) can be calculated in terms of &,, and y,, as follows:

e = Q1Qz —Q1, Qs e + Q2 Qs = Q26 Qss ¥

SS — — —2 z —_ = -2 ] (510)
Q22Q33 _Q 23 Q22Q33 _Q 23
= QisQiz _Qizlea £, n QEQE, _Qiznge ’ (5.11)
Q22Q33 _Q 23 Q22Q33 _Q 23
Ven = _% (512)

Q44

The three remaining stress components for the i™ layer can be written as follows:

79



Oy C, C, O &y
O-zs = ClZ C22 O gzs (513)
O-zn i O O C33 i gzn i
in which
_ 2 _ _
C11 =Q11+ Q12Q13Q_23 _Q 129323 Q 13Q22 (5.14)
Q22Q33 _Q 23
— 0 0 0 __ 0 0 +_ 0 0 __ 0 0
C12:Q16+Q12Q23Q36 QlZQiGQiS QEZQBQZG Q13Q22Q36 (5.15)
Q22Q33 Q 23
2Q4,Q2 Q5 ~Q 5Q3—Q ,Q
C22:Q66+ 23 X'26 _36 i 26_23 36 €22 (5.16)
Q22Q33 _Q 23
62
Cyy=Qs——=" (5.17)
Q44

5.2.5 Axial force and twisting moment equations

The resultant axial force in the z-direction and the twisting moment on the beam could be obtained

by integrating related stresses cover the beam cross-section as follows:
2z ¢h/2
N(z) = IO J:h/z Ro,dnda (5.18)

2z rh/2
T(2) = jo j_h/zR(R+n)rszdnda (5.19)

in which h is the wall thickness of the beam. Combining Egs. (5.1), (5.6), and (5.13) with Eq.

(5.18) for the axial force and Egs. (5.1-2), (5.6-7), and (5.13) with Eqgs. (5.19) for the twisting
moment result in:

[N(Z)}{aﬂ alZ} W, (2) (5.20)
T(2) ] |ay 8y ]| ¢(2)

where
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8, =27RY (C.)(h ~h,,) (5.21)

i=1

8y, :”Rzk:(clz)i [(R+hi)2_(R+hi—1)2}:a21 (5.22)
27R ¢ 3 ,
a,, = TZ(sz)i [(R+h)’—(R+h )’ ] (5.23)

The coefficient 5, resulted in a coupling between extension and twist. To eliminate such coupling,

the following expression must be satisfied:

ﬂt:i(clz)i [(R+h)’=(R+h,)* =0 (5.24)

i=1

The coefficient A is not a function of plies’ material properties and only depends on the lay-up

stacking sequence provided that the thickness and the material properties of all plies are identical.
5.3 Numerical results

5.3.1 Finite element model

To examine the coupling between extension and twist in a composite tube, a 3D finite element
model was developed which considered the out-of-plane response of the laminate and the
interactions amongst the plies. In this regard, ANSYS Workbench 15.0 software (ANSYS Inc.,
Canonsburg, PA, USA) was utilized to generate the computer-aided design (CAD) models of the
cylindrical tubes and ANSYS Composite Prep-Post module was employed to assign the stacking
sequence of the laminates using 3D solid elements (Figure 5-2). In this context, each ply was
meshed using 8-noded solid (i.e. SOLID185) elements with three degrees of freedom at each node,

and was assigned orthotropic material properties taking into account the ply’s angle and thickness.
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Figure 5-2. Cylindrical composite tube in which each ply is meshed with 8-noded solid elements.
The path on which the axial displacement was measured is shown.

The outer diameter of the tubes was selected based on the typical outer diameter of conventional
IM nails (i.e. 14 mm), and the length of tubes was selected as 250 mm to make the 1D beam theory
assumption valid. This is also because conventional metallic IM nails are made 250-480 mm long.
Ten lay-ups (C1-C10) made of carbon fiber (CF)/epoxy with the same number of plies but different
stacking sequences were examined. The elastic material properties of CF/epoxy sheets used in this
chapter were tabulated in Table 5-1. The lay-ups with their stacking sequences were included in
Table 5-2. A twisting moment of 100 N.m was applied on one end and the nodes on the other end

were restrained from rotation around the tube axis.

Table 5-1. Linear elastic material properties of prepreg CF/epoxy plies
EX EV C;XY UXY UYZ
(GPa) (GPa) (GPa)

121 8.6 4.7 027 04

*The plies were made of unidirectional (UD) and carbon sheets, with their X-axis aligned with
the axis of the IM nail.
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To examine the extension-twist coupling in the tubes, the axial displacement of the set of nodes
located on a typical line passing the centre of the tube on the surface where the twisting moment
was applied (Figure 5-2), was obtained from the FE model. Figure 5-3 depicts the axial nodal
displacements for each lay-up. The mean value and standard deviation of the axial displacements
were also included in Table 5-2. Using a computer code developed in MATLAB (Mathworks Inc.,
MA, USA), the coupling factor was calculated for the aforementioned lay-ups and was also
included in Table 5-2.

1.2 ~
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Figure 5-3. Axial deformation of the nodes located on a typical path on the beam wall as a result
of applied twisting moment of 100 N.m.
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Table 5-2. Different lay-ups used in the current simulations, their corresponding d;, coefficient,
and their axial displacements following application of a 100 N.m twisting moment.

Lay- Stacking Sequence Laminate |,1| (N) Axial Disp.

up Type (mm)

Cl  [45) uD, S 1.3x10°  0.99+0.008
C2  [45,/-45] AP, B 1.4x10° | 0.19+0.01
C3  [#45] AP, B 1.7x10*  0.02+0.001
c4 [0,/45,/90,/-45,10,] B 6.8x10* | 0.07+0.006
C5  [0/45,/90] S 9.3x10°  0.51+0.003
c6 [0l UD,CP,S 0 (1.1+2.3)x10°
c7  [0/90], CP,B 0 (2.0+£2.0)x10°
cs [0,/45,/90,/-45,], QLS 0 (2.9+3.8)x10™
C9 [-45/45/0,/45/-45/90,/45/-45,/45/0,/90,] B 0 (4.8+9.9)x10™
c10 [0/-45/45,/-45/0/-45/45,/-45/45/-45,/45/90,] B 0 (1.6+8)x10™*

* UD (Unidirectional), AP (Angle-ply), S (Symmetric), CP (Cross-ply), B (Balanced), QI

(Quasi-isotropic)

5.4 Discussion

Existing couplings in a composite beam can cause undesirable deformations, which may in turn

interfere with its normal performance. Examination of the laminate stiffness matrices (i.e. [A], [B],

and [C]) reveals that different types of coupling may occur in a composite laminate. In particular,

when the elements B, and B, are zero in a composite laminate, in-plane normal force N, do not

cause twist x,, and nor does a twisting moment M. cause elongation in the z-direction (i.e. &,”).

That said, a symmetric lay-up ensures that there is no extension and twist coupling in a composite

laminate since in case of having angled plies (i.e., those at any angle other than 0° and 90°), the
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twisting effect of such plies would be neutralized by those plies located at the same angle but on
the other side of the neutral axis. However, in a composite beam with circular cross-section, this
requirement is not sufficient to uncouple extension and twist in the beam structure since plies are
located at different distances (with respect to the beam centroid). A circular CUS composite tube
with a laminate containing plies in any angle other than 0° and 90° tends to twist when subjected

to an axial load. To prevent the twisting effect of any ply at +3 (where g is the angle between

the fibre direction and the z-axis at any point on the wall), a ply of the same thickness wrapped at

— 3 is required but still not sufficient since the —g ply would be located at a different radius.

This indicates that having a balanced laminate does not guarantee the decoupling of extension and
twist in a composite tube. The focus of this chapter was on composite tubes with circular cross-
sections due to their applications in biomedical implant (e.g. IM nail) design. In order to facilitate
examining a composite tube for existing extension-twist coupling, a coupling factor (A ) was
employed which was a function of the laminate stacking sequence and the tube geometry provided
that the thickness and the material properties of each ply would be the same. The factor can be
used to examine the coupling in thin-walled as well as thick-walled composite tubes since the
contribution of off cross-sectional strains to the beam deformation have been considered in the
formulation. Examining the proposed factor in ten composite tubes with different lay-ups and
investigating the extension-twist coupling in the same tubes using a 3D finite element model

revealed interesting findings on laminated composite tubes structures.

Even though configuration C1 in Table 5-2 had a unidirectional laminate, it showed a noticeable
coupling between extension and twist since applying a twisting moment of 100 N.m led to an axial

displacement of 0.99+0.008 mm in the plies forming the wall of the tube.

Examining configurations C2-C4 in Table 5-2 confirms the earlier statement that there could still
exist an extension-twist coupling in hollow beams with balanced laminates. In other words, even
though the elements Ais and Azs are zero in the laminates forming configurations C2-C4, which in
turn uncouples extension and shear in the laminate, there still exists a coupling between extension
and twist in the beam structure due to different distances of + and —g from the centroid.
Examining C5, one can conclude that unlike rectangular solid composite beams, hollow composite
beams with a CUS structure can have extension-twist coupling while having a symmetric laminate.

This is mainly due the fact that, in a CUS structure, g(y) = £(-y) in which y is measured from
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the centroid. As a result, the twisting effect of every angled ply would not simply be negated by
the same ply on the opposite side of the centroid, whereas in a solid rectangular beam with a
symmetric laminate, angled plies on both sides of the neutral axis would neutralize the twisting
effect of each other. Having a cross-ply laminate (i.e. made of only 0° and/or 90" plies) can
uncouple extension-twist in a composite beam as can be observed in configurations C6 and C7. In
any case, having a zero factor of A can result in complete decoupling of extension and twist. In

the case of a cross-ply laminate, the coupling factor A is zero since the coefficient C,, is zero for
all plies in the laminate. In all other cases, the coefficient C,, would have equal magnitudes and
opposite signs for plies places at +4 and — g assuming identical thickness and material for all

plies. The term (R+h)’—(R+h_)? takes into account the effect of each ply’s location with
respect to the centroid, and the summation of (C,,), [(R +h)*—(R+ hH)ZJ over the laminate can

indicate whether or not the +2 and —g plies would neutralize the effect of one another in the

laminate structure. Although the coupling factor A is zero for hollow beams with symmetric
quasi-isotropic laminate (as in C8), this is not a mandatory condition to eliminate extension-twist
coupling as one can see that C9 and C10 do not possess a quasi-isotropic laminate but are still free

of extension-twist coupling.

5.5 Summary

In a circular composite tube with a CUS structure, where x-axis an y-axis lie in the cross-sectional
plane, a bending moment in the x-direction does not cause a curvature in the y-direction and vice
versa [123]. However, there exist a coupling between extension and twist in the beam. Such
coupling can lead to undesired deformation of the structure which may interfere with its normal
performance. In this chapter, a quantitative factor was introduced for extension-twist coupling in
circular composite tubes. Given that the transverse shear effects and 3D elastic effects in the beam
walls were considered in the derivation of the coupling factor, it can be used in both thin-walled
and thick walled composite tubes. Moreover, this quantitative coupling factor can be used to
examine the existence of extension-twist coupling, and also to compare the strength of such
coupling in composite tubes. Validations were performed on ten circular composite tubes with
different stacking sequences using a 3D finite element model which considered the interactions

amongst plies and the out-of-plane displacement of the beam. Comparisons revealed that the
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coupling factor could accurately predict the extension-twist coupling in a composite tube with a
circular cross-section. The presented factor could be used in the design process of structures

containing circular composite tubes, in order to uncouple extension and twist.
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6 OPTIMIZATION OF THE COMPOSITE IM NAIL
STRUCTURE

6.1 Introduction

The aim of this chapter was to optimize a composite (CF/epoxy) structure for use in IM nail
applications based on the selective stress shielding approach. The optimization process was
performed using equations derived in chapter 4 from the classical laminate theory and beam theory
for composite hollow tubes. The mechanical performance of the nail in terms of fracture stability,
load sharing, and strength in transverse and oblique shaft fractures was then investigated using an
experimentally validated finite element model. Finally, a validated mechano-biochemical model
for bone remodelling was employed to compare the long-term response of the bone to the

conventional Ti-based alloy and composite IM nails.

6.2 Optimization process

The optimization process started with the identification of the major mechanical parameters
influencing the rigidity and strength of the structure. CF/epoxy was used as the material of choice
due to its superior strength and confirmed biocompatibility [64, 81]. Since IM nails have a hollow
structure, the most important input parameters were the thickness and stacking sequence of the
laminate. The output diameter of the nail was selected based on the femoral canal diameter and
could not be altered as a design parameter. As such, this diameter was set to 14 mm. The wall
thickness, which depends on the number of layers of the laminate, was changed to customize the
rigidity and strength of the structure. A range of 10 to 20 layers was considered in the optimization
process, leading to a range of 1.56 to 3.12 mm for the wall thickness. A set of simulations showed
that a thickness of less than 1.56 mm for the composite nail would result in failure under
physiological loadings regardless of the stacking sequence. With regards to the angles, four
different values were considered as possible orientations for each ply (i.e. 0, -45°, 45°, and 90°).
Taking into account the aforementioned orientations, all possible angular configurations for each
thickness were obtained. The number of configurations varies based on the thickness. For instance,
a thickness of 1.56 mm with 10 layers would have 4 configurations, while a 3.12 mm-thick

laminate with 20 layers could be assembled in 4*° different configurations.
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The configurations were then filtered, and only those candidates which met the following criteria

were considered:

1. Had no extension-twist coupling —this criteria required that the factor A be zero
in the configuration. Full descriptions regarding the derivation and validation of this factor

were included in Chapter 5.

2. Had a greater than 10% composition of 0° and 90° plies—minimized undesirable

warping/curvature during the manufacturing process [103].

3. Had a 60% or less composition of plies in any direction—prevented the laminate

from splitting parallel to the principal loading axis at screw holes [103].

4. Had at least two 90° plies at the inner surface—increased laminate transverse

rigidity while minimally affecting the bending and torsional rigidity.

All other configurations were excluded from the set, reducing the number of applicable
configurations for each thickness. For instance, this number dropped from 4 and 4“ to 11,327
and 9,189,467 for the 1.56 mm-thick and the 2.34 mm-thick nails respectively. The ultimate goal
of the current optimization process was to maximize the bending and torsional rigidities of the nail
while keeping it axially flexible, thereby minimizing the axial rigidity. Using a homemade
computer code developed in MATLAB (Mathworks Inc., MA, USA), axial, bending, and torsional

rigidities were obtained for the remaining configurations using the following equations:

EA=2ﬂRi(5 —51—22) (6.1)
* 11 )
D 0y,

' 13
El =;z(i+R— (6.2)

oy aj
"3

GJ = 27; R (6.3)

66

where R is the mid-surface radius of the nail, and &; and 5”- are obtained from the inverse stiffness

matrices of the laminate. Full descriptions and details concerning the derivation of rigidity
formulae were explained in Chapter 4. Each configuration yielded a set of axial, bending, and

torsional rigidities. There is no data in the literature regarding the required axial, bending, and
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torsional rigidities of an IM nail for a proper fracture healing. However, bending rigidity is
believed to be the leading factor that influences the fracture stability in long bone fractures with
internal fixation [84]. The bending rigidity of a conventional Ti-alloy nail is 132.8 N.m?.Out of all
possible combinations, those resulting in a bending rigidity lower than 40 N.m? (30% of that in the
Ti-alloy nail) were excluded from the set of candidates. The remaining configurations were then
categorized into sequentially increasing intervals of 10 N.m? based on their bending rigidity. Of
the configurations in each interval, which differed by stacking sequence and thickness, the one

with the lowest Stiffness Deviation Factor (SDF) was chosen. This factor is defined by:

SDFi :(EA — -Ari)_’_(G‘]Ti _G‘Ji) (6.4)

EA, GJy,

where EA and GJ, are the axial and torsional rigidities of the i" configuration respectively, and
EA, and GJ,; represent the axial and the torsional rigidities of a conventional Ti-alloy nail

respectively. The SDF describes how close each configuration in a given interval is to the ideal
case, in which the laminate is rigid in torsion while axially flexible. Utilizing the aforementioned
selection procedure, there were 7 candidates which passed to the second round (i.e. one from each
interval of bending rigidity). For comparison purposes, a conventional IM nail made of Ti-alloy
(Ti-6AL-4V) with an outer diameter of 14 mm and a thickness of 3.2 mm was also examined,

leading to a total of 8 configurations.

6.3 Finite Element Analysis

A three dimensional model of a large left fourth-generation composite femur (model 3406,
Sawbones, Vashon, WA, USA) was employed in the present chapter. The FE model of the bone
was previously developed and validated by comparing its axial and torsional rigidities with those
measured experimentally [119]. The new generation of synthetic bones have been shown to have
no significant differences in elastic or failure properties when compared to cadaveric bone [134].
A 420 mm Stryker T2 femoral nail (Stryker, Mahwah, NJ, USA) was modeled and virtually
implanted into the femur in accordance with the manufacturer’s instructions using SolidWorks
software (Dassualt Systémes, Concord, MA, USA). The nail was initially modeled as a shell to
ensure it would be capable of being used as a composite laminate later in simulations. The shell
structure was later used as a reference and the nail was eventually meshed with solid elements.
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Four 5 mm locking screws were modeled as solid bodies and positioned to protrude approximately
2 mm out of the femur [5]. Assemblies were imported into ANSYS Workbench 15.0 software
(ANSYS Inc., Canonsburg, PA, USA) to generate finite element (FE) models. ANSYS Composite
PrepPost module was employed to assign the stacking sequence of the laminates in the composite
IM nails selected in section 6.2. In this context, each layer was modeled using solid elements (i.e.
SOLID185), and was assigned orthotropic material properties considering the ply angle. The Ti-
6AL-4V nail was also meshed with the same solid elements after assigning the thickness and
converting it to a solid body. The number of body elements after convergence was 444,137 and

the number of contact elements was 83,476, leading to 527,613 elements in total in the FE model.

The elastic material properties used in this chapter were tabulated in Table 6-1. The bone-nail

assembly was studied at post-operative (PO) and healed bone (HB) stages.

Table 6-1. Linear elastic material properties used in this chapter [107-109]

Ex Ev Gxy Uy Uy Oy Ow Oy O Txvu
(GPa) (GPa) (GPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Prepreg CF/epoxy* 121 86 47 027 04 2231 29 -1082 -100 60

Ti-6AL-4V 113.8 - - 0.34 - 950 - - - -
Cortical 16.7 - - 0.26 - 106 - - 5 -
Bone
Trabecular | 0.155 - - 0.3 - 6 - - - -

*The layers were made of unidirectional (UD) and carbon sheets, with their X-axis aligned with
the axis of the IM nail.

In the PO stage, mid-shaft femoral fractures at three different angles were considered (Figure 6-1).
These included a transverse fracture, a 60° proximal medial to distal lateral (PMDL) oblique
fracture, and a 60° proximal lateral to distal medial (PLDM) oblique fracture. The bone and the
nail were assumed to have nonlinear frictionless contact[1][1][1][1]. The same type of contact was
assumed at the fracture site to account for sliding, separation, and force transmission between

fracture fragments. The screws were assumed to be bonded to the bone, simulating perfect
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interdigitation of the cortical bone with the threads of the screws, and the nail and the screws were
assumed to have a no-separation contact in which sliding of the contacting surfaces is allowed. A
total of seven parameters were employed during this stage to capture the biomechanics of fracture
healing as in the author’s previous studies [114, 135]. They included the: compressive normal
force at fracture, average von-Mises stress in the vicinity of the fracture site, fracture opening,
shear movement at fracture, and the inverse safety factor (based on Tsai-Hill failure criterion) in

the nail.

The distal epiphysis was fully constrained in all stages to avoid rigid body motion. In order to
simulate physiological loading, the model was loaded with muscle and hip joint reaction forces
corresponding to 45% of the gait cycle, as determined in previous studies [110, 112] as this
instance of the gait produces maximum loads on the femur [121]. Five major muscles (i.e. m.
gluteus minimus, m. gluteus medius, m. gluteus maximus, m. abductor magnus, and m. psoas)
were considered in this muscle system. The muscle forces were applied to the femur as explained

in section 3.2.3.
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(a) (b) (c)

Figure 6-1. Finite element models of a femur with a transverse (a), proximal medial to distal
lateral (PMDL) oblique (b), and proximal lateral to distal medial (PLDM) oblique (c) fracture,
which was fixed with an IM nail.

6.3.1 Mechano-biochemical (thermodynamic-based) model

In the healed bone (HB) stage, the nail was supposed to minimally affect the loading of the bone
and thus does not cause severe bone loss. To obtain the degree of bone loss in the femur associated
with the internal fixation implant, a mechano-biochemical model was employed in this chapter.

This bone remodeling model was previously validated by Tavakkoli Avval et al. [136]. Validation
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was performed by comparing the predicted long-term femoral density changes in response to total
hip arthroplasty (THA) with those reported in a clinical study by Li et al. [137] who measured the
periprosthetic changes in BMD in response to THA using DEXA. The bone remodeling model
treated the bone as a thermodynamic system, exchanging energy matter and entropy with its
surroundings. In this model, it was assumed that bone remodeling mechanisms were executed by
bone resorption and formation phases through five biochemical reactions (i.e. formation of
multinucleated osteoclasts, old bone decomposition, production of osteoblast activator, osteoid
production, and calcification). The model assumed that the coupling between mechanical and
biochemical fluxes or forces drives bone remodeling mechanisms. The details pertaining to the

model were explained in a study by Tavakkoli Avval et al. [136].

The assumptions in the FE model in the HB stage were identical to those made in the PO stage
except for those regarding the fracture contact, as bone continuity was assumed to be recovered at

this stage.

6.4 Results

6.4.1 Optimal configurations

The best configuration in each interval of bending rigidity, identified as the one with the lowest

SDF, along with their axial, bending, and torsional rigidities are tabulated in Table 6-2.
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Table 6-2. Optimal configurations in the intervals of bending rigidity. EA, El, and GJ denote

axial, bending, and torsional rigidities respectively.

El

EA

GJ

§ Stacking Sequence N (MN) (V) SDF"

Cl [-45/45,/-45,]45,]-45,/45/0/45/-45/0/90,] 399 331 834 -0.35
C2 [-45/45,/-45/0/-45/45,/-45/0/45/-45,/45/90,] 48 331  79.2  -0.307
C3 [-45/45/0,/45/-45,/45,/ 45,45,/ -45/90,] 553 331 759 -0.274
C4 [0,/-45/45,/ 45,145,/ -45,145,/-45/0/90,] 635 37 741 -0.19
C5 [0,/-45/45,/-45/0/-45/45,/-45,/45,/-45/90,] 70.3 3.7 709 | -0.164
C6 [0,/-45/45/0/-45/45,/-45/0/-45/45,/-45/90,] 80.2 4.21 63 -0.008
C7 [0,/-45/45,/-45,145,/—45,]45/90,] 879 422 598 0.024
C8 | Ti-6AL-4V 132.8 6.7 989 -

*SDF is calculated using Eq. (6.4).

6.4.2 FEA results

PO stage

Fracture opening and shear movement at the fracture site in transverse and oblique mid-shaft

fractures fixed with metallic and composite IM nail candidates has been shown in Figure 6-2. The

inverse safety factor (ISF) was measured at this stage to determine the susceptibility of the nail to

failure (Figure 6-3). Moreover, the compressive normal force at the fracture site and the average

von-Mises nodal stress in the vicinity of the fracture were also calculated, and have been depicted

in Figure 6-4. The maximum von-Mises stress in the bone found in all fracture angles with the use

of different composite IM nail configurations ranged from 42.5 MPa to 57.9 MPa.
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Figure 6-2. Fracture opening (a) and shear movement (b) at the fracture site for transverse and
oblique mid-shaft fractures with the use of composite (C1-C7) and conventional metallic (C8)
IM nails.
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Figure 6-3. Nail inverse safety factor (ISF) for composite IM nail candidates (C1-C7) and the
metallic IM nail (C8) in transverse and oblique mid-shaft femoral fractures.
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Figure 6-4. Compressive normal force at fracture (a) and average nodal stress in the bone at the
vicinity of the fracture (b) for composite IM nail candidates (C1-C7) and the metallic IM nail
(C8) in transverse and oblique mid-shaft femoral fractures.

HB stage

Healed bone results, simulating the long-term response of the bone, have been depicted in
Figure 6-5a. Figure 6-5b illustrates the distribution of bone loss across a femur fixed with a typical

composite IM nail candidate, in addition to a conventional Ti-alloy IM nail.
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Figure 6-5. Long term average bone loss in the femoral shaft fixed with the composite IM nail
candidates (C1-C7) and metallic IM nail (C8) (a). Percent change in femoral density in response
to a typical IM nail candidate (b) as well as the metallic IM nail (c).

Validating FEA with experimental measurements

For the finite element results to be reliable, it is crucial to check the convergence of the solution

(i.e. mesh sensitivity) and to verify the results against experimental data.

The convergence of mesh refinement was checked with “relevance” option in ANSYS Workbench
with a value of -100 indicating a very coarse mesh and 100 corresponding to an extremely fine
mesh. A set of simulations showed that a value of 75 will result in convergence and further

increasing the relevance will not change the strain values more that 1%.

Experimental result from Bougherara et al. [56] were used to verify the current simulation results
since the same IM nail and composite femur were used in their mechanical testing (Figure 6-6).
Axial stiffness as well as strain values at 5 different locations on medial surface were obtained for
titanium nail in HB stage and compared to their measurements. An axial load of 580 N was applied
on the femoral head to mimic their experimental test setup. Moreover, since they have used the 3™

generation composite femurs in their study, the material properties of the current model were
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changed to those of the 3" generation bone. It is worth noting that the 3™ generation and 4"
generation composite femurs (used in the current thesis) are completely identical in terms of
geometry and that their only difference is their mechanical properties. The average displacement
of the nodes on femoral head in the direction of the applied load was used to obtain the stiffness

of the structure.

Figure 6-6. Experimental setup used by Bougherara et al. [56] to validate FE results.

The HB results were compared to similar studies in the literature [56, 119]. FE strain readings
taken at the same strain gage locations as experimentally (Table 6-3). A good correlation (R? =
0.926) was found between the strain values obtained from the current FE model and those

experimentally measured by Bougherara et al. [56]. The obtained stiffness (1378.8 N/mm) also
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compares favourably with that reported by the prior investigation for retrograde IM nail
implantation on synthetic femurs (1168.8 N/mm) [56], and also with those reported for intact
synthetic femurs (1290+30 N/mm) [119]. The slightly higher stiffness found in the current study
compared to that reported by Bougherara et al. [56], which resulted in lower strain values at the 5
locations, might be due to the load application method (i.e. the flat plate) used in the experiment

and the difference in the nail thickness in the IM nails used in the two studies.

Table 6-3. Results showing axial stiffness and microstrain values at different locations of the
structure at HB stage. L1-L5 refers to location 1-5 as in Bougherara et al. [56].

Current Bougherara et al.
chapter [56]

L1 Strain 817 856

L2 Stain 708 904

L3 Stain 531 647

L4 Stain 441 470

L5 Stain 300 309

R? 0.926
Axial stiffness 1378.8 1168.8

(N/mm)

6.5 Discussion

6.5.1 General findings

In this chapter, a fibre reinforced composite IM nail made of CF/epoxy was optimized to obtain
the lowest axial rigidity with the highest bending and torsional rigidities by altering the stacking
sequence and the thickness of the laminate. The findings in Table 6-2 revealed that, in contrast to
metallic nails, increasing the bending rigidity in a composite nail does not necessarily result in an

increase in its axial rigidity. It is interesting to note that candidates C1-C3 yielded the same axial
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rigidity but differing bending rigidities. This enables one to tailor the rigidity based on fracture
fixation requirements. The table also shows that the axial rigidity of the nail grows as the number
of 0" plies increases. Therefore, one may place the existing 0 plies in a laminate closer to the outer
surface to increase the bending rigidity, while minimally affecting the axial rigidity. When
considering column GJ in Table 6-2, it can be concluded that the torsional rigidity of the nail is
highly dependent upon the number of 45’ plies and their proximity to the outer surface. That is
said, while use of additional 45’ plies favourably increases the torsional rigidity of the nail, it tends
to simultaneously sacrifice the bending rigidity of the structure. It is worth mentioning that PMDL
oblique fractures were found to be more critical when compared to transverse or PLDM oblique
fractures, regardless of the laminate configuration, as they resulted in larger gap opening and shear
movements, and lower compressive forces and average stress at the fracture site. The nail was also
found to be more susceptible to failure due to a higher ISF. The lower stability of oblique fractures

compared to transverse fractures was previously shown in a canine study [117].

6.5.2 Selection of the best candidate

FE results were used to evaluate the performance of each candidate under actual boundary
conditions. The range of the maximum von-Mises stress in the bone (42.5 MPa to 57.9 MPa) was
found to be much lower that the cortical bone strength (~106 MPa). As depicted in Figure 6-3,
candidates C1-C3 resulted in an ISF of 1 or higher, indicating a vulnerability to failure. Thus,
strength-wise, configurations C4-C7 could all be acceptable. These candidates also resulted in
comparable gap openings and shear movements to those of a Ti-alloy nail. However, as seen in
Figure 6-4 and Figure 6-5, as the bending rigidity of the nail increases, the factors deemed to be
beneficial to fracture healing drop. Therefore, C5 was selected as the best candidate because in
addition to its low axial rigidity (3.70 MN), it had moderate bending and torsional rigidity (70.3
N.m?and 70.9 N.m? respectively). Furthermore, it showed a significant increase in the amount of
compression between fracture ends and the stress level in the vicinity of the fracture site, whilst

still being sufficiently strong fixation structure for femoral diaphyseal fracture.

6.5.3 Comparison of the best composite candidate with a conventional Ti-alloy nail

The Ti-alloy IM nail had an axial rigidity of 6.7 MN, a bending rigidity of 132.8 N.m?and a
torsional rigidity of 98.9 N.m?. The selected composite nail (C5) was 44.7% less stiff axially
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when compared to a conventional Ti-alloy nail. Furthermore, despite being 28.3% less rigid in
torsion and 47% less rigid in bending, it would still provide sufficient stability for all transverse
and oblique fractures, as shear movement at the fracture site increased by only 0.16 mm, 0.91 mm,
and 0.73 mm in transverse, PMDL, and PLDM oblique mid-shaft fractures respectively. It is worth
mentioning that for oblique fractures, both torsional and bending rigidities that define the degree
of shear movement. The proposed configuration would increase the compressive normal force
between the fracture fragments by 20.6% (575.9 N), 255% (307.9 N), and 37.5% (151.0 N) when
compared to a conventional Ti-alloy nail in transverse, PMDL oblique and PLDM oblique
fractures respectively in the PO stage. In oblique fractures, a more flexible nail would maintain

contact between the fragments, which would in turn increase compression.

The HB stage reflects the condition in which union has occurred and the implant is expected to
minimally alter the amount and pattern of the loads carried by the bone. The main concern with
the use of rigid implants is long-term bone loss resulting from the removal of physiologic loads
from the bone. Examining Figure 6-5, one can see that implantation of the Ti-alloy nail results in
an average bone loss of 7.9% in the femoral shaft while the selected composite nail reduces the
bone loss to 3.5% in the same region. The value predicted by the mechano-biochemical model as
the average bone loss due to the long-term presence of Ti-6Al-4V nail is in the range of those
reported by Wang et al. [138] (1% to 21% bone loss in the zones enveloping the mid-shaft).
Additionally, in a clinical study by Allen et al. [139], it was reported that in response to the long-
term (29 months) presence of an IM nail, BMD in a human tibia treated with a retained reamed
nail decreased by 7% compared to that in the intact contra-lateral tibia which is consistent with our

results.

6.5.4 Potential limitations

The present chapter has certain limitations. Firstly, the performance of the proposed IM nail was
evaluated in mid-shaft femoral fractures only. Further investigations are therefore required before
it can be used in other femoral fracture types or other diaphyseal fractures. Secondly, the composite
nail design was evaluated in a single loading scenario (45% of the gait cycle). Due to the repetitive
nature of physiological loads, the fatigue behaviour of the proposed design should be evaluated,
which could be the focus of future studies. The mechano-biological model has also some

limitations and simplifications. The concept of coupling is based on linear non-equilibrium
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thermodynamics and thus is phenomenological. Therefore, it cannot be directly related to the
actual mechanosensing or mechanotransduction processes in cells. Additionally, the mechanical
stimuli in the simulations do not include any viscous effects. It was also assumed that the trace of
strains regulates bone cells response. However, other mechanical stimuli such as fluid flow and
transport of nutrients were considered. In the proposed model, the computational steps were
unrelated to real-time processes. Nonetheless, convergence of the iterative process was assumed
when no significant change in the density of the elements was observed which, from a clinical
point of view, is considered as the long-term response when the femoral density attains a stable
condition. Finally, the in-vivo performance of the proposed composite nail must be evaluated using
animal studies and ultimately clinical trials before it can be used as an alternative to conventional

metallic nails.

6.5.5 Clinical implications

Several clinical investigations have shown reduction in bone mineral density due to stress shielding
around IM nails [139-141]. A clinical study demonstrated that retained IM nailing results in
statistically significant bone loss in the healed tibia [139]. Another clinical follow up by Eyres et
al. [140] on five patients with mid-shaft tibial fracture reported significant bone loss 5-11 year
after the time of fracture. Bone loss can be associated with a risk of re-fracture [139]. The proposed
composite IM nail can significantly reduce the amount of bone loss by minimally affecting the
strain pattern in the bone. Moreover, a flexible fixation device which stabilises the fracture can
boost the fracture healing process. In an animal study, Sha et al. [60] showed that a flexible nail
made of Ti-alloy exhibits better callus formation and reduces the stress shielding effect when
compared to a more rigid nail. The current findings suggest an increase in the axial compression
across the fracture site and in the average stress in the vicinity of the fracture when a more flexible
nail is used for fixation purposes, which is consistent with the findings of previous studies [59,
142]. There are numerous studies which have considered flexible nailing in pediatric femoral shaft
fractures [143-145] but only a few studies have investigated flexible nailing in diaphyseal fractures
in adults [114], mainly due to insufficient stability of the fracture and increased risk of failure

associated with those flexible implants.

This chapter suggests a number of guidelines when designing composite IM nails and is unique in

a sense that it is the first to consider the optimization of a composite IM nail based on the selective
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stress shielding approach. The new methodology could potentially be used to improve the design

of IM nails for diaphyseal fracture fixation.

6.6 Summary

This chapter introduced a new approach for the optimization of a fibre-reinforced composite nail
made of carbon fibre/epoxy based on a combination of the classical laminate theory, beam theory,
finite element method, and bone remodeling model using irreversible thermodynamics. The
optimization began by altering the composite stacking sequence and thickness to minimize axial
rigidity, while maximizing torsional rigidity for a given range of bending rigidities. The selected
candidates for the 7 intervals of bending rigidity were then examined in an experimentally
validated finite element model to evaluate their mechanical performance in transverse and oblique
femoral shaft fractures. It was found that the composite nail having an axial rigidity of 3.7 MN,
and bending and torsional rigidities of 70.3 and 70.9 N.m?respectively showed an overall
superiority compared to the other configurations. It increased compression at the fracture site by
344.9 N on average, while maintaining fracture stability through an average increase of only 0.6-
mm in fracture shear movement in transverse and oblique fractures when compared to a
conventional titanium-alloy nail. The long-term results obtained from the bone remodeling model
suggest that the proposed composite intramedullary nail reduces bone loss in the femoral shaft
from 7.9% to 3.5% when compared to a conventional Ti-alloy IM nail. This chapter also proposed

a number of practical guidelines for the design of composite IM nails.
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7 BIOMECHANICAL TESTING OF CARBON-FIBRE/EPOXY
COMPOSITE IM NAIL

7.1 Introduction

The purpose of this chapter was to determine the most influential mechanical properties of the
CF/epoxy composite IM nail whose structure was previously customized to fulfill fracture healing
requirements. In particular, the composite nail was tested in tension, compression, 3-point bending,
and torsion to simulate clinical-type loading the nail is subjected to when placed in the femoral
canal. In addition, the moisture absorption behavior of the composite nail was investigated to seek
the possibility of using such structure in-vivo, and the surface hardness was obtained through the
Rockwell Hardness B test. Finally, the response of the CF/Epoxy composite IM nail to cyclic
loading was investigated through fatigue testing combined with infrared thermography analysis. It
was hypothesized that the composite nail would have a high cycle fatigue strength (HCFS) that is
much higher than the clinical-type loads experienced by an IM nail in physiologic activities.

7.2 Methodology

7.2.1 Composite IM nail structure

The composite IM nail was manufactured as a circular tube with an outer diameter of 14 mm,
which was selected based on the femoral canal diameter, using 17 plies. The stacking sequence of
the laminate was selected as [0,/-45/45,/-45/0/-45/45,/-45,/45,/-45/90,], with 0°

plies as the outermost plies. This stacking sequence was previously obtained through a
comprehensive optimization process consisting of the classical laminate theory, beam theory, finite
element method, and an irreversible thermodynamic model, as outlined in Chapter 6 and in one of
the author’s previous studies [146]. The composite tubes were manufactured from standard 24K
carbon-fibre/epoxy prepreg sheets (35% resin content) by wrapping the prepregs around a mandrill
and then oven curing the assembly at 135 °C for almost 1 hour. The inner diameter of the tubes
was approximately 8.7 mm. However, exact dimensions were measured for each specimen prior

to testing.
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7.2.2 \Void fraction measurement

In order to evaluate the quality of the consolidated structure and the porosity of the laminate, four
specimens, each 1 in (25.4 mm) long, were cut randomly out of different manufactured tubes,
resulting in eight surfaces to examine. The cutting surfaces were polished and examined under an
optical microscope. Four images were taken of each cutting surface (one of each quadrant) yielding
a total of 32 images. The images were then converted to 8-bit grey scale images and then the porous
regions were identified as black islands using a threshold function in ImageJ software (National
Institute of Health, USA) (Figure 7-1). The void percentage in the laminate was calculated by the
ratio of dark contrast area to the total area in each image.

Figure 7-1. (a) A typical microscopic image of a specimen's cross-section used to calculate the
porosity. (b) Estimated black porous areas of the cross-section in ImageJ software.

7.2.3 Moisture absorption tests

Standard saturated moisture absorption tests were conducted in accordance with ASTM D570
standard [147]. Five composite tubes, each 25.4 mm long, were cut randomly from manufactured
specimens. The specimens were dried in an oven for 1 h at 110°C and immediately weighed to the
nearest 0.001 g using a precision balance (Sartorius M-prove series, Sartorius Inc., NY, USA).
They were then entirely immersed in distilled water maintained at room temperature. At the end
of every 24 hr period, +1/2, the specimens were removed from the water and wiped off one at a
time with a low lint cloth and weighed immediately to the nearest 0.001gr and then replaced in the
water. Percentage increases in weight during immersion were calculated to the nearest 0.01% as
follows [147]:
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wet weight — conditioned weight (7.1)

Increase in weight,% = — p
9 0 conditioned weight

7.2.4 Compression tests

Compression tests were performed on specimens in accordance with ASTM standard for
compressive properties of rigid plastics [148]. Five specimens, each 25.4 mm long, were cut
randomly from the manufactured tubes using a table saw. The specimens were placed between two
compression plates on a testing machine (STM series, United Calibration Corp., Huntington
Beach, CA) with a 50 kN load cell (Figure 7-2a). The testing speed was set to 1.3 mm for the whole
duration of testing. The compressive modulus of elasticity was calculated by applying linear
regression to the linear portion of the stress-strain curve. The ultimate compressive strength was
determined by dividing the maximum compressive load carried by the specimen during the test by
the original cross-sectional area. The failed specimens were then cut along the cylindrical axis and

the cutting surfaces were examined.

7.2.5 Tension tests

Tubes were cut into pieces of 250 mm in length using a table saw based on recommended
dimensions from the ASTM standard for tensile properties of polymer-matrix composites [149].
The ends of specimens had to be gripped firmly between the jaws of the testing machine. For this
purpose, v-shaped grips were used to grab the specimens. In order to prevent crushing the
specimens and to produce a state of uniform tension within the gauge length, two rigid plugs made
of stainless steel were inserted in the ends as suggested by ASTM [150]. A tensile machine (STM
series, United Calibration Corp., Huntington Beach, CA) with a constant head speed of 2 mm/min
and a 50 kN load cell was employed to perform the experiments (Figure 7-2c). An extensometer
(United Calibration Corp., Huntington Beach, CA, USA) was placed at the middle of the gripped
specimens to measure elongation. Five specimens were loaded to failure at room temperature and
load and elongation were recorded simultaneously by the testing machine. Tensile modulus of
elasticity, obtained by applying linear regression to the linear portion of the graph, and ultimate
tensile strength of the specimens, determined by dividing the maximum load by the specimen

cross-sectional area, were calculated for each specimen. Mean value and standard deviation of the
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obtained were then calculated. The failed specimens were cut along the cylindrical axis and the

cutting surfaces were examined to investigate the failure mode.

7.2.6 Bending tests

Five specimens with a length of 250 mm were tested in three-point bending according to the
guidelines provided by ASTM [151]. The testing was performed on the same testing machine used
for tension and compression tests. A standard fixture with a span length of 230 mm was mounted
on the testing machine to support the specimens (Figure 7-2b). The specimens were loaded at the
middle of the supports through a loading nose at a constant speed of 1 mm/min. The flexural
modulus of elasticity and the ultimate flexural strength were calculated using Egs. (7.2) and (7.3)

respectively which were taken from ASTM [151] and were modified for circular tubes.

AML®
"7 3a(d, ) 72
8d,F, . L (7.3)
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where M is the slope of the load deflection curve obtained from the linear portion of the graph, L

is the support span, and d_ and d, are the outer and inner diameters of the tube.

7.2.7 Torsion tests

Five specimens with an overall length of 225 mm were tested in a torsion testing machine (CCT
series, Shenzhen Sans Testing Machine Co. Ltd., Shenzhen, China) with a maximum twisting
moment of 200 N.m. The testing procedure was in accordance with the ASTM standard guidelines
for standard torsion test [152]. Two aluminum discs were attached to the tubes using custom-made
semi-rings making a gauge length of 100 mm, and were used to measure the twist angle
(Figure 7-2d). The torsion tests were performed at a constant speed of 15 deg/min and the
specimens were loaded up to failure. The shear modulus and the shear strength were calculated

using the following equations [152]:

32ml
G :m (7.4)
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in which m is the slope of the twisting moment versus twist angle curve obtained from the linear

portion of the graph, | is the gauge length, and do and di are the outer and inner diameters of the

tube.

7.2.8 Rockwell hardness tests

To measure the surface hardness of the specimens, Rockwell B hardness tests were conducted
pursuant to ASTM Standard Test Method for Rockwell Hardness of Plastics and Electrical
Insulating Materials [153]. This standard was chosen since there was no ASTM standard for
Rockwell hardness test of polymer-matrix composites [81]. Eight specimens were cut from
composite tubes in 1 in (25.4 mm) pieces. Each specimen was supported by the same steel plug
which was used in tension tests, and the convex surface of the specimen was loaded by a steel ball
with a 1/16 in diameter at a load of 100 kg. Fifteen readings were performed on each sample and
the mean value for these readings was considered as the hardness of each specimen. Tests were
conducted at ambient room temperature using a Rockwell hardness tester (LR300TD, LECO
Corporation, St. Joseph, MI, USA) (Figure 7-2e). The readings were corrected by a correction

factor for convex surfaces according to the chart provided by the manufacturer.

7.2.9 Surface roughness measurements

Surface roughness of the composite tubes was measured by profilometry using a NANOVEA
ST400 non-contact optical profilometer (Micro Photonics Inc., Allentown, PA, USA) with a 150-
mm X-Y stage. Measurements were made on three specimens on 5 mm x 1 mm regions with 10um
step size. The average surface roughness (Ra) was then obtained along three individual paths along

the fibres direction and perpendicular to them.
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Figure 7-2. Quasi-static mechanical tests set up: (a) compression test (b) bending test (c) tension
test (d) torsion test () Rockwell Hardness test.
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7.2.10 Fatigue tests

Test setup

Fatigue tests were performed on the CF/epoxy IM nails to determine the fatigue strength of the
nail structure under clinical-type cyclic loading condition. Infrared thermography (IRT) approach
was used rather than conventional fatigue testing approach to determine the HCFS (high cycle
fatigue strength) of the composite nails. The main power point of using this technique is that the
HCFS of the material can be obtained by testing few specimens in a few hours with sufficient
accuracy [154]. Thermography is a measurement technique that involves the use of an infrared
(IR) camera to provide a time-dependant contour map of the specimen surface temperature. A
similar approach to that used by La Rosa et al. [155] to find the fatigue limit of various metallic
alloys and was later used and validated by Montesano et al. [154] to determine the HCFS of carbon
fibre-reinforced composites was followed in this chapter. In this approach, the energy dissipated
at various stress levels was monitored by measuring the difference in surface temperature. This
difference was an increasing function of the applied stress amplitude, which was initially slow and

then suddenly accelerated. The fatigue limit was found by this thermomechanical threshold.

Tests were performed on three specimens, each 250 mm long using a servo-hydraulic testing
machine (Model 322, MTS System Corporation, Eden Prairie, MN, USA), with 100 kN load cell
capacity. With the same plugs used in tension tests inserted in both ends, the specimens were
mounted in the v-shaped grips and were grabbed with a pressure of 70 bar. An extensometer
(Model 634.12F-24, MTS System Corporation, Eden Prairie, MN, USA) was placed at the center
of the specimens to record the strain. Using the value obtained for the ultimate tensile strength
(UTS) in tension tests, each specimen was subjected to a tension-tension cyclic loading starting at
30% UTS. The loading continued for 7000 cycles, which has been shown to be sufficient to
produce temperature stabilisation [94, 154]. Specimens experienced a constant amplitude
sinusoidal wave-form loading with a frequency of 5 Hz and a stress ratio of 0.1. The maximum
stress amplitude was then increase by 5% UTS and the test specimen was subjected to another

7000 cycles. This procedure was repeated until the specimen failed.

An IRT camera (Silver 420, FLIR Systems Canada, Burlington, ON, Canada) was used to record

the variations of temperature at each applied stress amplitude. The camera came with a spatial

resolution of 32x240 pixels and a temperature resolution of 20 mK. The camera was synchronized
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to the controller of the mechanical testing machine in order to trigger image recording at the highest
stress level in each loading step and to eliminate the effect of any temperature fluctuations due to
thermoelastic heating [94, 154]. Figure 7-3 illustrates the fatigue testing setup with the use of IR

camera.

Figure 7-3. Experimental setup for fatigue testing using IR camera

Measuring stiffness degradation

To capture the evolution of damage (stiffness degradation), each specimen was quasi-statically
loaded to the maximum stress at each level prior to applying the cyclic load. The data was then
used to obtain the static damaged modulus (E) (which will be referred to as static modulus) at each
stress level. The schematic graph in Figure 7-4 shows how the elastic modulus was measured. The
dynamic damaged modulus (E") (which will be referred to as dynamic modulus) was also

measured in each cycle from the linear portion of the stress-strain curve.
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Figure 7-4. Schematic graph showing nonlinear response due to changing modulus and
permanent inelastic strains [156].

7.3 Results

7.3.1 Laminate microstructure

The specimens’ cross-sections were examined under an optical microscope to obtain the laminate
porosity and the existing voids’ sizes. The void fraction was found to be 2.49+1.44% and the

largest void found on the examined surfaces was about 85 M wide.

7.3.2 Moisture absorption results

The results of the moisture absorption tests were shown in Figure 7-5. The measured weight gain

of the composite tubes reached a steady state after about 35 days and was found to be 0.50+0.09%
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Figure 7-5. Moisture absorption results showing the weight gain of the composite tubes.

7.3.3 Compression test results

The load-displacement curves showing the behaviour of the composite tubes in compression are
shown in Figure 7-6a. The compressive modulus and the compressive rigidity were found to be
10.0£0.2 GPa and 0.95+1.1 MN respectively, and the ultimate compressive strength (UCS) was
316.9+10.9 MPa. The maximum compressive load was found as 30.2+1.1 kN. All tested specimens
experienced a brittle failure in compression mainly due to local buckling of the outermost plies.

Figure 7-6b illustrates a typical sample failed in compression.
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Figure 7-6. (a) Load-displacement diagram showing compression test results. (b) A typical
specimen failed in compression and cut in half. The buckling of the outermost plies is evident.
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7.3.4 Tension test results

To capture both pre-failure and post-failure behavior of the composite specimens in tension, load-
displacement diagrams were plotted (Figure 7-7). All the composite specimens showed linear
elastic behaviour up to the point of failure where the two outermost layers (made of 0-direction
fibres) ruptured and the whole load was transferred to the inner layers (Figure 7-7a). The specimens
then experienced a few brittle fractures upon failure of the inner layers. The tensile modulus and
the tensile rigidity were found to be 38.9+1.0 GPa and 3.74+0.05 MN respectively, and the
ultimate tensile strength (UTS) was 403.9+ 7.8 MPa. The maximum tensile load the specimens

carried was 38.9+0.7 kN. Figure 7-7b shows a typical specimen which failed in tension.
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Figure 7-7. (a) Tension test results for the specimens. (b) A typical specimen failed in tension
test.

7.3.5 Bending test results

The load-displacement diagram for three-point bending tests was shown in Figure 7-8a. The
specimens showed linear behaviour prior to failure. Using Eq. (7.2), the flexural modulus of the
specimens was calculated as 41.1+ 0.9 GPa. The bending rigidity (EI) was found to be 66.9+1.0
N.m? and the ultimate flexural strength (UFS) was 405.3+8.1 MPa. The failure started with

rupture of O-direction fibres in the tension side and bucking of them in the compression side.
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Figure 7-8b illustrates a typical specimen that failed in bending and was cut parallel to the

longitudinal axis to show the failure site.
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Figure 7-8. (a) 3-point bending test results for the specimens. (b) A typical specimen failed in the
bending test. The specimen failed due to fibre breakage in the tension side and local buckling in
the compression side.

7.3.6 Elastic moduli comparison

Statistical analysis revealed that there is a significant difference between the compressive and
flexural moduli of the composite tubes (P < 0.05). The average flexural modulus was 31.2 GPa

higher than the average compressive modulus of the tubes (95% ClI, 30.1 to 32.2 GPa).

A significant difference was also found between the tensile and compressive moduli of the
composite tube (P < 0.05). The average tensile modulus was 28.9 GPa higher than the average

compressive modulus of the composite tubes (95% Cl, 27.7 to 30.1 GPa).

7.3.7 Torsion test results

Figure 7-9 shows the behaviour of the composite tubes in torsion by depicting twisting moment
versus twist angle. The shear modulus and the torsional rigidity of the composite tubes were
22.4+0.5 GPaand 70.7+2.0 N.m?, respectively. The shear strength and the maximum twisting
moment of the tubes were found to be 328.5+7.3 MPa and 149.1+6.3 N.m respectively. All
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tested specimens showed linear elastic behaviors up the point of failure where delamination of
outermost longitudinal plies and 45°-plies occurred. A typical failed specimen is shown in

Figure 7-9, where the aforementioned delamination is visible.
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Figure 7-9. Torsion test results for the specimens and a typical specimen failed in the torsion test.
Delamination between the O-direction plies and the adjacent plies is evident.

7.3.8 Rockwell hardness results

The average Rockwell B hardness value for the composite specimens was found to be 43.01+1.17

HRB. All specimens showed circular-shaped indentations at the testing locations normal to the

testing direction.

7.3.9 Surface roughness results

The average surface roughness of the specimens (Ra) was found to be 0.636+0.077 um and
0.387+£0.042 pum in the fibres direction and perpendicular to the fibres respectively. The surface

texture in the fibres direction resulted in a higher roughness in the fibres direction.
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7.3.10 Fatigue test results

Surface temperature variation as a function of the number of loading cycles for a typical specimen
was plotted in Figure 7-10, which was captured with the IR camera. Figure 7-11 shows a sequence
of surface temperature, after stabilisation, for the same specimen. Up to a cyclic load of 65% UTS,
the temperature contour was uniform across the specimen surface. As the load was increased, there
was a region with a slightly higher temperature, where the specimen was eventually failed. This
region is referred to as “hot zone” [154] and was marked in Figure 7-11. Using the stabilised
temperature at each load level, the temperature increase was plotted against the maximum applied
stress for the specimens (Figure 7-12). The plot depicts a bilinear behavior that results from the
rapid change in the surface temperature rise. The fatigue limit was determined by finding the

intersection of the two lines, which was found to be 70.3% UTS.
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Figure 7-10. Variation of surface temperature versus number of cycles for different stress levels
in a typical specimen

119



The evolution of damage was investigated by obtaining the static and dynamic moduli as a function
of the number of cycles. Figure 7-13 and Figure 7-14 show the static and dynamic moduli

respectively versus the number of cycles for a typical composite specimen.
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Figure 7-11. Thermographic temperature distribution contour following temperature stabilization
at different stress level. UTS: ultimate tensile strength
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Figure 7-12. Thermographic results showing the variation of maximum stabilized temperature
versus the maximum applied stress. The bilinear behavior of the data is evident in the figure.
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Figure 7-13. Static modulus versus number of cycles for a typical composite specimen
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Figure 7-14. Dynamic modulus versus number of cycles for a typical composite specimen

7.4 Discussion

7.4.1 General findings

The proposed composite IM nail whose stacking sequence was optimized based on fracture healing
requirements [146] was mechanically tested to obtain its stiffness, strength and modes of failure
under different clinical types of load. Since an IM nail is subjected to various types of loading
namely axial, flexural, and torsional following implantation, axial (tension and compression),
bending, and torsion tests were carried out on the optimized composite IM nail structure to
determine its mechanical properties. In addition, the failed specimens were cut normal to the tube

axis and carefully examined to investigate the failure modes.

The test results revealed that the composite IM nail is strong enough for various types of

physiologic loading that it is subjected to. Although the composite IM nail experienced a brittle

fracture in almost all types of testing, the load levels that resulted in failure were extremely higher

than what an IM nail would experience inside the human bone. For instance, the failure load in

compression was 30.2+1.1 kN which is more than ten times higher than the maximum
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compressive load applied on the nail in a bone-nail system assuming that the whole load is carried
by the IM nail. In terms of stiffness, the composite IM nail is relatively rigid in bending and torsion
while axially flexible. A conventional Ti-alloy IM nail has an axial rigidity of 6.7 MN, a bending
rigidity of 132.8 N.m* and a torsional rigidity of 98.9 N.m? [146]. The composite IM nail was
85% less rigid axially, while being only 49% and 28% more flexible in bending and torsion when
compared to a conventional Ti-alloy IM nail. Comparing flexural and compressive moduli of the
composite tubes revealed that the flexural modulus of the composite nail was more than 4 times
its compressive modulus. This statistically significant difference (P < 0.05) proved the
customizability of composite materials that could be used towards designing optimal structures for
fracture fixation applications. Microscopic images of intact specimens showed a uniform laminate
microstructure with a low porosity (< 3%). Moreover, the linear behaviour of the specimens prior
to failure in different types of mechanical testing (Figure 7-6-7) revealed that no local failure (e.g.
delamination of plies) occurred up until failure. Water absorption test results confirmed that the
laminate does not absorb significant amount of moisture (weight gain ~0.5%) when placed in a
humid environment making it desirable for in-vivo applications. The flexible yet strong structure
of the composite nails that were customized based on fracture healing requirements has made it

attractive for fracture fixation applications.

When subjected to cyclic loading, a composite structure can prematurely fail at load levels that are
significantly lower that its ultimate strength, which can in turn limit its service life [157]. The
CF/epoxy IM nail had a fatigue limit of 70.3% UTS. Considering the cross-sectional dimensions
of the IM nail, such limit would require a load of approximately 27 kN which is much more than
clinical-type loads (normally 2.5-3 times body weight) to which a human long bone is subjected
[113]. The HCFS of the current composite structure was about 283 MPa which is comparable to
316L stainless steel materials that are clinically used (i.e. around 200 MPa and 300 MPa for cast

and forged 316L stainless steel, respectively) [158].

The ribbed outer surface of the composite tubes had a smooth finish. The average surface

roughness in the fibres direction (i.e. 0.636+0.077 um) and perpendicular to the fibres (i.e.

0.387+£0.042 um) were comparable to that of Ti-6Al-4V (i.e. 0.320-0.870 pum) that are used in

manufacturing conventional IM nails [159]. The adhesion and spreading ability of cells

(fibroblasts) on implant surfaces affect tissue integration. Cell behaviour on biomaterial surfaces

depends on cell-implant interactions. Surface texture, roughness, chemical composition strongly
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affect cellular responses in contact with the implants [160]. Cell attachment has a direct
relationship with surface roughness [159, 160]. In a cementless hip implant for instance,
osseointegration (bone ongrowth) is required for successful outcome of the hip replacement.
Therefore, a surface roughness of 3-5 um is generated by bombarding the titanium implant with
small abrasive particles such as aluminum oxide (corundum) [161]. However, no bonding is
required between the bone and the implant surface in an IM nail. In fact, secondary fracture healing
is promoted at the presence of axial movement of fracture fragments. It is not unreasonable to
expect a similar cell attachment rate between the composite IM nail and a conventional Ti-alloy
nail due to their similar surface roughness. However, more investigations are required to study the

actual cell behavior on the textured surface of the proposed composite nail.

The results of the fatigue tests also showed that the static and dynamic moduli of the specimens
were almost constant versus the number of cycles and did not change compared to their initial
values. The unique stacking sequence of the composite structure helped to maintain an almost
constant level of stiffness up until failure. Changes in stiffness during cycling loading may indicate
substantial fatigue damage, even though the polymer matrix composite may appear to be
structurally intact overall [94]. Consequently, one of the major complications of using composite
biomaterials is the gradual loss of their mechanical properties (i.e. stiffness) during cyclic loading
caused by fatigue damage [79, 80]. The constant stiffness of the proposed composite IM nail can
therefore make it a candidate for use in treating long bone fracture since it indicates negligible

fatigue damage in the structure prior to failure.

7.4.2 Comparison with prior studies

There are very few studies that considered the use of composite IM nails for diaphyseal fracture
fixation. One recent study reported mechanical properties of an E-glass fibres in bending and
torsion [95]. The flexural and shear moduli, and the ultimate flexural and shear strength found in
the present work were compared to corresponding values reported by Moritz et al. [95] in
Table 7-1. The current ultimate flexural strength was lower than that reported in their study.
However, flexural and shear moduli obtained for the E-glass IM nail were significantly lower than
the current values. In particular, the reported shear modulus is 8.5 % of that obtained for the current
CF/epoxy IM nail and only 4.3 % of that of Ti-alloy IM nail. This low shear modulus of the IM

nail which results in a low torsional stiffness raises concern that the nail may cause fracture
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instability once it is used to fix human diaphyseal fractures. In addition, the shear strength reported
in the mentioned study is 18 % of that of a Ti-alloy nail, while the shear strength of the current
CF/epoxy nail was found to be 60 % of that in a Ti-alloy IM nail suggesting that the proposed

CF/epoxy nail is superior in fracture stabilisation.

Table 7-1. Mechanical properties of Ti-alloy, the current CF/epoxy and some previously
developed composite IM nails. Er and G are elastic and shear moduli, and o, "and T, are
ultimate flexural and shear strength respectively.

Materials G (GPa f Reference
E (GPa) (GPa) o, (MPa)  “U(MPa)
Ti-alloy 113.8 44 950 550 -
Current optimized
41.1+0.9 224+05 405.3+8.1 3285+7.3 -
CF/epoxy
UD E-glass/
Moritz et al.
TEGDMA/ 17.0+3.3 05+0.1 8020+112.7  39.2+5.0 [95]
BisGMA
UD-Braided E-glass/ Moritz et al.
+ + + +
TEGDMA/ BisGMA 15.3+1.8 19+0.6 602.0+81.6 99.5+14.7 [95]

7.4.3 Limitations

This chapter has few limitations. First, all the tests were performed under quasi-static loading
conditions to find the basic mechanical properties of the composite nails. Cyclic loading of various
types are required to determine fatigue resistance of the proposed composite nail. Second, the
composite IM nail was manufactured straight, while an actual IM nail has a radius of curvature
ranging from 1.5 to 3 m in the sagittal plane [162]. While all the ASTM tests performed required
straight rather than curved specimens, the ignorance of the curvature can slightly affect the rigidity

and the load-to-failure of the composite tubes. For example, the compressive load-to-failure can
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be reduced as a result of specimen’s curvature since this would make the tube prone to buckling.
Therefore, further mechanical testing is required on curved composite tubes to determine their

mechanical performance.

In this thesis, Rockwell hardness test was chosen instead of Shore (durameter) hardness test which
is another method for measuring hardness of plastics, because it is more generally used for harder
plastics such as nylon, epoxy, and polycarbonate [81]. Rockwell hardness tests were performed to
compare the hardness of the proposed composite specimens to that of conventional Ti-alloys used
for manufacturing IM nails. It should be noted that there is no known relationship between
Rockwell hardness values and the strength of fibre-reinforced composites and the obtained

hardness values may not be used to measure the strength of the composite specimens.

The relatively large coefficient of variation (18%) in the water absorption rate could be due to the
manufacturing process (i.e. roll wrapping) which resulted in a variation in the micro-structure of
the laminate. The relatively large coefficient of variation in the void percent (57.8%) can be a
result of this variation as well. However, such variation at the micro-structure level did not seem
to significantly affect the mechanical properties of the composite specimens as confirmed by the
results of tension, compression, bending, and torsion tests. The variation in the micro-structure can
be minimized by choosing a more advanced manufacturing processes such as advanced fibre
placement (AFP). This may slightly add up to the cost of the product but will result in a higher

quality and more uniformness in the structure of the composite nails.

Fatigue tests were performed at a frequency of 5 Hz which was above the range of walking
frequency (i.e. 3-5 Hz [163, 164]), since this frequency is the minimum required working
frequency for the IR camera. Any frequency lower than 5 Hz can violate the adiabatic condition
and result in poor quality images. Moreover, the cyclic loads were applied as a constant sinusoidal
wave which does not fully simulate the hip joint force in the gait cycle. This hip joint force has
two peak values in the stance phase of each cycle and does not have a pure sinusoidal pattern.
Separate fatigue tests with a loading regime similar the hip joint force during the gait cycle must
be performed on the specimens to confirm the obtained fatigue limit for this application. Further,
specimens were tested at room temperature. Higher temperatures (e.g. body temperature) may have
an effect on the polymer matrix properties as the matrix viscoelastic response characteristics are

temperature-dependant. This is especially important when the specimen is subjected to cyclic
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loading. Therefore, fatigue tests at higher temperatures must be performed on the specimens to

obtain their fatigue limit in elevated temperatures.

Finally, the current work is a biomechanical study aiming to obtain mechanical properties and to
assess the modes of failure of the proposed composite IM nail whose structure was customized
based on fracture healing requirements in chapter 6 of this thesis. The in-vivo performance of the
proposed composite IM nail must be evaluated using animal studies and ultimately clinical trials

before it can be used as an alternative to conventional metallic IM nails.

7.4.4 Clinical implications

Several studies reported reduction in bone mineral density due to stress shielding around IM nails
[60, 139, 165]. Allen et al. [139] reported a significant overall bone mineral density decrease in
healed tibiae with retained IM nails in a clinical study. Sha et al. [60] showed in an animal study
that a low-rigidity nail manufactured from a titanium alloy (Ti-24Nb-4Zr-7.9Sn) exhibited better
external callus formation, and reduced the effects of stress shielding and bone resorption when
compared to a more rigid nail. They also showed that the low-rigidity nail was sufficiently strong

enough to maintain alignment of the fracture in the osteoporotic rat model without delaying union.

Stress shielding phenomenon is not necessarily disadvantageous and can be beneficial in fracture
healing. If the implant adequately counters bending, torsional, and shear stresses while only
fractionally resisting compressive stress, it can thereby stimulate remodelling of the callus at the
fracture site [85]. This concept is referred to as “selective stress shielding” [48], and is gaining
attention in the design of fixation implants as the new generation of materials become available
[135]. The current composite IM nail is significantly more flexible axially compared to the
conventional metallic nails, while having comparable bending and torsional rigidities to those of
a Ti-alloy IM nail. Reducing the axial rigidity without directly reducing the bending and torsional
rigidity is technically impractical using conventional metallic alloys as axial, bending, and

torsional rigidity directly depend on the nail geometry only for an isotropic material.

Conventional IM nails made of Ti-alloy absorb between 70-74% of the total axial force during the
stance phase and 91% during the swing phase of gait cycle [5], shielding the fracture from
compressive loads and resulting in bone resorption in post healing stages. The proposed composite

IM nail with its unique structure which has been customized to yield the best mechanical
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performance as a fracture fixation device (i.e. to immobilize fracture fragments while allowing for

compressive stress) can allow more load sharing compared to Ti-based nails.

Mechanical testing simulating the different types of loading the implant would experience revealed
that the implant is strong enough to carry clinical-type loads. Successful use of fracture fixation
devices made of carbon fibres in a number of animal studies and clinical trials confirm the

biocompatibility of this material [64, 79].

Based on the current mechanical testing results of the previously optimized IM nail, the proposed

composite nail has the potential to be used as an alternative to conventional Ti-based IM nails.

7.5 Summary

The purpose of this chapter was to evaluate the mechanical properties of a previously developed
composite IM nail made of carbon-fibre/epoxy whose structure was optimized based on fracture
healing requirements. Following manufacturing, the cross-section of the composite nail was
examined under an optical microscope to find the porosity of the structure. Mechanical properties
of the proposed composite intramedullary nail were determined using standard tension,
compression, bending, and torsion tests. The failed specimens were then examined to obtain the
modes of failure. The material showed high strength in tension (403.9+7.8 MPa), compression
(316.9£10.9 MPa), bending (405.3+8.1 MPa), and torsion (328.5+7.3 MPa). Comparing the
flexural modulus (41.1+0.9 GPa) with the compressive modulus (10.0£0.2 GPa) yielded that the
material was significantly more flexible in compression than in bending. This customized
flexibility along with the high torsional rigidity of the nail (70.7£2.0 N.m?) have made it ideal as
a fracture fixation device since this unique structure can stabilize the fracture while allowing for
compression of fracture ends. Negligible moisture absorption (~0.5%) and low porosity of the
laminate structure (< 3%) are other power points of the proposed structure. The composite IM nail
showed a fatigue limit of 70.3% of its ultimate tensile strength (~27 kN). Moreover, the rigidity of
the structure was relatively constant up to the failure. The findings suggested that the carbon-
fibre/epoxy IM nail is flexible axially while being relatively rigid in bending and torsion and is
strong enough in all types of physiologic loading; making it a potential candidate for use as an

alternative to the conventional titanium-alloy intramedullary nails.
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8 CONCLUSIONS

Intramedullary (IM) nails are used as internal fracture fixation tools to treat diaphyseal fractures
in long bones. They are implanted within the IM canal and are fixed by interlocked screws to
stabilise the bone fragments during the healing process. Despite all the advancements in IM nail
design used for treating femoral diaphyseal fractures, complications remain such as failure of the
nail or screws, delayed union, non-union, and bone re-fracture [4]. In virtually all femoral shaft
fractures, the definitive treatment protocol is to implant an antegrade, reamed, locked IM nail [32].
Such placement of nails can facilitate transfer of the load and stress through both the fractured
femur and/or the nail itself. Titanium (Ti)-alloys commonly used in manufacturing IM nails,
provide appropriate stability at the fracture site. However, their high rigidity causes the nail to bear
the majority of the load once implanted, shielding the bone from the stress it would naturally
experience [5]. The reduction of the mechanical stress on the femur results in bone resorption at
the vicinity of the implant over time which is referred to as stress shielding [6]. This condition
makes the bone prone to re-fracture. Low rigidity fracture fixation devices can favourably increase
the compressive normal force at the fracture site, which in turn can boost fracture healing [85].
However, a fixation that is very flexible can lead to fracture instability with subsequent
complications such as delayed- or mal-union [9, 82]. An ideal fixation implant must resist the shear
movement of fracture ends while allowing for some level of compression at the fracture site.
Designing an IM nail with such capabilities is technically impractical with conventional metallic
alloys, since bending, and torsional rigidities directly depend on the nail geometry for an isotropic
material. Fibre-reinforced composites have been used as an alternative material of choice in the
design of internal fracture fixation implants, primarily bone fracture plates because of their high
strength, low rigidity, and corrosion and fatigue resistance. However, there are very few studies
that have considered composite materials for IM nail design. Moreover, to the author’s knowledge,
no study in the literature has considered the optimization of such composite structures to fulfil the

requirement of fracture healing.

The main objective of this thesis was to develop a fibre-reinforced composite IM nail made of
CF/epoxy for treatment of femoral shaft fractures. Since the aim of the optimization process was
to lower the axial rigidity of the IM nail while keeping it relatively rigid in bending and torsion,

the process started by obtaining closed-form expressions for axial, bending, and torsional rigidities
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of a composite tube. The derivation of the rigidity formulas was done in chapter 4 using the
combination of classical laminate theory and beam theory. The obtained formulas were validated
against the rigidity values obtained through 3-dimensional (3D) finite element models which took
into account the out-of-plane response of the composite laminate as well as the interaction amongst
the layers (e.g. normal and shear interlaminar stresses). One crucial factor that must be considered
when designing a composite structure is the presence of structural couplings. These couplings can
lead to undesirable deformations and may interfere with the component functionality. The
conditions (e.g. particular stacking sequences of the laminate) that result in such couplings were
discussed in chapter 5. In particular, a coupling factor (1) was introduced in this chapter that detects

extension-twist coupling in composite tubes.

The optimization process was performed in chapter 6 in two steps. In the first step, the expressions
derived in chapter 4 were utilized to optimize the composite nail in order to obtain the lowest axial
rigidity with the highest bending and torsional rigidities by altering the stacking sequence and the
thickness of the laminate. The top seven candidates grouped based on their bending rigidity, were
then examined in an experimentally validated finite element model to evaluate the performance of
the IM nail candidates in realistic boundary conditions. In this regard, the finite element model of
bone-nail assembly was developed and major muscle loads were applied on the femur. Two stages
were simulated, i.e., post-operative and healed bone stages. In the first stage, the composite IM
nail was assessed in the presence of transverse and oblique shaft fractures, whereas in the second
stage, in which bone continuity was assumed to be recovered, the long-term response of the bone
to the composite implant was of interest and thus the bone loss due to the presence of the composite

implant was compared to that with conventional Ti-alloy IM nails.

It was found that a composite nail with an outer diameter of 14 mm, an overall thickness of 2.65
mm, 17 layers of carbon fibre (CF)/epoxy made of 24K standard modulus carbon fibres, and a
stacking sequence of [0, /-45/45,/-45/0/-45/45,/-45,/45,/-45/90,] with the O-direction

plies as the outermost plies, showed an overall superiority compared to the other configurations.
The configuration showed an axial rigidity of 3.7 MN, and bending and torsional rigidities of 70.3
and 70.9 N.m?respectively. It increased compression at the fracture site by 344.9 N on average,
while maintaining fracture stability through an average increase of only 0.6 mm in fracture shear

movement in transverse and oblique fractures when compared to a conventional Ti-alloy nail. The
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long-term results suggested that the proposed composite 1M nail reduces bone loss in the femoral

shaft from 7.9% to 3.5% when compared to a conventional Ti-alloy nail.

In the next stage of the thesis, the optimized structure was manufactured by roll-wrapping the
prepreg sheets around a mandrill and then spiral wrapping the material for compression.
Mechanical characterization of the circular tubes was performed through standard quasi-static and
fatigue testing. As predicted by the developed closed form expressions in chapter 6, the optimized
structure was essentially more rigid in bending that in tension and compression. The average
bending modulus was 31.2 GPa higher than the average compressive modulus of the tubes (95%
Cl, 30.1 to 32.2 GPa). Further, the values for axial, bending, and torsional rigidities of the
composite tubes (i.e., 3.74+£0.05 MN, 66.9+1.0 N.m?, 70.7+2.0 N.m* respectively) obtained
through mechanical testing agreed well with those obtained from analytical formulas (i.e., 3.70-
MN, 70.3 N.m?,70.9 N.m? respectively), indicating the validity of the assumptions in the analytical
formulation in chapter 6. The optimized nail showed high strength in tension (403.9£7.8 MPa),
compression (316.0£10.9 MPa), bending (405.3+8.1 MPa), and torsion (328.5£7.3 MPa). The
load levels that resulted in failure of the composite specimens were extremely higher than what an
IM nail would experience inside the human bone. For instance, the failure load in compression
was 30.2+1.1 kN which is more than ten times higher than the maximum compressive load applied
on the nail in a bone-nail system assuming that the whole load is carried by the IM nail. Negligible
moisture absorption (~0.5%) and low porosity of the laminate structure (< 3%) were other power
points of the proposed structure. The proposed composite IM nail showed a fatigue limit of 70.3%
UTS (ultimate tensile strength). Considering the cross-sectional dimensions of nail, such limit
would require a load of approximately 27 kN which is much more than clinical-type loads
(normally 2.5-3 times body weight) to which a human long bone is subjected. Moreover, the high
cycle fatigue limit of the proposed structure was about 283 MPa which is comparable to 316L
stainless steel materials that are clinically used (i.e. around 200 MPa and 300 MPa for cast and
forged 316L stainless steel, respectively). The structure also showed relatively constant static and
dynamic moduli with the application of cyclic loading. The unique stacking sequence of the
composite structure helped to maintain an almost constant level of stiffness up until failure. The
constant stiffness of the proposed composite IM nail can therefore make it a candidate for use in

treating long bone fracture since it indicates negligible fatigue damage in the structure prior to
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failure. Overall, the findings of this thesis suggest that the CF/epoxy IM nail is a potential candidate

for use as an alternative to the conventional Ti-alloy IM nails.

8.1 Contributions

e Employed closed-form expressions for structural rigidities of a composite plate derived
from the classical laminate theory, along with the finite element (FE) method to design a
composite bone fracture plate (made of carbon fibre/epoxy) customized to fulfill the

mechanical requirements of bone fracture healing.

e Employed validated closed-form expressions for structural rigidities of circular composite
tubes as a function of their geometry, material properties, and stacking sequence of the

laminate for optimization of composite IM nails.

e Introduced a factor for detecting extension-twist coupling in circular composite tubes with

circumferentially uniform stiffness (CUS) configuration.

e Optimized a composite IM nail using the obtained closed-form expressions and a
comprehensive FE model based on the selective stress shielding approach (i.e. to make the

fixation device rigid in bending and torsion while making in axially flexible).

e Related significant factors involved in fracture healing to mechanical parameters

measurable in finite element analysis.
e Proposed guidelines for design of composite IM nails for treating femoral shaft fractures.

e Proposed a composite IM nail which is sufficiently strong to withstand all clinical-type

loading (based on mechanical testing results).

e Proposed a composite IM nail whose stiffness stays constant until failure when subjected

to cyclic loading.

8.2 Future work

The manufactured prototypes did not have any curvature along the long axis of the nail as to make
them capable of being tested using standard testing setup. The actual IM nail normally has a radius
of curvature of approximately 1.5 m to mimic the curvature of the human femur. Therefore,

manufacturing the curved composite IM nail and using it in synthetic femurs with shaft fractures
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could be the topic of a new biomechanical study. The results of such biomechanical testing can be
compared to those from a similar testing setup in which the fracture is fixed with a conventional

Ti-alloy IM nail.

A different type of fatigue testing with the presence of holes and locking screws can be performed
to investigate the response of the composite IM nail in the vicinity of the holes to cyclic loading.
Different designs of bushing inside the screw holes could be considered in case the composite

structure needs to be strengthen in those areas.

Although the composite nail has a comparable average surface roughness to that of a conventional
Ti-alloy nail, the ribbed surface of the composite nail can result in a different cell response.
Moreover, from an orthopaedic surgeon’s point of view, the surface texture of the composite nail
resulting from the manufacturing process can make insertion and removal of the device difficult.
Thus, the possibility of a biocompatible coating on the nail surface which has comparable cell

response to that of Ti-6Al-4V can be considered.

The use of medical grade epoxy and its possible effect of the material properties of the composite
IM nail needs to be investigated. Carbon-fibre implants have an established history of clinical use
with excellent biocompatibility and no cytotoxicity. However, separate biocompatibility tests need
to be performed on the proposed structure to evaluate its effect on the osteogenesis (i.e. new bone
formation by osteoblast cells) process in comparison with a medical grade metal material obtained
from a commercially-used clinical IM nail. Finally, the performance of the proposed IM nail must
be evaluated in-vivo. Thus, animal studies and ultimately clinical trials are future phases of this

project.

As for the animal study, since the dimensions, number of layers, and stacking sequence of the IM
nail have been optimized for treating shaft fractures in the human femur, it cannot be used in small
animals such as rats. Briefly, a series of dogs could be randomly assigned into two groups.
Following creating mid-shaft femoral fractures in the right femur of all animals in the study, the
fractures in one group would be fixed with the composite nail, while fractures in the other group
would be repaired with a conventional IM nail. The contralateral femur in each group would serve
as control. The same number of dogs from both groups would be sacrificed at different time points
for a period of about 2 years, and the implanted and control femurs would be harvested and

mechanically tested in torsion. The quality and the amount of callus formed and the corticalization
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of the regenerated bone can be assessed by comparing the rigidity and maximum torque in both

groups.
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APPENDICES

A 1. MATLAB code used to calculate the structural rigidities of composite bone plates

clc

clear all

nc=[2 4 6 8 10 12 14 16 18];
Tl=[-45 0 45 90];
T2=[-45 0 45 90];
T3=[-45 0 45 90];
T4=[-45 0 45 090];
T5=[-45 0 45 090];
Te=[-45 0 45 90];
T7=[-45 0 45 90];
T8=[-45 0 45 90];
T9=[-45 0 45 090];

ROW=length (nc) *length (T1l) *length (T2) *1length (T3) *length (T4) *1length (T5) *1length (
T6) *length (T7) *length (T8) *1length (T9) ;
OUT=zeros (ROW, 9) ;
cnt=1;
for i=1l:length (nc)
for j=1l:1length(T1)
for k=1:1length(T2)
for 1=1:1length(T3)
for m=1:1length (T4)
for n=1:1length(T5)
for o=1:length(T6)
for p=1l:length(T7)
for g=1l:1length(T8)
for r=1:1length(T9
OUT (cnt, 1) =nc
OUT (cnt, 2)=T1
OUT (cnt, 3)=T2
OUT (cnt, 4)=T3
OUT (cnt, 5)=T4
( )=T5
( )=T6
( )y=T7
( T8
=T

OUT (cnt, 6
OUT (cnt, 7
OUT (cnt, 8
OUT (cnt, 9) =
OUT (cnt, 10)
cnt=cnt+1;
end
end
end
end
end
end
end
end
end
end
a=0uT;
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g=size(a);
a=q(l,1);
stif=zeros(q, 3);
Elc=121e3;
E2c=8.6e3;
E3c=E2c;
v12c=0.27;
v13c=vl2c;
v23c=0.4;
v21lc=(E2¢c/Elc) *vl12c;
v32c=(E3c/E2c) *v23c;
v3lc=(E3c/Elc) *v13c;
Gl2c=4.7e3;
Gl3c=Gl2c;
G31lc=G1l3c;
G23c=E2c/ (2* (1+v23c)) ;
E1f=35e3;
E2f=2e3;
E3f=E2f;
v12£f=0.3;
v13f=v12f;
v23f=0.4;
v21f=(E2f/E1f) *v12f;
v32f=(E3f/E2f) *v23f;
v31f=(E3f/E1f) *v13f;
Gl2f=5e3;
Gl3f=Gl2f;
G31f=G13f;
G23f=E2f/ (2* (1+v23f));
b=17;
Qllc=Elc/ (1-v12c*v2lc);
Q22c=E2c/ (1-v12c*v2lc) ;
Ql2c=E2c*v12c/ (1-v12c*v2lc);
Q66c=Gl2c;
Qc=[0Q1llc Ql2c O
Q12c Q22c O
0 0 Qo6c];
Qllf=E1f/ (1-v12f*v21f);
Q22f=E2f/ (1-v12f*v21f);
Ql2f=E2f*v12f/ (1-v12f*v21f);
Q66f=G12f;
Qf=[Q11f Q12f O
Ql2f Q22f O
0 0 Qo66f];
eff=1;
for w=l:g
nc=a(w,1l);
nf=18-nc;
no=nc+nf;
tc=0.2;
tf=0.2;
thickness=nc*tc+nf*tf;
h=zeros (no+1,1);
Theta=zeros (no, 1) ;
type=zeros (no,1);
A=zeros (3,3);
B=zeros (3, 3);
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D=zeros (3,3);
for x=1:(nc/2)
type (x)=1;
end
for

x=(nc/2)+1:

(nc/2)+nf

type (x

)=2;

en
fo

en
for

for

d
r x=(nc/2)+nf+l:no

type (x)=1;
d

i=1l:no+1

if i<=(nc/2)+1
h(i)=-(thickness/2-(i-1) *tc);
elseif i>(nc/2)+1 && i<(nc/2)+nf+1
h(i)=-(thickness/2-(nc/2) *tc-(i-nc/2-1)*tf);
else
h(i)=(thickness/2)+ (i-no-1) *tc;
end

Theta
/7)) al(w,8)

(l:round(no/2),1) =
a(w,9)1;

la(w,2) a(w,3) a(w,4) a(w,5)

i=no-round (no/2);

for j= round(no/2)+1:no
Theta (j)= Theta (1i);
i=i-1;

end

k=1:no

m=cosd (Theta (k) ) ;

n=sind (Theta (k)) ;

Tl=[m"2 n*2 2*m*n
n"2 m*2 -2*m*n
-m*n m*n m"2-n"2];

Tl 1=inv(T1);

T2=[m"2 n"2 m*n

n*"2 m*"2 -m*n

-2*m*n 2*m*n m"2-n"2];

if type (k)==
QObar=T1\Qc*T2;
else
Qbar=T1\Qf*T2;
end
hQbar=Qbar* (h (k+1)-h(k)) ;
A=A+hQbar;
h2Q0bar=Qbar* (h (k+1)*2-h (k) "2) ;
B=B+h2Qbar;
h3Qbar=Qbar* (h (k+1) ~3-h(
D=D+h3Qbar;

k)"3);
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EA= b/J(1,1);

EI= b/J(4,4);

GJ= 4*b/J(6,6);

stif(eff,1:13)=[a(w,1l) a(w,2) a(w,3) a(w,4) a(w,5) a(w,6) a(w,7) a(w,8)
a(w,9) a(w,10) EA EI GJ];

eff=eff+1;

end

stif=stif(l:eff-1,:);

xlswrite ('stifness.xlsx',stif)
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A 2. MATLAB code used to calculate the structural rigidities of composite IM nails

clc

clear all

nt=18;

nc=18;

Tl=[-45 0 45 901];
T2=[-45 0 45 901];
T3=[-45 0 45 901];
T4=[-45 0 45 90];
T5=[-45 0 45 901];
T6=[-45 0 45 90];
T7=[-45 0 45 901];
T8=[-45 0 45 901];
T9=[-45 0 45 90];
T10=[-45 0 45 90];
T11=[-45 0 45 90];
Tl2=[-45 0 45 90];
T13=[-45 0 45 90];
T14=[-45 0 45 90];
T15=[-45 0 45 90];
Tl6=[-45 0 45 90];
T17=[-45 0 45 90];
T18=[-45 0 45 90];

Theta2=zeros (nc, 1) ;

ROW=length (nc) *length (T1l) *length (T2) *1length (T3) *1length (T4) *1length (T5) *1length (
T6) *length (T7) *1length (T8) *1ength (T9) *1length (T10) *length (T11l) *1length (T12) *leng
th(T13) *length(T14) *1length (T15) *1length (T16) *1length (T17) *1length (T18)

OUT=zeros (ROW,nt+1) ;
cnt=1;
for i=1l:length(nc)
for j=1l:1length(T1)
for k=1:1length(T2)
for 1=1:1ength(T3)
for m=1:1length (T4)
for n=1:length(T5)
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for o=1:1length(T6)
for p=1:1length(T7)
for g=1l:1length(T8)
for r=1:1length(T9)
for s=1:1length(T10)
for t=1l:length(T11)
for u=l:length(T12)
for v=1:length(T13)

for
w=1:length(T14)

for
x=1:1length (T15)

for
y=1l:1length(T16)

for

z=1l:length(T17)

for ii=1:1length(T18)
OUT (cnt,1)=nc(1i);
OUT (cnt, 2)=T1(3);
OUT (cnt, 3)=T2 (k) ;
OUT (cnt, 4)=T3(1);
OUT (cnt, 5)=T4 (m) ;
OUT (cnt, 6)=T5 (n) ;
OUT (cnt, 7)=T6 (0) ;
OUT (cnt, 8)=T7 (p) ;
OUT (cnt, 9)=T8(q) ;
OUT (cnt, 10)=T9 (xr) ;
OUT (cnt, 11)=T10(s) ;
OUT (cnt,12)=T11(t);

OUT (cnt,13)=T12 (u) ;
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OUT (cnt,14)=T13(v) ;

OUT (cnt, 15)=T14 (w) ;

OUT (cnt, 16)=T15 (x) ;

OUT (cnt,17)=T16 (y) ;

OUT (cnt,18)=T17(z) ;

OUT (cnt,19)=T18 (ii) ;

sum (sum (OUT (cnt, :)==45) ) ~=sum (sum (OUT (cnt, :)==-45)) e
sum (sum (OUT (cnt, :)==45))>(0.6*nt) | | sum (sum (OUT (cnt, :)==0))>(0.6*nt) |
sum (sum (OUT (cnt, :)==90))>(0.6*nt) || sum(sum(OUT (cnt, :)==0))<(0.1*nt)
continue
end
cnt=cnt+1
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end

OUT=0UT (l:cnt-1,:);
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% Lamina material properties in MPa
Elc=121e3;

E2c=8.6e3;

E3c=E2c;

v12c=0.27;

v13c=vl2c;

v23c=0.4;

v21lc=(E2c/Elc) *v12c;

v32c=(E3c/E2c) *v23c;

v3lc=(E3c/Elc) *v13c;

Gl2c=4.7e3;
Gl3c=Gl2c;
G31lc=G1l3c;
G23c=E2c/ (2* (1+v23c)) ;

o)

% Calculation of stiffness and compliance matrices
Qllc=Elc/ (1-v12c*v2lc);
Q22c=E2c/ (1-v12c*v2lc);
Ql2c=E2c*v12c/ (1-v12c*v2lc);
Q66c=Gl2c;

Qc=[0Qllc Ql2c O

Q1l2c Q22c O

0 0 Q66c];

$ Q0 matrix for flax

Ql1f=El1f/ (1-v12f*v21lf);
Q22f=E2f/(1-v12f*v21f);
Ql2f=E2f*v12f/ (1-v12f*v21f);
Q66f=G12f;

Qf=[Ql1f Q12f O
Ql2f Q22f 0

0 0 Q66f];
eff=1;
for w=l:g

142



[

% Number of layers
nc=a(w,1l);
nf=nt-nc;

no=nc+nf;

% Thickness of each ply
tc=0.156;
tf=0.2;

% Total thickness

thickness=nc*tc+nf*tf;

% Average radius of the tube
Ro=7; S%Smm

R=Ro- (thickness/2) ;

% input ('Enter the value of n:');
h=zeros (no+1l,1);
Theta=zeros (no, 1) ;
type=zeros (no,1);
A=zeros (3,3);
B=zeros(3,3);
D=zeros (3,3);
% Defining type 1 or 2 $ For now one inner layer of CF
for x=1l:nc-1
type (x)=1;
end
for x=nc:nc+nf-1
type (x)=2;
end

type (nc+nf)=1;

% Defining "h" for each ply

for i=l:no+l
if i<=(nc/2)+1
h(i)=-(thickness/2-(i-1) *tc);

elseif i>(nc/2)+1 && i< (nc/2)+nf+1
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h(i)=-(thickness/2-(nc/2)*tc- (i-nc/2-1) *tf);
else
h(i)=(thickness/2)+ (i-no-1) *tc;

end

o)

% Input ('Enter the appropriate wvalues of h, from hO to hn (in mm),
respectively:"');

end

Q

% Defining half of the angles

Theta (1:nt) = [a(w,2) a(w,3) a(w,4) a(w,5) a(w,6) a(w,7) a(w,8) a(w,9)
a(w,10) a(w,11) a(w,12) a(w,13) a(w,14) a(w,15) a(w,16) a(w,17) a(w,18)
a(w,19)1;

for gg=l:nc
Theta2 (gqq,l)= Theta (nc+l-gq,1l);

end

for k=1l:no
% Calculation of Transformation matrix
m=cosd (Theta (k) ) ;
n=sind(Theta (k));
Tl=[m"2 n"2 2*m*n
n*2 m*2 -2*m*n

-m*n m*n m*"2-n"2];

Tl 1=inv(T1);

T2=[m"2 n"2 m*n
n"2 m*"2 -m*n
-2*m*n 2*m*n m*"2-n"2];

[

% Calculation of stiffness matrix for global coordinate system (x-y) as
% well as A, B and D matrices
if type (k)==

Qbar=T1\Qc*T2;

else

Qbar=T1\Qf*T2;

end

hQbar=Qbar* (h (k+1)-h (k));
A=A+hQbar;
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h2Qbar=Qbar* (h (k+1) *2-h (k) *2) ;
B=B+h2Qbar;
h3Qbar=Qbar* (h (k+1) *3-h (k) *3) ;
D=D+h3Qbar;

end

o)

$ Extensional stiffness matrix (A in GPa.mm),
% Coupling stiffness matrix (B in GPa.mm"2)

% Bending stiffness matrix (D in GPa.mm"3)
;% N/m

(1/2)*B;

=(1/3)*D; % N.m

A
B
D

% Combining A B and D matrix

J1l=[A B
B DJ];
J=inv (J1) ;

AlphaMP=J(1:3,1:3);

BetaMP=J(1:3,4:6);

DeltaMP=J(4:6,4:06) ;

SP tild=-(BetaMP(1,1)/DeltaMP(1,1));

Alphall=AlphaMP(1,1)+2*SP tild*BetaMP(1,1)+(SP_tild"2)*DeltaMP(1,1);
Beta66=BetaMP (3, 3)+SP_tild*BetaMP (3, 3);

Deltall=DeltaMP(1,1);

R_tild=R-SP tild;

Alpha66_ v= AlphaMP(3,3)-((BetaMP(3,3))"2)/DeltaMP (3, 3);
v=-BetaMP (3, 3) /DeltaMP (3, 3) ;

Rp=R-v;

% Calculating Bending Rigidity (N.mm"2)

EI= pi*(R_tild"3/Alphall+R tild/Deltall)*10"-6;
% Calculating Torsional Rigidity (N.mm"2)

GJ= (2* (Rp"3) *pi/Alpha66 v)*10"-6;

Beta hatMPll=BetaMP(1,1)- (BetaMP(1l,2)*DeltaMP(1,2)/DeltaMP(2,2));
Delta_hatMPll=DeltaMP(l,l)—(DeltaMP(l,Z)A2/DeltaMP(2,2));
SP_hat=-Beta hatMP1ll/Delta hatMP11l;
Alphall=AlphaMP(1,1)+2*SP_hat*BetaMP(1l,1)+ (SP_hat”2)*DeltaMP(1,1);
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Betal2Z2=BetaMP (1,2)+SP hat*DeltaMP(1,2);
Deltal2=DeltaMP(1,2);
Delta22=DeltaMP(2,2);
Alphall hat=Alphall-(Betal2”2/Delta22);
Deltall_hat=Deltall—(Delta12A2/Delta22);

EA=(2*pi*R/Alphall hat)*10"-6;

stif(eff,l:nt+4)=[a(w,1l) a(w,2) a(w,3) a(w,4) a(w,5) a(w,6) a(w,7) a(w,8)
a(w,9) a(w,10) a(w,11) a(w,12) a(w,13) a(w,14) a(w,15) a(w,16) a(w,17) a(w,18)
a(w,19) EA EI GJ];

eff=eff+l

end
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