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Abstract

Treatment of infected orthopaedic implants often require two separate surgeries to clear the
infection and install a replacement implant. Current antimicrobial drug delivery methods are
inefficient, and each additional surgery increases the physiologic burden on patients, with an
increased risk of infection, decreased range of motion and longer recovery times. Porous
orthopaedic implants, with adequate strength for permanent implantation and the ability to house
and elude more efficient antibiotic delivery systems, could result in a single surgery to treat
orthopaedic infections. Therefore, finite element models of porous gyroid structures at different
porosities were developed and compared with experimental results. Discrepancies in predicted
and actual apparent elastic moduli and fatigue lives were found due to anomalies caused from
the 3D-printing of the specimens, however, similar relationships across porosities were observed.
A case study of a porous gyroid humeral stem was created to evaluate the mechanical capabilities
of the porous stems as well as their impact on humerus mechanobiology. The porous stems were
found to exhibit adequate strength in three different bone densities during four different arm
motions. Some evidence of improved bone remodelling behaviours was observed when

comparing the effects of the porous stems versus a traditional solid stem.
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Summary for Lay Audience

Infection in orthopaedic implants often requires intervention through a process known as two-
staged revision surgeries. One surgery is performed to remove the infected implant and replace
it with a temporary implant loaded with antibiotics. About 90% of these antibiotics remain trapped
within the temporary implant and do not get delivered to the body. The other 10% of the antibiotics
are delivered at an unideal rate, with an initial burst of antibiotics followed by a rapid decline of
antibiotic delivery. This process of drug delivery increases the body’s resistance to antibiotics.
Once the infection has been cleared, a second surgery is performed to replace the temporary
implant with a new permanent implant. A porous implant that has adequate strength for
permanent implantation could be used to house a more ideal antibiotic delivery system, which
delivers a larger percentage of drugs at a more efficient rate. This could allow for just a single
surgery to be performed to treat an infected orthopaedic implant, as opposed to two surgeries. In
addition to improving drug delivery, a secondary benefit of a porous implant is the ability to better
mimic the natural structure of bone. This imitation provides the potential for mitigating stress
shielding, which is a known complication of orthopaedic implants that causes a loss of bone

density.

A porous structure, known as the gyroid, was analyzed at five different porosities using computer
models and physical experimental tests. A computer model was developed that was able to
demonstrate accurate relationships between cylindrical gyroid porosities for static compression
and fatigue tests. Shoulder implants were then created using these gyroid structures and
implemented into computer models to predict their mechanical behaviours. These models showed
that the gyroid-based shoulder implants, at porosities of 60%, 70%, and 80%, should be strong
enough to withstand typical arm motions. It was also determined that compared to traditional solid
implants, these porous implants should not have any further negative impacts on the bone
remodelling of humeri of three different bone qualities. Future work should explore variations of
these gyroid-based shoulder implants, such as the use of porosity gradients, to attempt to further

improve the resulting bone effects.
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Chapter 1

1 Introduction

Revision surgeries for orthopaedic implant complications are a financial, physiological, and mental
burden on patients and healthcare resources. More than 10,300 hip and knee revision surgeries
were performed in Canada in 2019-2020 with estimated inpatient costs of $177 million [1]. On
average, revision surgery led patients to stay in hospitals for 9.0 days compared to 3.8 days for
patients undergoing primary joint replacement surgery. Average inpatient cost (excluding
rehabilitation) was 70.2% higher for revision surgery than for a primary joint surgery. Infection is
one of the leading causes for revision surgery of total joint replacements. Infection was the cause
for 25.4% and 33.9% of hip and knee revisions in 2019-2020, respectively. Considered the gold
standard, two-staged revision surgeries are often employed when an orthopaedic implant is
infected [2-5]. The first surgery is performed to remove the infected implant and replace it with a
temporary spacer. This temporary spacer is typically made of polymethyl methacrylate (PMMA),
also known as bone cement, which is loaded with antibiotics to clear the infection. These bone
cement spacers can withstand lesser loads and can result in a smaller range of motion than that
of their permanent metal counterparts [6]. Additionally, PMMA has less than ideal drug elution
kinetics [7]. Only around 10% of the antibiotics loaded into PMMA will elude into the body [8]. This
elution also occurs at an inconsistent rate, with a quick initial delivery followed by an exponential
decline [9]. Three to six months after this primary surgery, a secondary surgery is performed to
replace the temporary spacer with a new permanent implant. These two-staged revision surgeries

are a major burden on our healthcare systems and patients.

Additionally, a complication associated with orthopaedic implants is their vulnerability to stress
shielding. Stress shielding is the result of implants that have a much higher stiffness than the
surrounding bone, affecting the remodelling behaviour of that bone. This is due to the
mechanobiological behaviour of bone, which has adaptive modelling processes based on long-
term loading behaviours. This stress shielding can cause bone densities to decrease, which both

weakens the bone and can lead to implant loosening.

The development of a permanent porous implant can help combat orthopaedic device-related
infection (ORDI). A porous implant could be loaded with a biodegradable drug delivery system,
which has superior drug elution kinetics [10], allowing for revision surgeries to be performed in

one stage instead of two. The porous implant, loaded with antibiotics, would replace the need for



a temporary spacer and instead be implemented in the sole revision surgery. In addition, a porous
implant can be designed to better match the stiffness of bone, potentially mitigating the stress-
shielding effects currently faced. A porous implant is not only applicable to revision surgeries but
could possibly be employed in the primary surgery, therefore potentially reducing the need for

revision surgeries.

This chapter describes common anatomical terms, bone anatomy, joint arthroplasty, stress
shielding, two-staged revision surgeries, additive manufacturing, triply periodic minimal surfaces,

and finite element modelling. This chapter finishes with an overview of the next three chapters.

1.1  Anatomical Terms

Universal anatomical terms have been established to ensure consistency in the medical fields.

The human body has been divided into three distinct planes as described in Figure 1-1.

FRONTAL

PLANE \

TRANSVERSE
PLANE

/

SAGITTAL
PLANE

Figure 1-1. Anatomical planes of the human body. The sagittal plane divides the body into left and
right sides. The frontal plane divides the body into front and back sides. The transverse plane divides the
body into top and bottom parts.

Using the anatomical planes, we can describe the movement of our joints and appendages along
these planes. Focusing specifically on the movements of the glenohumeral joint of the shoulder,
flexion/extension are the movements of the arm along the sagittal plane and abduction/adduction

are the movements of the arm along the frontal plane, as shown in Figure 1-2. Anatomical



positions are also established to identify specific locations of the body in relation to each other as

described in Figure 1-3.

FLEXION
ABDUCTION
EXTENSION ADDUCTION

Figure 1-2. Anatomical motions of the shoulder joint and upper limb. Flexion refers to a decrease in
the angle between two body parts. Extension refers to an increase in the angle between two body parts.
Abduction refers to movement of appendages away from the body. Adduction refers to movement of
appendages towards the body.

Midline

Proximal

Lateral

Distal
Proximal

Distal

Figure 1-3. Anatomical directions of the human body. Proximal refers to being closer to the trunk.
Distal refers to being farther away from the trunk. Lateral refers to being farther from the midline (where
the sagittal plane crosses). Medial refers to being closer to the midline.



1.2  Anatomy of the Long Bone

Long bones are defined as being longer than they are wide [11]. The femur, tibia, and humerus,
which are the main bones involved in hip, knee, and shoulder arthroplasties, are categorized as
long bones. Long bones are divided into three main components: the diaphysis, the metaphyses
and the epiphyses, as shown in Figure 1-4. The diaphysis is the main shaft of the bone consisting
of the medullary cavity and an outer shell composed of cortical bone (also known as compact
bone). The epiphyses are the regions at each end of a long bone, which are filled with trabecular
bone (also known as cancellous or spongy bone). The metaphyses are the regions, also known

as necks, that connect the diaphysis with the epiphyses.
Articular Cartilage

Epiphysis

Metaphysis Trabecular Bone

, Medullary Cavity
|5
|‘J\ Cortical Bone
Diaphysis & )L
/™~ Bone Marrow
Metaphysis [
Epiphysis

Figure 1-4. Anatomy of a long bone.

Cortical bone is the denser and stronger of the two bone tissues [12]. Its main functions are
protection and support. It is composed of osteons, which are parallel tubes that run along the
length of the bone tissue. This composition of cortical bone leads to its anisotropic behaviours,

exhibiting greater strength in the longitudinal direction than the radial and circumferential

4



directions. In contrast, trabecular bone is composed of trabeculae which are lattice-like constructs.
The lattices are formed along stress lines in the bone to help in support while decreasing the
bone’s mass. This heterogenous structure of trabecular bone makes it anisotropic as well,
exhibiting the greatest strength in compression and the least in shear. The reported Young’s
moduli for trabecular and cortical bone is 10.4-14.8 GPa and 18.6-20.7 GPa, respectively [13].

Bones are composed of four different cell types that are critical to their function: osteoblasts,
osteocytes, osteogenic cells, and osteoclasts. Osteoclasts and osteoblasts are the cells
responsible for bone resorption and formation, respectively. Human bone undergoes a constant
cycle of bone resorption/formation which is dependent on the mechanical loading that it
experiences [11,14]. Once bones are in their adult life, meaning they are no longer growing in
length, they maintain their structure through a process called bone remodeling. The osteoclasts
will resorb damaged or old bone and in the same location, osteoblasts will deposit new minerals
to replace the resorbed bone. This bone remodeling process adapts to the mechanical needs of
the host. In a sedentary individual, where the bone is experiencing long-term lessened mechanical
loads, the bone will have a greater percentage of bone resorption than formation, therefore
decreasing the bone’s mass. In contrast, an active individual, whose bones are experiencing
increased long-term mechanical stresses, will have bone formation occurring at a rate greater
than bone resorption, therefore increasing bone mass. This mechanical loading dependency can
cause issues when employing orthopaedic implants, as they affect the mechanical loads
experienced by these bones. This leads to a phenomenon called stress shielding which will be

discussed further in Section 1.3.

1.3 Bone Remodelling and Stress Shielding

Julius Wolff made a significant impact on our current understanding of the mechanobiology of
bones, starting with his first publication in 1870 [15-16]. His work led to our understanding of how
mechanical loading affects the structure of our bones, also known as Wolff’'s law. Wolff's law
states, “the law of bone remodelling is the law according to which alterations of the internal
architecture, clearly observed and following mathematical rules, as well as secondary alterations
of the external form of bones following the same mathematical rules, occur as a consequence of
primary changes in the shape and stressing or in the stressing of bones [17].” Essentially, he

discovered that the structure of healthy bones will adapt to the mechanical loads they experience.

In 1976, Cowin et al. were the first to quantify the bone remodelling process with equations,

hypothesizing that the cortical bone remodelling process is strain-dependent [18]. In 1986, Fyhrie
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et al. expanded upon this strain-dependent bone remodeling theory by considering the anisotropic
properties of trabecular bone [19]. Their theory was developed to predict the effects of applied
stress on trabecular orientation and apparent density. In 1987, Huiskes et al. further adapted
these models to theorize that adaptive bone-remodeling can be characterized by the homeostatic
strain energy density (SED) distributions [20]. They observed the stress-shielding effects of
prostheses, using finite element modeling (FEM). Additional studies have been conducted
observing the effects of stress-shielding from shoulder prostheses using finite element analysis,

in vitro cadaveric experiments, and radiographic imaging [21-23].

When bones experience fracture or develop disease states, implantation is often the treatment of
choice. With joint arthroplasty, a stem component is often implanted into the bone, outlined in
Section 1.4. These solid metal stems often have a significantly higher stiffness (resistance to
deformation) than that of the native bone. Solid Ti-6Al-4V (a common titanium alloy used in joint
arthroplasties) has a Young’'s modulus of ~110 GPa whereas trabecular and cortical bone have
Young’'s moduli of 10.4-14.8 GPa and 18.6-20.7 GPa, respectively [13]. This means when loads
are applied to the implanted bone, the stem will assume most of that load, leaving the native bone
to experience smaller than typical loads. This is what is known as stress shielding. As known from
Wolff’s law, this reduction in stresses and strains experienced by the native bone affects its

remodeling process.

Many studies have been conducted to try and mitigate the effects of stress shielding. Different
types of stem geometries, including hollow stems, short stems, long stems, porous stems and
stemless implants, different fixation techniques, such as press-fit vs. bone cement, and different
materials have been investigated to try and evaluate their effects on stress shielding [24-40].
Although the main purpose of this study is not to mitigate stress shielding effects, it is important
to ensure that these porous implant stems will not further negatively impact bone
mechanobiology. It is an added benefit if we discover a smaller mechanobiological impact from

these porous stems than traditional solid stems.

1.4 Joint Arthroplasty

Joint arthroplasties are a common procedure performed to provide relief from pain caused by joint
disease, trauma and injury, and aging. From 2018-2019, there were 75,220 knee, 61,645 hip, and
6,247 shoulder replacements performed in Canada [41]. Although total shoulder replacement is
not as common as knee and hip replacement, shoulder arthroplasty is predicted to increase by

755.4% for patients over 55 years old and 333.3% for patients younger than 55 years old from
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2015 to 2030 [42]. The Canadian Institute for Health Information reported a 5-year standardized
percentage increase in knee, hip, and shoulder replacements of 9%, 8%, and 36%, respectively,
between 2014-2019 [41].

The first reports of each of these joint arthroplasties were in the late 19" century. The first total
knee replacement (TKR) was a hinged designed, made of ivory, by Themistocles Gluck in the
1890s [43]. These implants often failed from infection, inadequate mechanical properties, and
poor fixation [44]. The hinged TKR was further developed by Dr. Waldius in the 1950’s by using
acrylic and then eventually cobalt chrome (Co-Cr). The modern-day TKR has strayed from the
artificial hinge joint and instead involves resurfacing of the distal femur and proximal tibia. These
resurfacing components typically include a stem component which is inserted into the femur and

tibia for fixation.

Gluck is also accredited with the first reported hip replacement in 1891, where he replaced the
femoral head of tuberculosis patients with ivory [45]. The first total hip replacement (THR) was
cultivated in 1938, by Wiles, and has informed the modern hip implant [46]. Mechanical failure of
THR in the early 20" century could be attributed to inadequate design and poor material choices.
Charnley transformed THR by introducing low-friction torque, acrylic cement for fixation and the
use of polyethylene as a bearing material. Although a variety of THR methods are used today,
such as cemented and cementless fixation, most hip implants consist of a stem which is inserted
into the proximal femur, a femoral head component, and an acetabular (socket of the hip bone)

component, just as Charnley did 50 years ago.

In 1893, the first total shoulder replacement was performed in Paris, by surgeon Jules Emile Péan,
to treat tuberculosis [47]. Although it provided adequate mobility, the implant, made of a platinum
tube and a hardened rubber ball, was removed after two years in the patient due to a persistent
fistula. Evidence of several plastic shoulder implants were recorded in the 1950s, made of
materials including acrylic, polyamide and polyethylene [48]. These prostheses provided poor
shoulder mobility and the polyethylene prostheses failed due to poor fixation. In the 1950’s,
Krueger [49] and Neer [50] guided the development of modern metal shoulder implants. In 1950,
Krueger developed the first metal implant for shoulder hemiarthroplasty, made of cobalt chromium
alloy (vitallium), which provided adequate mobility without pain [49]. In 1953, Neer implanted his
first prosthesis and developed the following criteria for prostheses: must be made of an inert
material with a similar elasticity to bone, should preserve normal anatomy, and should have a

long stem with a large surface area to sufficiently anchor to the bone while avoiding bone



resorption [50]. Although the importance of a long stem is still being investigated [24], their
developments of shoulder prostheses are similar to the interventions used today. Total shoulder
replacement (TSR) typically has a stem which is implanted into the proximal humerus, a spherical
head replacing the native humeral head, and a glenoid (concave surface of the scapula)
component [51]. Examples of TKR, THR, and TSR are shown in Figure 1-5. These orthopaedic
implants can be made from a collection of materials including titanium, cobalt chromium, stainless
steels, and ceramics. Implant materials are chosen for a variety of reasons such as their strength,
weight, elastic modulus, wear resistance, biocompatibility, and manufacturability. A medical grade
titanium alloy, Ti6AI4V, is a common implant material which has a good corrosion resistance, yield
strength and a moderate elastic modulus (closer to bone than Co-Cr alloys) [52], and will be used

in the included studies.

Total Knee Total Hip Total Shoulder
Replacement (TKR) Replacement (THR) Replacement (TSR)

/’/\T

Figure 1-5. Three main types of joint replacement surgeries.

For all three joint arthroplasties, a stem component is typically implanted into the necessary
bone(s), with the exception of some TKRs. The study of porous structures for better antibiotic

delivery is the focus of this research and could be applied to all three of these surgeries.



1.5 Orthopaedic Device-Related Infection

Orthopaedic device-related infection (ODRI) is the encompassing term for fracture-related
infection (FRI) and periprosthetic joint infection (PJI) [53]. ODRI is caused by an adherence of
bacteria on or around an orthopaedic implant, forming what is known as a biofilm, and a decrease
in host immunological defenses. There is always a risk for ODRI when undergoing implantation
of an orthopaedic device. For total arthroplasties, the rate of infections is between 1%-5% [54-
55]. Although this seems small, the impacts of these infections are substantial, therefore requiring
research into the improvement of these surgeries. Untreated ODRI can lead to systemic infections
such as sepsis or pneumonia [56]. Additionally, the risk of infection increases with each
subsequent surgery [57-58]. When ODRI occurs, interventions to mitigate it’s affects are required.
This can include antibiotic therapy, resection arthroplasty, debridement and lavage, and one-
staged and two-staged revision surgeries [59]. Two-staged revision is considered the gold
standard for treating orthopaedic implant infection but there has been an increased interest in
investigating the use of single-staged revisions. Reducing the number of surgeries that a patient
undergoes can improve patient satisfaction and potentially improve overall mobility and range of
motion [4]. The overall goal of this thesis is improving the treatment of orthopaedic implant
infections by reducing two-staged revision surgeries to one-staged revisions. This research can
also be applied to improving current one-staged approaches or even primary surgeries to

potentially reduce the rate of infection.

1.5.1 Two-staged Revision Surgeries

Two-staged revision surgeries work by performing a first surgery where the infected implant is
removed and a temporary spacer, loaded with antibiotics, is implanted into the bone. After the
infection has been cleared, a second surgery is performed to replace the temporary spacer with
a new permanent implant. Two-staged revision surgeries are considered the current gold

standard for treatment of ODRI [2-5], however there are still many drawbacks to this approach.

The temporary spacer, employed in the first surgery, is typically made of polymethyl methacrylate
(PMMA), also known as bone cement. These bone-cement spacers are not intended for
permanent implantation due to their insufficient mechanical properties. A retrospective study by
Jung et al. showed that more than 50% of patients that undergo a two-staged hip revision surgery
for the treatment of ORDI will experience at least one non-infection related complication, the most
common being mechanical malfunction of the bone cement spacer [60]. The compressive

strength of PMMA decreases significantly with increasing amounts of impregnated antibiotics,
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further increasing the risk of their use [61-62]. Although not intended for permanent implantation,
there are reported cases of shoulder arthroplasty patients refusing to undergo the second surgery,

leaving them with these temporary spacers permanently in their bodies [6,63].

In addition to mechanical disadvantages, PMMA also has inefficient drug elution kinetics [7].
Antibiotics are only released from the surface and pores of PMMA resulting in approximately 10%
of the employed antibiotics actually eluding into the body [8]. The elution timeline of the antibiotics
is not ideal, with an initial “burst” of drug release followed by an exponential decline [9]. These
elution characteristics, coupled with the non-resorbing nature of PMMA, leaves it susceptible to
bacteria growth and the potential development of antibiotic resistance [64]. As well, the curing
process of PMMA creates high temperatures, which prevents the use of thermo-sensitive
antibiotics [65]. Resorbable antibiotic carriers have been studied and compared to PMMA to
improve upon local drug delivery. Several biodegradable carriers, such as calcium sulfate, have
been shown to perform as well as or better than PMMA in terms of antibiotic elution and prevention
of bacterial growth [8,66-67].

In addition to the problems related to bone cement spacers, there are certain risks associated
with performing multiple additional surgeries. With every additional surgery a patient has, the risk
of infection increases [58,68]. In addition to the negative physical effects of undergoing multiple
surgeries, there is a huge mental toll on both patients and their caregivers [69]. Revision surgeries
are also more expensive than primary replacements for both hospitals and patients, who are likely

to require more time away from work [1].

A porous implant could be loaded with a biodegradable antibiotic carrier such as calcium sulfate.
If the porous implant had adequate strength for permanent implantation, and allowed for the
necessary drug elution Kinetics, only one revision surgery would be needed. This would help
mitigate these negative impacts that two-staged revision surgeries present or if employed in the

primary surgery, potentially prevent the need of a revision surgery altogether.

1.6 Porous Structures

The idea of integrating porous structures with orthopaedic implants has been studied for decades.
In 1971, Welsh et al. were studying the use of porous surfaces to improve the fixation between
bones and implants through osseointegration [70]. By 1980, several others were investigating the
use of porous surfaces for bony ingrowth on implants and Bobyn et al. were attempting to

determine the optimum pore size for such applications [71]. More recently, studies have also been
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conducted to explore porous implants for other reasons such as drug delivery and mitigation of
stress shielding [72-74]. When choosing porous structures for use in orthopaedic implants,
especially for entire structures as opposed to just surfaces, it is necessary to consider their
mechanical properties to ensure their survival. One classification of porous structures, known for

their high strength to low weight ratios, are triply periodic minimal surfaces.

1.6.1 Triply Periodic Minimal Surfaces

H. A. Schwarz published the first example of a triply periodic minimal surface (TPMS) in 1865
known today as Schwarz’'s diamond surface [75]. In 1883, Schwarz’'s student, E.R. Neovius,
discovered another TPMS known today as the Neovius surface [76]. In 1970, Alan Shoen
published an account of twelve additional examples of periodic minimal surfaces, free from self-
intersections [77]. Minimal surfaces are characterized as having minimized surface areas also

known as having zero mean curvatures [78].

The normal curvature, k, at a point, P, is the intersection of the surface normal and tangent plane
shown in Figure 1-6. If the curve bends towards/away from the surface normal, then the curvature
is positive/negative [79]. The principal curvatures, k1 and ko, of a surface at a point, P, are the
maximum and minimum values of the normal curvature. The mean curvature, H, at a point, P, is
defined by these principal curvatures in Equation 1-1. When the mean curvature of a surface is
zero at all points on that surface, then it is defined as a minimal surface. A triply periodic minimal

surface is a minimal surface that is translated in all three directions.

ki+k,
2

H(p) = (Equation 1-1)

These triply periodic minimal surfaces can be expressed by mathematical functions making them
easier to model. The three most studied and well understood TPMSs today are the diamond,
primitive, and gyroid surfaces. TPMS-based structures are often made in one of two ways [80].
Sheet-based TPMS structures are made by thickening the surfaces whereas skeletal-based

TPMS structures are made by solidifying the pores of the surfaces as shown in Figure 1-7.
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Figure 1-6. Normal and principal curvatures of a surface.

Figure 1-7. The types of TMPS structures. A depiction of the unit cells for A) the sheet-based diamond
structure, B) the skeletal-based diamond structure, C) the sheet-based primitive structure, D) the skeletal-
based primitive structure, E) the sheet-based gyroid structure, and F) the skeletal-based gyroid structure.
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Although the discovery of TPMSs and the exploration of porous structures for implant design
occurred several decades ago, the technology to reproduce these structures was not available
until more recently. The creation of additive manufacturing began in the 1980’s [81]. A surge of
research would begin years later exploring the 3D-printing of porous structures, such as TPMSs,
for tissue engineering and implant design. TPMSs have low weight to high strength ratios and
their porous nature allows for the three-dimensional transportation of cells, nutrients, and

potentially antibiotics.

1.6.2 Additive Manufacturing of Porous Structures

Additive manufacturing has allowed for the construction of complex structures, such as TPMSs,
that were not possible with previous machining applications. Some of the first additive
manufacturing rapid prototyping systems were invented by Hideo Kodama in 1981 [81]. Shortly
after, in 1983, stereolithography was invented by Charles Hull. The Stereolithography (STL) file
format is still used to today to transfer computer-aided designs (CAD) to 3D printers. Selective
Laser Sintering (SLS) was one of the first additive manufacturing techniques, developed in 1986.
SLS works by sintering powdered material with a laser to form a desired structure, layer-by-layer
[82]. In 1988, Fused Deposition Modeling (FDM), today’s most commonly used technique, was
invented. FDM works by heating and extruding thermoplastic filaments, however Liu et al. have
explored the use of FDM for the 3D-printing of metals [83]. Selective Laser Melting (SLM) is a
similar technique to SLS, however the laser completely melts the powder particles before
solidification [82]. By completely liquifying the material, complex, thin-walled geometries can be
printed at more than 99% densities [84]. With these advancements made in additive
manufacturing, there has been a revival of research into TPMSs in the last two decades [85].
There has been a special focus on how effective these 3D-printing processes are at
manufacturing these complex structures [86-90] and assessing their mechanical properties

through finite element analysis and mechanical testing.

1.6.3 Mechanical Evaluation of TPMS-based Structures

Research regarding the applications of TPMSs has been explored in a variety of fields including
computer graphics, manufacturing science, mechanics, thermology, optics, acoustics, chemistry,
and biology [91]. Several studies have been conducted to investigate and compare the
mechanical properties of TPMSs by 3D-printing them in materials such as maraging steel,
graphene foams, and polymers [80,92-93]. Al-Ketan et al. concluded sheet-based TPMSs exhibit

superior mechanical properties to their skeletal-based counterparts and that the sheet-based
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diamond surface exhibited the greatest mechanical properties compared to several other TPMSs,
including the gyroid and primitive surfaces [80]. Jung et al. compared the effects of pore size and
porosity amongst the diamond, gyroid, and primitive surfaces [92]. They discovered that for the
same spanned area in the unit cell, the primitive surface is the lightest weight whereas the
diamond surface is the heaviest. Using a relative density comparison, the diamond surface has
the largest Young’s modulus and smallest Poisson’s ratio. The primitive surface has the smallest
Young’s modulus and largest Poisson’s ratio with the gyroid surface being in between the two.
Potentially their most important finding, Jung et al. concluded that the gyroid surface has nearly
perfect isotropic elastic properties making it more advantageous with polycrystalline structures
compared to the other surfaces. Maskery et al. concluded that although the primitive surface has
a significantly higher elastic modulus, it experiences significant deformation [93]. They state, “if
the application require that the latticed part undergoes high strain before failure, a gyroid or

diamond lattice would be preferred.”

In addition to mechanical strength, fluid permeability and mass transfer properties have been
studied to compare these TPMSs with each other and other strut-based architectures [94-97]. A
preliminary study by Castro et al. concluded that the primitive and gyroid surfaces have more
favorable permeabilities for bone applications [94]. Based on these mechanical property, weight,
stiffness, elastic behaviour, and fluid permeability comparisons in the current literature, the sheet-
based gyroid surface was chosen for further investigation in it's use for orthopaedic implant

design.

1.7  Gyroid Structures

Gyroids are found to exist naturally in structures such as butterfly wings [98-99], cell membranes
[100], and block copolymers [101-102]. The gyroid surface, both sheet-based and skeletal-based,
has been of particular interest in tissue engineering [103-107] and bone implantation [108-110]
due to its low-weight to high-strength ratio. Its structure has been studied and determined to be

well matched with trabecular bone, making it suitable for such applications [111-112].

As previously mentioned, TPMSs can be defined mathematically. The mathematical equation
representing the gyroid surface is:
sinXcosY + sinZcosX + sinYcosZ =0 (Equation 1-2)

X = 2amx, Y = 281y, and Z = 2ymrz where a, B, y are constants relating to the unit cell size in the

X, Y, z directions, respectively.
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This mathematical formula allows for easy modelling and manipulation of this surface. Several
studies have been conducted investigating the effect of the gyroid’s porosity on its material
properties, by altering either pore size, wall thickness, or both [113-117]. Several studies have
also explored the effects of porosity gradients throughout gyroid structures [115]. Liu et al. were
able to successfully develop TPMS-based scaffolds with cell-size gradients that exhibited superior
strength but similar elastic moduli to cortical bone [116]. Wallat et al. took this one step further by
developing both linear and non-linear porosity gradients [118]. They concluded that the graded-
porosity structures, compared to uniformly porous structures, have greater peak stresses but
lower mean normalised stresses. Kelly et al. have performed fatigue testing on gyroids of different
porosities, by altering both wall thickness and pore size [119]. While most gyroid testing has been
performed with cuboid shapes, Timercan et al. have explored more complex, cylindrical-based

shapes, for intervertebral applications [120].

As there are many 3D-printing factors (eg. printing method, printing material, post-printing
treatment) and specific geometry parameters (eg. pore size, wall thickness, overall shape) that
can affect the mechanical strength of these gyroid structures, further testing of these structures

is still required.

1.8 Finite Element Modelling

Before spending the time and resources on the manufacturing of these structures, it is best to
perform computer simulations to predict their behaviours. Finite element (FE) analysis allows for
the estimation of stresses and strains throughout complex structures. This is done by breaking
down (discretizing) these complex structures, into smaller, simple, inter-connected, finite

elements [121]. This collection of elements is known as the mesh.

The accuracy of these models is dependent upon multiple factors. One factor is the mesh size.
The smaller the elements in the mesh, and therefore the larger the number of elements, the more
accurate the results will be. However, there is a trade-off. As a mesh becomes finer, more
computational power is required. It is important to find a mesh size that will give accurate results
without being unnecessarily time-consuming. This can be done with a mesh convergence
analysis. Another factor influencing model accuracy is the element type. Element type is defined
by its shape, tetrahedral or hexahedral, and its order, linear or quadratic. Studies have shown that
second order elements provide more accurate results whereas linear elements can exhibit stiffer

behaviour than experimental results [122].
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Within FE modelling software packages, we can assign specific material properties, boundary
conditions, and loads to our structures. For biomedical engineering applications, we can mimic
complex materials, such as bones, by assigning different material properties to individual
elements within a single structure [25]. Then using algebraic equations, we can solve for the
desired variables at each of these elements. Resultant data, such as stresses, strains, and
displacements, can be obtained and exported from each individual element. This data can then
be used to determine important information about the structures, such as stiffness, strength, and

strain energy densities, depending on the purpose of the study.

1.9 Project Scope and Objectives

This study aims to contribute to the viability of gyroid structures for porous implant stems. The
primary step is to validate the finite element analyses of gyroid structures by comparing their in-
silico results to physical experimental results. The next step is a case study of developing shoulder
implant stems out of these gyroids structures and implementing them in finite element humerus
models. The porous stems are compared to a solid stem to assess their various impacts on the

surrounding bone in addition to their structural integrity for permanent implantation.

The main objectives of this study were:
1. To develop finite element models of cylindrical gyroids and perform compression and
fatigue testing on them to validate the models.
2. Perform a case study of gyroid humeral implant stems and assess their structural viability,

as well as their mechanobiological effects on proximal humeri, using FE modelling.

1.10 Thesis Overview

Chapter 2 describes the process of constructing gyroid cylinder models using computer-aided
design, simulating loading on them using finite element modelling, and validating those models
with physical testing. Chapter 3 describes the construction of gyroid glenohumeral implant stems,
the simulation of them implanted into proximal humeri of different densities and evaluating the
effects of this loading on both the stems and the humeri. Chapter 4 summarizes the work,
highlighting the strengths and limitations and outlining the future of this work. Supplementary

information can be found in the Appendices.
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Chapter 2

2 Static Compression and Fatigue Behaviour of Heat-treated
Selective Laser Melted Titanium Alloy (Ti6Al4V) Gyroid
Cylinders

This chapter describes the process of constructing cylindrical sheet-based gyroid structures using
a variety of computer techniques. A comparison of in silico and experimental static compression

and fatigue loading on the structures are also discussed.

2.1 Introduction

Triply periodic minimal surfaces (TPMSs) have become of great interest in the fields of mechanics
and biomedical engineering, due to their high strength to low weight ratios. Minimal surfaces are
described as having zero mean curvature, meaning at any point on their surface the sum of the
principal curvatures is equal to zero [79]. The nature of these surfaces reduces the build up of
stress concentrations that are produced in other porous structures with sharper angles and
corners. TPMSs are not a new topic of study, however traditional manufacturing techniques
limited the ability to produce these structures for several decades. An emergence of research
regarding TPMSs has arisen in the last 20 years due to the advancements of additive

manufacturing.

Additive manufacturing (AM), also known as 3D-printing, has allowed for the production of more
complex structures. AM takes a computer-aided design (CAD) model and prints it layer by layer.
AM can be used to print objects in a variety of materials from plastic and polymers to metals and
ceramics. Different AM techniques are suited for different materials and applications. One AM
technique often used for the printing of complex metal structures is Selective Laser Melting (SLM)
[84]. SLM works by selectively melting powder particles with a laser to solidify and build the object
one cross-section at a time. Many researchers have studied the mechanical properties of 3D-
printed TPMS-based structures [80,92-93]. Based on the current research, one TPMS named the
gyroid surface, has been of particular interest. The gyroid has almost perfect isotropic elastic

properties.

For applications such as orthopaedic implants, it is important that these structures not only have
adequate yield strengths, but they also have long fatigue lives. Finite element (FE) modelling is

an important modelling technique that allows researchers to analyze and predict the behaviours
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of materials at a reduced cost, both financially and time-wise. Although FE modelling is not a
novel concept, computer modelling of materials for their fatigue behaviours is less common. The
fatigue properties of regularly used materials are less known than their monotonic properties. The
manufacturing of these materials, such as selective laser melting, will also affect these properties.
A fatigue analysis software called Fe-safe uses Seeger’s method to predict the fatigue properties
of a material based on its Youngs modulus and ultimate tensile strength [123]. Duan et al.
demonstrated that Fe-safe could predict the fatigue life of machined dental implants within a 95%
confidence interval of their experimental results [124]. The purpose of this study is to observe the
trends of static compression and compression-compression fatigue behaviour across gyroid

porosities and validate the in silico predictions with experimental testing.

2.2 Methods

2.2.1 Gyroid Construction

Cylindrical gyroid structures were constructed using computer-aided design. First, a gyroid unit
cell was developed mathematically based on Equation 2-1. This unit cell was 6 mm in length,
width, and height. Using an opensource creation suite (Blender), the gyroid unit cell was arrayed
in all three directions to create a rectangular gyroid prism of size 18mm x 18mm x 42mm. The
thickness of the gyroid surface was increased to 0.85, 0.60, 0.45, 0.30 and 0.20 mm. This
developed five different structures at 60%, 70%, 80%, 85% and 90% porosities. These porosities
are the metal-void volume percentages of the corresponding solid geometry. A Boolean operation
was then performed between each gyroid rectangular prism and a solid cylinder (17mm in
diameter, 40mm in height) to construct the gyroid cylinders as shown in Figure 2-1. These
cylinders will be referred to as 60P, 70P, 80P, 85P, and 90P for the remainder of this chapter.

sinXcosY + sinZcosX + sinYcosZ = 0 (Equation 2-1)
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Figure 2-1. Development of the gyroid cylinder. Gyroid unit cell is translated in all three cartesian
directions and the resultant surface is thickened to obtain the desired porosity. A Boolean operation is
then performed between the thickened gyroid structure and a cylinder to develop the gyroid cylinder.

In order to analyze these structures in the FE software (Abaqus), surface optimization was
required. First, a stereolithography (STL) file of the gyroid cylinder was exported from blender. A
binary rasterization code was developed to create a binary image volume representation of the
gyroid cylinder in a Metalmage (mha) format. An isosurface extraction was then performed on
each Metalmage to generate a new surface triangulation (Microview). Surface improvements
were performed to smooth any edges and trim the ends to ensure they were perfectly flat
(Geomagic). A high-quality mesh was then created (Netgen) before importing the structures into
the finite element modeling software (Abaqus). Meshing parameters are shown in Appendix 5.1.
Two meshes of each cylinder were developed which consisted of a) linear tetrahedral elements
(C3D4) and b) quadrilateral tetrahedral elements (C3D10). The number of elements increased as

porosity decreased and ranged from approximately 1.3 million to 4.0 million elements.

2.2.2 3D Printing

A metal 3D printer (Renishaw AM400), was used at the Additive Design in Surgical Solutions
(ADEISS) Centre at Western University, which is an ISO 13485 compliant company. The gyroid
cylinders were printed in medical grade titanium (Ti-6Al-4V) using selective laser melting (laser
power: 200-400W, scanning speed: 10,000-20,000 points/second, particle diameter: 15-45
microns, spot size: 70 microns) and underwent heat treatment (24-hour cycle of stress relief, 850
°C for 1 hour then passive cool down). Five specimens were printed for the 70P, 80P, 85P and

six specimens were printed for the 60P and 90P. The actual porosities were determined from the
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masses of the printed specimens. A density of 4.28 g/cm was assumed for the 3D-printed titanium

and confirmed by the mass of a printed solid part [125].

End caps were added to both sides of each cylindrical gyroid specimen for 3D printing, as shown
in Figure 2-2. The bottom surface of these end caps was perfectly flat where they connect with
the flat gyroid ends. They consisted of a 4 mm thick cylindrical region with a shallow cone to
ensure an equal application of force across the cross-section of the cylinder as well as providing

a location for mark placements for the strain measurement (explained further in 2.2.3).

Figure 2-2. CAD models of the gyroid cylinders with end caps developed for the experimental
testing. Left: 60P. Right: 90P.

2.2.3 Static Compression Testing

A static compression test was performed on each porosity (N=1) at a displacement rate of
0.3mm/min, in accordance with ISO 13314 [126], to determine the apparent modulus of elasticity
and yield strengths of each structure. The specimens were loaded to 10 kN or until catastrophic
failure. Three 60P specimens underwent these tests to assess repeatability. A video
extensometer was used to measure the overall strain in the specimens from a white paint circle
placed on each endcap, shown in Figure 2-3. Further explanation of the video extensometer
calibration and validation can be found in Appendix 5.2. The apparent modulus of elasticity was
determined using Equations 2-1 to 2-3, to compare the stiffness of the experimental tests to the

computational models.

o= (Equation 2-2)
L .

e=In (Z) (Equation 2-3)

E = % (Equation 2-4)
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o is the apparent stress, F is the applied force, A is the surface area of the cross section of a
17mm cylinder (diameter of the gyroid cylinders), € is the overall axial strain measured from the
video extensometer, L is the length between tracking marks, L, is the original length between
tracking marks, and E is the apparent modulus of elasticity. The apparent modulus of elasticity
was the chosen measurement because the purpose of this study is not to analyze the strength
and stiffness of the 3D-printed titanium but to compare each of the porous gyroid fill structures as

a metamaterial.

Figure 2-3. Gyroid testing configuration for static compression tests. \White marks on each end of
gyroid were tracked by the video extensometer to measure the overall strain of the specimen in real time.

2.2.4 Fatigue Testing

Compression-compression fatigue tests were performed (frequency: 10 Hz, sinusoidal waveform,
loading ratio: 0.1). One specimen was tested per loading cycle to obtain a fatigue life curve for
each gyroid porosity. The maximum loads were chosen as 50%, 70%, 80%, and 90% of the yield
force. Due to the limited capability of the Instron, the 70P specimens were tested at maximum
loads of 50%, 65%, 70%, and 75% of their yield force. The tests were stopped when a million
cycles were reached, or catastrophic failure occurred. The 60P specimens (N=3) were tested at
the same maximum load of ~45% of its yield force. The 60P specimens were not stopped at a

million cycles but continued until catastrophic failure occurred.
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2.2.5 Finite Element Modeling

In Abaqus, the gyroid cylinders were assumed to be made of titanium (Ti-6Al-4V) by assigning
the material a Young’s modulus of 110 GPa and a Poisson’s ratio of 0.34 [24,127]. Plasticity was
considered by defining the yield strength of Ti-6Al-4V as 880 MPa [128]. A reference point was
created 5 mm from the center of each cylinder end. All the nodes on the bottom surface of the
cylinders were connected to the closest reference point via kinematic coupling (Figure 2-4). The
reference point was then constrained in all degrees of freedom. All the nodes on the top surface
were connected to the closest reference point via kinematic coupling. A 10kN load was applied to

the reference point to be evenly distributed across the top surface of the gyroid.

Figure 2-4. Constraints, boundary conditions, and loads applied to the gyroid cylinder structures.
A reference point located in the center of each cylinder end was constrained to all the points on their
respective surfaces. One reference point was constrained in all degrees of freedom. The opposite
reference point had a concentrated force of 10kN applied to it which is distributed across all connected
nodes.

The FE model results were loaded into a compatible fatigue analysis software (Fe-safe) which
reads the resultant stresses and strains on the structure. Although it can typically be assumed
that a structure will fail where the maximum stresses are occurring, Fe-safe can provide contours
of several fatigue parameters such as predicted fatigue lives or probability of failure under a
defined number of cycles. Fatigue analyses are more complex than simple static analyses, as
they require more material specific parameters, known as fatigue parameters. The fatigue
parameters of certain materials, such as SLM Ti6Al4V, are not well known. Fe-safe can
approximate the fatigue properties (Table 2-1) from its ultimate tensile strength (UTS) and
Young’s modulus, using Seeger’'s method [123]. The surface finish was also considered by

defining the Roughness Average (Ra) to be between 1.6um and 4um, aligning with reported
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values for grit-blasted Ti6AI4V [129]. The Fe-safe process used is described in further detail in
Appendix 5.3.

The same loading scenarios were analysed in the virtual fatigue tests as the experimental tests
described in 2.2.4. The applied loads in the models were increased based on the experimental
static compression results to mimic the actual deformation and strain that the gyroid cylinders
experienced. The fatigue strength coefficient (sf’) was altered from the Seeger’s approximation to
align the computational results of the 80P gyroid, at the 80% of yield force maximum loading
scenario, with the experimental results. This new sf’ was used for each fatigue life analysis
scenario to assess the agreement between in silico and experimental results. Failure was
determined as the lowest predicted fatigue life within the internal struts of the gyroid cylinders, as
failure of the external struts along the outer surface of the cylinder would not produce catastrophic

failure.

Table 2-1. Fatigue parameters estimated by Fe-safe using Seeger's method before calibration.

Fatigue Parameter Symbol Estimated Value
Cyclic strain hardening coefficient K 1529.5 MPa
Cyclic strain hardening exponent n’ 0.11
Basquin’s fatigue strength exponent b -0.095
Coffin-Manson fatigue ductility exponent c -0.69
Fatigue ductility coefficient EF 0.35
Fatigue strength coefficient sf’ 1586.5 MPa

2.3 Results
2.3.1 3D Printing

The 3D-printing of these porous structures produced slightly more porous than intended
specimens. The nominal porosities and actual printed porosities can be found in Table 2-2. These

porosities were calculated based on the average mass of the specimens for each porosity group.

Table 2-2. Average porosity of 3D-printed specimens compared to the nominal porosity. Nominal
porosity refers to the porosity of the gyroid if there were zero internal porosity based on the volume of the
CAD models. Actual porosity refers to the average porosity of all the specimens in each porosity grouping,
based on their masses and the assumption that the endcaps on each end of the gyroids were 100% solid.

Porosity Label 60P 70P 80P 85P 90P
Nominal Porosity 60.7% 70.5% 79.8% 84.8% 89.8%
Actual Porosity 64.2% 74.0% 82.9% 87.8% 92.4%
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The 85P and 90P cylinders had visible defects at the top boundary between the gyroid structure
and the end cap (See Figure 2-5). Electron beam machining was performed to slice off the top
3mm of the gyroid and the top endcaps on these specimens. A new end cap was manufactured

that the cut surface could fit into. A finalized printed specimen from each porosity group can be

seen in Figure 2-6.

T st RS AL

Figure 2-6. One specimen of each of the gyroid cylinders. From left to right: 60P, 70P, 80P, 85P, 90P.

2.3.2 Static Compression Testing
The apparent modulus of elasticity for each porosity level was determined from the linear region

of apparent stress vs. strain curves (See Appendix 5.5). The apparent modulus of elasticity was
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determined in the same manner for the finite element models and a comparison of these values

for each porosity can be found in Figure 2-7.
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Figure 2-7. Comparison of the apparent modulus of elasticity versus porosity between the
computational models (linear and quadratic elements) and the experimental results. Due to limited
computational capabilities, the computational model of the 60P specimen with quadrilateral elements
could not be analysed. Error bars represent the standard deviation for the 60P specimens (N=3). All other
porosities were tested with one sample.

The repeatability of the static compression tests was analyzed using three 60P specimens which
resulted in apparent moduli of elasticity of 11.83 GPa, 11.98 GPa, and 13.35 GPa (See Figure
2-8).
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Figure 2-8. Apparent stress versus strain for the static compression tests of the 60P specimens.
Each colour represents a different specimen. The Apparent modulus of elasticity (slope of the lines) are

11.83 GPa, 11.98 GPa, and 13.35 GPa.
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2.3.3 Fatigue Testing

The fatigue lives of the specimens were defined by the number of cycles to catastrophic failure.
Each specimen had a smooth increase in deformation, with less than 0.1% overall strain, before
catastrophic failure occurred. Images of the tested specimens can be found in Appendix 5.6. The
maximum apparent stresses are plotted against the predicted and experimental fatigue lives for
all the specimens in Figure 2-9. When using the FE models to predict the fatigue lives of the
specimens, the number of cycles to failure was consistently overpredicted with each scenario
predicting over a million cycles. As shown in Section 2.3.2, the FE models were predicting the
gyroids to be stiffer than exhibited by the experimental tests. Considering this difference, the loads
applied to the FE models were increased to match the overall deformation of the gyroids instead
of applied loads. After scaling these loads, the fatigue strength coefficient (sf’) was adjusted until
the 80P specimen (at a maximum load of 80% vyield force) had a fatigue life prediction within
20,000 cycles of the experimental results. The 80P specimen was predicted to fail at 522396
cycles (experimental life: 503249 cycles) when sf’ was lowered to 1225 MPa from 1586.5 MPa.
This new sf’ of 1225 MPa was used for the fatigue life prediction of all the fatigue loading scenarios

which can be seen in Figure 2-9.
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Figure 2-9. S-N diagram of the experimental fatigue tests. Apparent stress refers to the maximum
loading divided by the cross-section of a 17mm diameter cylinder. Arrows represent specimens which
were stopped at 10° cycles. The triangle outlined in red represents the computational specimen used to
determine a new sf value.
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Figure 2-10. Maximum loading as a percentage of yield force versus the number of cycles to
catastrophic failure. Arrows represent specimens that exceeded 10° cycles. The triangle outlined in red
represents the computational specimen used to determine a new sf value.

As gyroid porosity increased, the number of cycles to failure at the same percentage of their yield
force decreased as shown in Figure 2-10. A better agreement was observed between predicted

and actual fatigue lives as stem porosity decreased.

2.4 Discussion

The purpose of this study was to observe trends and compare the in silico and experimental
results of static compression and compression-compression fatigue testing on cylindrical gyroid
structures. The SLM printed gyroid structures were found to be 2.6%-3.5% more porous than
designed in the computational models, based on their masses. This can be an indication of
potential printing non-idealities such as internal voids and/or thinner walls produced than
intended. There was a difference of an apparent modulus of elasticity of 1.52 GPa between the
60P specimens during the experimental static compression tests. This demonstrates that the
stiffness of these gyroids is highly sensitive to the printing defects that are present. The walls of
these 60P gyroids are thin (0.85mm) which is understandable why they are so sensitive to the
potential defects. As shown in Figure 2-11, the printing tolerances of the 3D printer will have a
bigger impact on thin-walled structures. The only difference between the gyroid cylinders in this

study are the thicknesses of their walls. As the walls get thinner, the ratio between the nominal
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thickness and actual printed thickness gets larger, leading to larger discrepancies between the

computational models and experimental results.

MT MT
Nt NT

Figure 2-11. Depiction of the ratio of the minimum thickness printed (MT) and
the nominal (intended) thickness (NT). As the nominal walls get thinner, the ratio of
minimum thickness to nominal thickness gets larger. The darker grey outer region is
where the material is not 100% consolidated meaning the wall thickness will have
some variations throughout the structure.

Another issue encountered with the printing of these specimens were the cracks developed at the
top edge of the 85P and 90P specimens. The harsh transition from the highly porous gyroid to
the solid endcap left it vulnerable to crack initiation during printing. In future studies, it is important
to take better note of this transition between the gyroids and solid structures when the build
requires the highly porous structure to support a solid one. If this scenario were required, a

decreasing porosity gradient leading into the solid structure could help prevent crack initiation.

The linear and quadratic computational models predicted, on average, 2.74 + 0.45 GPa and 2.15
+ 0.40 GPa higher apparent moduli of elasticity for the gyroids than demonstrated by the
experimental tests, respectively. The difference between the in silico and experimental results
can be attributed to the difference between nominal and actual porosities. By using the
quadrilateral elements versus the linear elements, there was a slight change in the apparent
modulus of elasticity in favour of the experimental results. This was expected, as second-order
tetrahedral elements have been shown to provide more accurate results than first-order elements
in the literature [122]. The trade-off with using quadrilateral elements for complex geometries with

fine meshes is they take significantly more computing power. Although the FE models showed
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the gyroids to be stiffer than in reality, the curve comparing porosity with apparent elastic moduli
were similar to the experimental results, further demonstrating that the discrepancy can be

attributed to the printing non-idealities.

The S-N curves got steeper as gyroid porosity increased, meaning the fatigue life was more
sensitive to the applied loads as the walls of the gyroid got thinner. To get a better idea of how
sensitive the gyroid porosity is to the applied loads, the fatigue lives were plotted against the
apparent stress as a percentage of the yield stress. There was a consistent trend that for the
same percentage of their yield stress, an increase in gyroid porosity caused the gyroid to fail at
fewer load cycles. This could be attributed to the higher porosity gyroids being more sensitive to
printing non-idealities, as they have thinner walls. On average, the predicted fatigue lives were
within 54% of the experimental fatigue lives. A limitation of this study is the porosity of the gyroids
were only altered by changing the thickness of their walls. Another method to altering the gyroid
porosity would be to change the size of the unit cell. If this study were conducted again with a
fixed wall thickness and an alteration of unit cell size to obtain desired porosities, it is possible
there would be a better agreement between the gyroids fatigue lives and their apparent stress as

a percentage of their yield strength.

A previous study by Duan et al. was able to demonstrate Fe-safe fatigue life predictions within a
95% confidence interval [124]. The main differences between their study and this one is the
manufacturing and geometry of the specimens. The additive manufacturing of the specimens in
this study causes a change in fatigue parameters not accounted for in Fe-safe. Even with the
calibration of the fatigue strength coefficient, there was not a great agreement between the fatigue
life predictions and the experimental fatigue lives. There was a trend of better agreement with the
lower cycle fatigue compared to the higher cycle fatigue for all gyroid porosities (with the exception
of the 60P specimen which had very good agreement at high-cycle fatigue). There was a better
agreement between actual and theoretical fatigue lives as porosity decreased. The complex
geometry of the gyroid could also contribute to these differences. Unlike a simple geometry, it is
impossible to determine the exact location of crack initiation on the gyroid cylinder from the
experimental tests. It was assumed in the computational models that the any cracks initiated on
the struts on the outer perimeter of the cylinder would not cause catastrophic failure and were

therefore ignored in the fatigue life predictions.
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2.5 Conclusion

Overall, the computational models were able to provide similar trends to the experimental results.
Although the FE models did not provide accurate static and fatigue results, they were still able to
provide a good relationship of the five different stem porosities. Most of the discrepancies in this
study can be attributed to the manufacturing of the specimens. The static compression testing
provided important data to calibrate the virtual fatigue tests, which helped close the gap between
predicted and actual fatigue lives of the specimens. Further calibration of the fatigue parameters
could probably improve the fatigue life predictions and should be explored. Due to the geometry
of these specimens, defining when failure will occur in the virtual models was difficult and therefore
most likely added to the disparities between in silico and experimental results. Future work should
explore the effects of different printing parameters and gyroid configurations (e.g., different pore
size) to obtain a better agreement between nominal and actual porosities and therefore better

agreement between computational and experimental results.
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Chapter 3

3 Mechanical Analysis of Porous versus Solid Shoulder Implants
in Humeri of Different Bone Densities

This chapter demonstrates the construction of a gyroid-based humeral implant stem and the
exploration of its mechanical properties and mechanobiological impact on proximal humeri, using

finite element modeling.

3.1 Introduction

As described in Chapter 1, orthopaedic device-related infection (ODRI) can be a serious
complication of shoulder arthroplasty. Approximately 2% of primary and 4% of revision shoulder
arthroplasties will become infected [130]. When ODRI occurs, the current gold standard is to
replace the implant with a two-staged revision surgery, however there are several disadvantages
to these procedures. Two-staged revision surgeries involve one surgery to remove the infected
implant and replace it with a temporary spacer loaded with antibiotics and a second surgery to
reimplant a new permanent device. Polymethyl methacrylate (PMMA), the material typically used
for temporary spacers, is not an ideal carrier for antibiotic delivery. PMMA is a dense, non-
resorbing, acrylic which can only elude antibiotics from its surface and pores [7]. This results in
only around 10% of the loaded antibiotics being eluded into the patient [8]. As well, the drug-
release timeline can make the patient susceptible to antibiotic resistance and bacteria growth on
the implant [64]. One way to improve this antibiotic delivery after ODRI is to use resorbable drug
carriers, such as calcium sulfate [8,66-67]. Resorbable carriers will fully resorb over time,
delivering the antibiotics over a longer period of time at a more consistent rate than PMMA. As
well, if a permanent implant scaffold was used to house these resorbable drug carriers, then no
material removal and replacement would be required in a second surgery. The development of a
permanent porous implant that could be employed in that first surgery could reduce the two-

staged process to one-stage.

A porous implant would need to have the mechanical strength to withstand physiologically
relevant loads as well as an infinite fatigue life. One structure which has become of recent interest
in the fields of biomedical and tissue engineering is the gyroid, which was investigated in Chapter

2. The gyroid, discovered by Alan Schoen in 1970, is a triply periodic minimal surface (TPMS).
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TPMSs have zero mean curvature which means the mean curvature at every point on the surface
is equal to zero. Unlike some other TPMSs, gyroids have nearly perfect isotropic properties [60].
Although these complex structures are difficult to replicate with traditional machining techniques,
the development of additive manufacturing has made the production of gyroids quite simple
[115,119]. In fact, their constant curvature and self-supporting nature minimizes the waste

material during printing.

Another benefit to using a porous structure for implant design is the potential to mitigate stress
shielding. Stress shielding has been a major problem with orthopaedic implants for their entire
existence and researchers are constantly searching for ways to reduce/prevent it. Razfar et al.
compared the impact of stemless, short-stemmed and standard stem humeral implants on bone
mechanobiology [24]. Aibinder et al. [28] and Denard et al. [30] have also analyzed the use of
stemless and short stemmed implants, respectively. Soltanmohammadi et al. explored the use of
hollow stems instead of solid [25]. Denard et al. investigated the stress shielding effects between
press-fit and cemented fixation for reverse shoulder arthroplasty [26]. Kim et al. concluded lower
filling ratios reduce stress shielding in reverse shoulder arthroplasty [27]. Tan et al. examined the

use of a proximal porous coating on the humeral stem [131].

The objective of this study is to evaluate the mechanical viability of gyroid humeral implant stems
using finite element modeling (FEM). Although mitigating stress shielding effects is not the main
goal of this study, the impact that porous gyroid stems would have on stress shielding and bone
mechanobiology is still important to explore. It is hypothesized that the reduced stiffness of the
porous stems will reduce stress shielding effects on the surrounding bone. The significance of
this study is to combat orthopaedic implant infection and potentially reduce two-staged revision

surgeries to one surgery.

3.2 Methods
3.2.1 Humeral Stem Construction

Humeral implant stems were constructed using sheet-based gyroid structures, as described in
Chapter 2. A gyroid unit cell (6mm x 6mm x 6mm) was arrayed in all three directions to create a
cuboid structure (30mm x 30mm x 78mm). The walls of the gyroid were thickened to 0.85 mm,
0.60 mm, and 0.45 mm to obtain porosities of 60%, 70%, and 80% (referred from here as G60,
G70, and G80, respectively). A Boolean operation was then performed with a shortened humeral

stem (~70 mm in length) to obtain the gyroid stems, as shown in Figure 3-1.
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Due to surface mesh problems caused by the Boolean operation, the resultant stems were not
compatible with the finite element (FE) analysis software (Abaqus). Before performing FE
analyses, the gyroid humerus stems needed to undergo several preparation steps. First, a binary
rasterization code was used to develop a binary image volume representation of each structure.
The image volumes underwent an isosurface extraction (Microview), generating new surface
triangulations. Surface smoothing and enhancements were performed to create the final gyroid
humerus structures (Geomagic). Lastly, a high-quality surface and volume mesh was created
(Netgen). These meshing parameters can be found in Appendix 5.1. The meshed parts were
imported into the FE software for analysis (Abaqus). The stems consisted of approximately
800,000 to 1,500,000 linear tetrahedral elements. The gyroid stems were assumed to be made
of 3D-printed titanium alloy (Ti-6Al-4V) with grit-blasted surfaces, which has a Young’s modulus
of 110 GPa and a poisson'’s ratio of 0.34 [24,127].

Figure 3-1. Process of constructing the gyroid glenohumeral stem. Gyroid unit cell is translated in all
three cartesian directions and the resultant surface is thickened to obtain the desired porosity. A Boolean
operation is then performed between the thickened gyroid structure and a solid glenohumeral stem to
develop the gyroid stem.

3.2.2 Humerus Models

Statistical shape and density models were created to develop one humerus shape based on
computed tomography (CT) scans of 75 cadaveric shoulders (57 males and 17 females, 54
donors, 73 +/- 13 years) in a previous study [132]. Three bone densities were created to represent
a healthy, an osteopenic, and an osteoporotic humerus. The Young’s moduli (E) of the bones
were assigned on an element-by-element basis, with a minimum allowable E of 15 MPa. The
humeral heads of each specimen were virtually osteotomized and the medullary cavities were

reamed in the proximal humerus for stem placement [25]. Each bone mesh consisted of
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approximately 300,000 linear tetrahedral elements with an average edge length of 1.5 mm.
Identical meshes were created between intact and reconstructed humeri to allow for element-by-
element comparisons. The G60, G70, and G80 stems, and a solid stem were virtually implanted
into all the reconstructed proximal humeri models, as shown in Figure 3-2, by manual placement.
Each stem type is in the exact location across the different bone densities and for all the loading

conditions.

Figure 3-2. Intact bone (left), reconstructed bone with solid implant (middle) and reconstructed
bone with 80p stem (right). Reconstructed bones have identical humeral head components.

3.2.3 Loading Conditions

A frictional coefficient of 0.63 was assigned to represent the frictional force between the humerus
and the grit-blasted stems [133]. The distal end of each humerus was constrained in all degrees
of freedom, as shown in Figure 3-3. Contact forces and frictional moments were reported from a
single patient, in vivo study by Bergman et al. [134], as a percentage of the patient’s body weight.
The resultant forces and frictional moments used in this study (Table 3-1) were calculated from
the average weight of donors (63.5 kg) used in the statistical shape and density models, as

discussed in Section 3.2.2.

Table 3-1. Resultant forces and frictional moments applied to the humerus during four different
loading scenarios. All forces are in N. All moments are in N-mm.

Arm Position F. Fy F, Fret M, My M, Mhaet

45° of Abduction 130.8 | -274.1 | 99.7 | 319.6 | 13705 | 1183.6 | 872.1 | 2009.9

75° of Abduction | 211.8 | -461.0 | 155.7 | 530.7 | 1806.5 | 1681.9 | 1495.0 | 2885.7

90° of Flexion 193.1 | -417.4 | 143.3 | 481.7 | 809.8 | 4983 | -747.5 | 1209.5

120° of Flexion 317.7 | -666.5 | 230.5 | 773.5 | 1868.8 | 1370.5 | 2242.6 | 3224.9

34



Figure 3-3. Coordinate system for the proximal humeri and boundary conditions applied to distal
end. The x-axis runs in the posterior/anterior directions. The y-axis runs longitudinal along the middle of
the humerus. The z-axis runs in the lateral/medial directions.

3.2.4 Stem Viability

The viability of these porous stems was assessed by looking at the Von Mises stress distributions
under each of the loading conditions and comparing them to the yield strength (880 MPa) of
Ti6AI4V [128]. A virtual fatigue life assessment was also conducted to determine the amount of
cyclic loading these structures could withstand at each of the loading scenarios (Fe-safe). Fe-
safe reads the stresses and strains from the FE analyses and can provide contours of multiple
fatigue-related results such as the predicted number of cycles until failure or probability of failure
at a provided number of cycles. Unlike the monotonic properties for commonly used materials,
such as Ti6Al4V, the fatigue properties of these materials are less known. Fe-safe uses Seeger’s
method to estimate the fatigue parameters of a material from a provided Young’'s modulus and
ultimate tensile strength (UTS) [123]. Along with providing these two monotonic properties, the
surface finish is defined by selecting a range of Roughness Averages (Ra). For the case of grit-
blasted Ti6AI4V, the surface finish was defined to be in the range of 1.6 ym <Ra <4 um [129].

3.2.5 Bone Mechanobiology Measures

Using the resultant stresses and strains at each of the bone elements, three different measures
were used to determine the mechanobiological impact these porous stems have on the bones.

The first measure was the volume-weighted average change in the magnitude of von Mises stress
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of the bone following reconstruction with respect to the intact state (Aovwa), represented by
Equations 3-1 to 3-3.

Y (Ao )XVolume .
AO_VWA — VM1 Reconstructed Element x 100 (Equat/on 3_1)
Y(Aoy M) mtact XV OlumeReconstructed Element
Aoyy, = (UVM)Reconstructed - (GVM)Intact (Equation 3-2)

2 2
Oyy = \/0.5 X [(axx —0yy) + (0yy —02,) 4 (0, — 0x)? + 6 X (02, + 0% + azzx)] (Equation 3-3)

The second measure is the volume-weighted average deviatoric component of the change in

stress tensor with respect to the intact state (AS), represented by Equations 3-4 to 3-6.

(Ao YXVolume
A _ VM2 Reconstructed Element X 100

= (Equation 3-4)
Y(Aoy M) mtact XVolumepreconstructed Element

Aoy = \/0.5 X [(Aaxx - Aayy)z + (Aoy, — Aazz)z + (80, — Aoyr)? + 6 X (Ad?, + Ao, + Aazzx)] (Equation 3-5)

Adyj = (O-ij)Reconstructed - (aij)lntact (Equation 3-6)

Whereiandj=x,y, z.

The last measure is the volume percentage of bone that has the potential for bone
formation/resorption based on the strain energy density (SED) of each element, represented by
Equation 3-7. If the SED of the reconstructed element is more than 55% above/below the SED of
the respective element in the intact state, then that bone element is considered to have the

potential for bone formation/resorption [25,127,135].

SED =05X% (0-¢) (Equation 3-7)

These three measures were calculated separately for the cortical and trabecular regions at 10mm
incremental slices throughout the proximal 80mm of each bone, shown in Figure 3-4. The overall
average of the top 40mm and 80mm of the proximal bones were also calculated for the trabecular

and cortical bones, respectively, due to a lack of trabecular bone in the distal 40 mm.
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Figure 3-4. Slices taken on the proximal humeri. Cortical bone is found in all 8 slices. Trabecular bone
is found in the proximal four slices. Bone mechanobiology measures were calculated and average across
all slices as well as across the entire proximal 80mm/40m for the cortical and trabecular regions.

3.2.6 Stem Construction and Placement Sensitivity

The humeral stem was translated 1.5mm (25% of the gyroid unit length) in one direction, before
the Boolean operation, to create a second 60% porosity stem (referred from here as G60b) to
compare the effect of gyroid location within the stem. The G60b stem was analyzed within the
osteopenic bone only. The G60 stem was also manually implanted into the osteopenic bone a
second time to compare the effects of the manual placement. The G60b stem and second G60

stem placement were only analyzed under the 90° of flexion loading condition.

3.2.7 Statistical Analysis

The mean values and standard deviations were calculated across the four loading conditions for
each of the bone mechanobiology measures. Independent t-tests were performed in Excel to
compare the mean values of each stem type in each slice. Significant difference was defined at
the 5% level (p<0.05).

3.3 Results

3.3.1 Stem Viability

The Von Mise stress distributions across each porous stem for each scenario (three bone
densities, four held-arm positions) were analysed. With the exception of a few mesh-dependent

singularities, none of the porous stems exceeded the yield strength of Ti6AI4V (880 MPa) in any

of the scenarios. To better understand the effects of gyroid porosity and bone density on the
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viability of these stems, Figure 3-5 shows the distributions of Von mises stresses in each porous
stem for each scenario. As expected, the stresses in the porous stems increased as stem porosity
increased (decrease in wall thickness). There was not a clear trend in the stress distributions on
the stems across the different bone densities however, the largest stresses were observed in the
G80 stem when employed in the healthy bone under the 120° of flexion loading condition. The

average Von Mises stress in this localized high stress region was 408.9 MPa.

The predicted fatigue lives for each of the stems in each loading scenario were predicted using a
fatigue analysis software (Fe-safe). All the stems were predicted to exceed 10 million cycles (of
the full range of their respective loads) without catastrophic failure, as no failure was predicted in

the internal struts of the porous stems.
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Figure 3-5. Von Mises stress distributions on the porous stems when under each of the loading
conditions in each of the bone densities. Stress values are scaled down to better exhibit the stress
distributions.
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3.3.2 Bone Mechanobiology

The results for all three outcome measures have been averaged across the four loading
conditions in order to observe trends in the effects of stem porosity versus a traditional solid stem.

The results for each individual loading scenario can be found in Appendix 5.7.

3.3.2.1 Change in Von Mises Stress

The volume-weighted average changes in von Mises stress with respect to the intact bone are
shown for each slice and the overall proximal bone in Figure 3-6. There is a trend of a decrease
in stresses as you move distally down the humerus for all the stems. The effects of stem porosity
are not consistent from slice to slice, however the greatest and most consistent effects are in the
osteoporotic bone, where an increase in stem porosity further decreases the Von mise’s stresses
in the bone compared to the solid stem. The greatest significant difference in all the slices is in
the trabecular region of the most proximal slice (Slice |) of the healthy humerus, with a ~43%
decrease in stress when the G70 stem is employed versus the solid. For the entire proximal
regions analysed, the greatest significant difference in stress was a ~25% decrease in the
trabecular region of the osteoporotic bone when the G80 stem was employed versus the solid

stem.

To compare the effects of stem design, stem placement, and gyroid to bone interaction, the
change in Von Mises stress in the osteopenic bone when the G60 stem, G60b stem, G60 stem in
a slightly different location, and the solid stem with a reduced elastic modulus (14.5 GPa) to
represent the 60% porous gyroid (refer to Chapter 2) are plotted in Figure 3-7. The largest
difference observed between stem scenarios was in the trabecular region of slice IV. The G60
stem caused a ~29% decrease compared to the G60b stem. The greatest difference in the overall
cortical region was a ~3% decrease when the G60b stem when employed versus the solid stem
with a reduced elastic modulus. The greatest difference in the overall trabecular region was a

~15% decrease when the G60 stem in a new location was employed versus the G60 stem.
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Figure 3-6. Volume-weighted average change in the magnitude of Von Mises stress for the
reconstructed bone as a percentage of the intact bone. Reported values are averaged across the four
loading conditions to compare the effects of stem porosity in all three bone densities. * indicates a
significant difference between the two values.
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Figure 3-7. Volume-weighted average change in the magnitude of Von Mises stress for the
reconstructed bone as a percentage of the intact bone. In this scenario, the osteopenic bone is under
the 90° of flexion loading condition. G60 represents the original porous stem. G60b represents the
second created stem where the implant stem was shifted 1.5 mm within the gyroid structure before the
Boolean operation.

3.3.2.2 Deviatoric Change in Stress

The deviatoric changes in stress tensor with respect to the intact state at each slice, as well as
the overall proximal region of the bone, are shown in Figure 3-8. There was not a consistent trend
when comparing the stem porosities effects for this outcome measure in any of the bone densities.
However, there is a decrease in the deviatoric change in stress as you move distally along the

humeri for all the employed stem scenarios.
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Figure 3-8. Volume-weighted deviatoric change in stress tensor for the reconstructed bone as a
percentage of the intact bone. Reported values are averaged across the four loading conditions. Error
bars represent the standard deviation. * indicates a significant difference between the two values.
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Figure 3-9. Volume-weighted deviatoric change in stress tensor for the reconstructed bone as a
percentage of the intact bone. This is when the osteopenic bone is under the 90° of flexion loading
condition. G60 represents the original porous stem. G60b represents the second created stem where the
implant stem was shifted 1.5 mm within the gyroid structure before the Boolean operation.

The greatest significant difference was observed in the trabecular region of the most proximal
slice (slice 1) in the healthy bone when the G70 stem caused a ~52% decrease compared to when
the G60 stem is employed. The greatest significant difference in the entire analysed proximal
region was in the trabecular region of the healthy humerus, where a ~22% decrease was caused

by the employment of the solid stem versus the G60 stem.

To compare the effects of stem design, stem placement, and gyroid to bone interaction, the
deviatoric change in stress in the osteopenic bone when the G60 stem, G60b stem, G60 stem in
a slightly different location, and the solid stem with a reduced elastic modulus (14.5 GPa) to
represent the 60% porous gyroid (refer to Chapter 2) are plotted in Figure 3-9. The largest
difference between stem scenarios (~38% decrease) occurred in the trabecular region of slice 1V,
when the G60 stem was employed in a new location versus the G60b stem. The greatest
difference in the overall cortical region was a ~9% decrease when the solid stem with a reduced

elastic modulus was employed versus the G60 stem. The greatest difference in the overall
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trabecular region was a ~16% decrease when the solid stem with a reduced elastic modulus

versus the G60 stem in a new location.

3.3.2.3 Percentage of Bone Resorption/Formation

This measure estimates the bone remodelling potential of the bone. There is not a consistent
trend across all slices, but there is a trend of a decrease in bone resorption as we increase stem
porosity in the overall proximal bone, particularly in the osteopenic and osteoporotic humeri.
Across all slices, the greatest decrease in bone resorption (~47% of bone volume) is observed in
the cortical region of the most proximal slice (Slice |) of the osteoporotic bone when the G80 stem
is employed compared to the solid stem. For the overall proximal regions, the greatest decrease
in bone resorption is observed in the cortical region of the osteoporotic bone when the G80 stem
is employed compared to the solid stem (~17% of bone volume). The volume percentage of bone
resorption/formation is displayed in Figure 3-10 for both the cortical and trabecular bone regions

for all bone slices and the overall proximal region of the bone.

To compare the effects of stem design, stem placement, and gyroid to bone interaction, the
potential bone resorption/formation in the osteopenic bone when the G60 stem, G60b stem, G60
stem in a slightly different location, and the solid stem with a reduced elastic modulus (14.5 GPa)
to represent the 60% porous gyroid (refer to Chapter 2) are plotted in Figure 3-11. The largest
difference in bone resorption between stem scenarios was in the cortical region of Slice IV (~21%
decrease) when the G60 stem was in a new position versus its original position. The cortical and
trabecular regions both had an overall decrease in bone resorption of ~5%. For the cortical bone,
this decrease was caused by the employment of the G60b stem versus the G60 stem. For the
trabecular bone, this decrease was a result of the G60 stem in a new location versus the G60

stem.

44



\Y

Vil Vi

Vil

Overall

\Y

Overall

CORTICAL BONE

0%

0%

Healthy Osteopenic Osteoporotic
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
60p 60
70p 70p
80p 80p
Solid Solid
60p 60
70p 70p
80p 80p
Solid Solid
60p 60
70p 70p
80p 80p
20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
TRABECULAR BONE
Healthy Osteopenic Osteoporotic
Solid Solid
60p 60p
70p 70
80p 80p
Sggd Sggd
70p 702
80p 80p
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
60p 60p
70p 70p
80p 80p
Solid Solid
% %
SOB SOB
20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

= Resorbing = Unchanged = Forming

Figure 3-10. Volume percentage of bone resorption/formation in the reconstructed bones.
Reported values are averaged across the four loading conditions.
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Figure 3-11. Volume percentage of bone resorption/formation in the reconstructed osteopenic
bone when under the 90° of flexion loading condition. G60 represents the original porous stem. G60b
represents the second created stem where the implant stem was shifted 1.5 mm within the gyroid
structure before the Boolean operation.
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The main objective of this study was to assess the mechanical capabilities of porous humeral

stems constructed from sheet-based gyroids, using finite element modelling. All three stem

porosities demonstrated adequate strength for implantation based on four physiologically relevant

loads. Not only did none of the stems experience stresses exceeding the yield strength of titanium

but they were all predicted to experience more than 10 million life cycles (of each arm position)

through a virtual fatigue life analysis (Fe-safe). This is an important finding that indicates these

porous stems would be viable for permanent implantation. Good agreement between Fe-safe
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fatigue life predictions and experimental fatigue lives have been demonstrated in the literature,
assuming no disparities between the virtual models and 3D printed structures. Duan et al. used
Fe-safe to predict the fatigue lives of dental implants within a 95% confidence interval of their
experimental results [124]. Although there were more discrepancies between the predicted and
actual fatigue lives outlined in Chapter 2, these disparities could be attributed to the printing

defects.

Although an implant stem would experience more than 10 million loading cycles in its lifetime,
there are other factors that will affect the loading on the stems. One major factor is the bony
ingrowth that may occur within the pores of the stem. A study by Kelly et al. explored the ability
of osseointegration on gyroid structures for implant applications [136]. It can be assumed that

bony ingrowth could potentially increase the strength of the stem and extend its fatigue life.

A secondary goal of this study was to observe the mechanobiological impact of these porous
stems in comparison with a solid stem of similar length. Although a clear indication of positive
effects would have been ideal, there is no evidence of these stems having a further negative
impact on the bones than a traditional solid stem. The percentage of change in stress and
deviatoric stress tensor did not provide a clear trend regarding the effects of stem porosity on the
resultant bone stresses. The percentage of bone resorption/bone formation was a better
indication of how stem porosity will affect the bone remodelling process. Although not consistent
on a slice-by-slice basis, there was a trend of a decrease in bone resorption as stem porosity
increased in the overall proximal humeri. These trends became more prominent as bone density
decreased. These results indicate that the use of a porous stem may have some beneficial
impacts on bone mechanobiology and these benefits will increase when employed in bones of

lesser density.

Another factor that was touched on in this study was the effects of the gyroid stem construction
and its placement within the humeri. Some differences were observed, but overall there was no
obvious best choice between the three porous stem options. These results do indicate that bone
mechanobiology is sensitive to the gyroid design and the gyroid stem placement. This highlights
the importance of not only a reduced elastic modulus for implant design, but the implant to bone
interaction as well. Due to the gyroid stems macroporosity, a smaller amount of the bone is in
contact with the stem (in comparison to the solid stem) therefore altering the load transfer to the
bone. An automized method to develop these gyroid stems and place them within the bone

models could potentially determine the scenario with an optimized stem to bone contact. An idea
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of how the porous stems, without the effect of different bone to stem interactions, could impact
the bone mechanobiology is demonstrated in Appendix 5.8, where each scenario was analyzed
using the solid stem with reduced moduli to represent the G60 (14.5 GPa), G70 (10.6 GPa), and
G80 (7.15 GPa) stems (refer to Chapter 2).

Future work could explore different variations of the porous stem design, such as a porosity
gradient. It is clear with all the employed stems, solid and porous, there are greater stress
shielding effects observed proximally than distally in the humerus. A porosity gradient, which
increases proximally, may exhibit more ideal bone effects. Although the humerus models in this
study were averaged from 75 cadaveric humeri, further investigation of these gyroid stems should

include the use of various humerus shapes as well.

3.5 Conclusion

This study was a preliminary analysis to see if the use of porous gyroid stems is a feasible option
to combat orthopaedic infection. Based on the finite element results, these stems show promise
in exhibiting the adequate strength for bone implantation. Although their bone mechanobiological
impacts were not clear, some improvements were demonstrated. Further computational work
should include the use of different humerus shapes as well as an exploration of different gyroid

stem configurations.
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Chapter 4

4 Summary and Future Works

This chapter summarizes the objectives of this work, the methods used to explore those
objectives and the conclusions that were found. This chapter also outline the strengths and
limitations of the studies and the future work that should be conducted to help achieve the

research goal.

4.1 Summary

Infection is a serious complication associated with orthopaedic implants. The current gold
standard to treat ODRI requires patients to undergo multiple surgeries and uses an ineffective
method of drug delivery, leaving the patient at further risk of infection. More ideal drug delivery
carriers, such as calcium sulfate, could help decrease the amount of infection that occurs from
revision surgeries. Housing this calcium sulfate in a permanent porous implant, as opposed to a
temporary spacer like PMMA, will not only improve the antibiotic delivery, therefore reducing the

chances of biofilm formation, but will only require a single revision surgery instead of two.

A better understanding of the mechanical capabilities of gyroid-based structures was required in
order to determine if they are a potential option for a porous implant. The first objective of this
study was to compare the FE models of cylindrical gyroids to experimental static compression
and compression-compression fatigue tests. Although there were some discrepancies between
the in silico and experimental results, due to manufacturing defects, the FE models were able to
provide insight into the trends across different gyroid porosities. There was a similar relationship
between the apparent moduli of elasticity and porosity for both computational and experimental
models. The agreement between fatigue life predictions and actual fatigue lives improved as stem
porosity decreased. This indicates if there were no differences between the nominal and actual
porosities, the fatigue life predictions would be far more representative of the actual fatigue
behaviours. This is further confirmed by a study outlined in a thesis by William Anderson, who
saw good agreement between Fe-safe predictions and experimental results of 3D-printed Ti6AI4V

solid specimens [137].

The second objective of this study was to develop a case study of gyroid-based shoulder implants
to assess both their mechanical capabilities and effect on bone mechanobiology. The gyroid

cylinders exhibited high strengths, surviving loads much greater than the loads typically
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experienced in the shoulder. However, the shoulder does not experience purely compression
loads and therefore an exploration of physiologically relevant loads, both in magnitude and
direction, were important to analyze. Using finite element models, three different gyroid stem
porosities (60%, 70%, and 80%) were determined to have adequate strength (static and fatigue)
under twelve different loading scenarios (three bone densities, four held-arm positions). Although
there were discrepancies exhibited between the FE models and the experimental tests with the
gyroid cylinders, the gyroid stem results are under the assumption that there would be no
manufacturing defects present in the stems used for implantation. It was also concluded that the
use of these porous stems does not have a greater negative impact than solid stems on the bone
mechanobiology of proximal humeri and may even offer some benefits to bone remodelling, most

prominently in osteoporotic bone.

4.2 Limitations and Strengths

The first objective of this study was limited by the manufacturing of the specimens. As
demonstrated by the static compression testing, there was a 1.52 GPa difference in the apparent
modulus of elasticity between the 60P specimens. It can be assumed from the difference between
nominal and actual porosities, there are variations between the FE models and physical
specimens. This difference could be due to internal voids or thinner than intended walls in the
physical specimens. Although adjustments were made to match the FE models with the
experimental strains, there are some dissimilarities from specimen to specimen, as demonstrated
by the static compression results. The high cycle fatigue behaviour was not as affected by the
inconsistencies between specimens, as shown by the similar fatigue lives of the 60P specimens
at the same loading cycle. Another limitation of this study is that the specimens were only tested
in compression. For the application of orthopaedic implants, it is not realistic that the specimens
would only experience pure compression. In the future, torsion and bending testing would allow
for a better understanding of the mechanical capabilities of these gyroid structures. A strength of
this study was the use of five different porosity levels. Although there was some disagreement in
the static and fatigue parameters determined between in silico and experimental tests, there was

similar trends observed in both methods across the porosities.

The second objective of this study explored the case study of humeral gyroid implant stems. This
objective was limited by the use of linear tetrahedral elements as opposed to quadratic elements.
As demonstrated in Chapter 2, second-order elements are more indicative of actual behaviours,

however they require much greater computing power which was not possible in this study.
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Another limitation of this study is the use of one humerus shape. However, the humerus shape
was developed to represent 75 humeri [25]. As well, the identical meshes between intact and
reconstructed bones allowed for the direct comparison of bone mechanobiology measures
between different stem scenarios. A strength of the study was the use of three different bone
densities, to observe the effects across different populations. Another limitation of this study was
the manual placement of the gyroid stems. Although each gyroid stem type was in the exact same
location across bone densities and loading scenarios, there are slight variations in the placement
of the three stem porosities. The effects of the stem placement were explored in a case study of
the G60 stem. There were some differences observed between the two placements of the G60
stem, however there was no definitive better placement. The study was also limited by the
development of the gyroid stems. Although three different porosities were explored, the porosity
was only altered by the thickness of the walls. Future work should explore the effect of altering
pore size as a method of varying porosity. The gyroid stems were constructed through a Boolean
operation between a cuboid structure and a solid humeral stem. Depending on the placement of
the solid stem within the gyroid structure, it alters the outer surface of the gyroid stem. The effects
of this Boolean operation were explored in the comparison of the G60 and G60b stems. Again,
there were some differences observed between the G60 and G60b stems, but there was not clear
better choice. Along with different stem porosities and bone densities, four abduction/flexion
motions were analyzed based on an in vivo study by Bergmann et al [134]. The simulations of
these motions explored the more physiologically-relevant loads experienced in the shoulder, as

opposed to the pure-compression models in Chapter 2.

4.3 Future Directions

This study demonstrated that the FE models can allow us to predict the relationships between
gyroid porosities. In order to see better agreement between the monotonic and fatigue behaviours
of the in silico and experimental results, an in-depth study of the 3D-printing of these thin-walled
structures should be assessed. It is anticipated that solving the inconsistencies within the printed
specimens will solve the discrepancies between in silico and experimental results. After better
agreement is shown between testing methods, the torsion and bending behaviours of these

models should be explored.

An interesting future study, regarding the gyroid shoulder implant stems, would be to explore the
construction of the gyroid stems to optimize strength and reduce stress shielding. This

optimization could include altering the pore size or incorporating a porosity gradient. Although,
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these two factors are important to explore, there may be a trade-off between the strength of the
gyroid stems and their drug elution kinetics. Farther in the future, the next step would be to
conduct in vitro testing of these gyroid stems using cadaveric humeri. The in vitro stresses and

strains could be measured and directly compared to the in silico models.

4.4 Significance

Orthopaedic implant infection is a detrimental complication of joint arthroplasties. The results
shown in this thesis are preliminary steps in developing an implant stem that could prevent the
need of two-staged revision surgeries to treat ODRI. A single revision surgery would have a major
benefit to patients, doctors, caretakers, and our medical system. Although further work is still
required, this research shows that these gyroid implant stems are a promising solution to this

extremely important healthcare problem.
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5 Appendices
5.1 Netgen Gyroid Meshing Parameters

The following meshing parameters (Table 5-1) were used for all five gyroid cylinders and all three

gyroid humeral stems.

Table 5-1. Netgen meshing parameters used for the gyroid cylinder and humeral stems.

Parameter

Mesh-size grading

Elements per curvature radius

Elements per edge

Value

0.175

4.0

3.0

Mesh-size grading is a defined value in the range of 0.1-1.0 where a smaller value results in a

finer mesh. Element per edge and element per curvature radius are defined values in the range

of 0.2-10.0 where a smaller value results in a coarser mesh.



5.2 Video Extensometer Calibration and Validation

Before the video extensometer could be used for strain measurement during testing, it needed to
be calibrated (Figure 5-1). The calibration bar consists of a matrix of black dots which are 6 mm
away from each adjacent vertical and horizontal dot. This calibration bar is placed between the
load cell and the actuator (in the same location as the testing specimens) so that it is vertical and
centralized within the image window on the computer (Figure 5-2). If the video extensometer

measures the vertical and horizontal dots as being 6 mm apart, the system is then calibrated.

\

\

|

Figure 5-1. Set-up for the calibration of the video extensometer
before the static compression testing.



Figure 5-2. Image window on the computer displaying the matrix of
black dots from the calibration bar in the camera’s field of view.

To further validate the strain measurements, two marks were placed on either end of one gyroid
specimen, just as during testing. The gyroid specimen was attached to the actuator and the
specimen was moved upwards along the camera’s entire field of view (FOV). No force was applied
to the specimen and therefore no strain occurred. The strain was measured between the two
markers for the duration of this movement to observe any errors in the strain measurement.

Throughout the entire movement, the strain measured between 0.06% and -0.08%.



5.3 Fe-Safe Settings

The .odb file produced by the static analysis in Abaqus was loaded into the Fe-Safe software.
The resultant stresses and strains, at the integration points of each element were imported. One
loading cycle is defined from 10% of the maximum load to 100% of the maximum load to simulate
the loading ratio used in the experimental tests. As Abaqus is a dimensionless software, the
property units were defined before analysis (Figure 5-3).

Loaded FEA Models Properties *®

I [” Do not ask me each time & new model is oaded
Stress Units
fvpa -
Sirain Uinits
E‘E!J’w‘.hl: -

Temperahare Linits

|degC ]

Force Units

In vj

Distance Units

[
mm |

Figure 5-3. Units defined for the loaded finite element
model properties.

Fe-safe approximated the material’s fatigue properties (Table 5-2) from its ultimate tensile
strength (950 MPa for Ti-6Al-4V) and Young’'s modulus (110 GPa for Ti-6Al-4V), using Seeger’s
method [123]. The surface finish was also considered by defining the Roughness Average (Ra)
to be between 1.6um and 4um, aligning with reported values for grit-blasted Ti6AI4V [129].

Table 5-2. Fatigue properties estimated for Ti-6Al-4V using Seeger's method. All of the fatigue
parameters are a constant value for all titanium alloys except for the cyclic strain hardening coefficient
and the fatigue strength coefficient which are dependent on the defined ultimate tensile strength.

Fatigue Parameter Symbol Equation Estimated
Value
Cyclic strain hardening coefficient K’ K’ =1.610,; 1529.5 MPa
Cyclic strain hardening exponent n’ n" =0.11 0.11
Basquin’s fatigue strength exponent b b =-0.095 -0.095
Coffin-Manson fatigue ductility exponent c c=-0.69 -0.69
Fatigue ductility coefficient &' &' =0.35 0.35
Fatigue strength coefficient o5’ or' = 1.67 0y 1586.5 MPa




Fe-safe used these fatigue parameters and calculated the fatigue predictions using the following

Normal Strain-Morrow equations:

A F =
78 = (GfE—Jm)(ZNf)b + &' (2N;)
damage = Ff
1
life inrepeats = -1
LN
I

Where Ac¢ is the strain range for the cycle, oy, is the mean stress in the cycle, 2Ny is the endurance

in reversals.



5.4 Printed Gyroid Porosity Calculations

Table 5-3. Measured masses of each 3D printed gyroid specimen.

Printed Specimen Masses [g]

Specimen 1 2 3 4 5 6
60P 22.973 22.805 22.717 23.114 23.100 23.133
70P 19.096 18.782 18.992 19.125 19.122 N/A
80P 15.701 15.756 15.794 15.772 15.496 N/A
85P 14.062 14.024 14.002 13.757 14.014 N/A
90P 12.203 12.218 12.144 12.000 12.191 12.168

Table 5-4. Independent Variables used in porosity calculations.
Variable Symbol Value

Volume of end cap (based on CAD model) Vendcap 1.0915 cm?

Density of Ti6AI4V p 4.28 g/cm?
Volume of solid cylinder Volume suiid cylinder 8.898 cm?
m. = =1y
avg n

Meone = Vendcap X P

Mayg — z(mcone)
p

Volumey tya =

Volumey tya

Actual Porosity = |1 x 100

Volumes,iq Cylinder

Example Calculation (60P Specimens):

22.973g + 22.805g + 22.717g + 23.114g + 23.100g + 23.133g

Mapg = 6
Mg = 22974 g
Meone = (1.0915 cm3)(4.28 g/cm?)

Meone = 4.671 g

(22.9749) — 2(4.671g)
4.28g/cm3

Volumeytyar =

Volumey tyq = 3.185 cm3

3.185 cm?
X 100

A P ity = [1 —-——=
ctual Porosity [ 8.898 o3

Actual Porosity = 64.21%

\




5.5 Static Compression Figures
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Figure 5-4. Apparent Stress versus Strain for the static compression test of the 60P cylinder:
specimen #1. The apparent stress is equal to the applied load over the area of a 17 mm diameter circle
(diameter of the cylinder). Strain was measured using a video extensometer and is the change in length

over the original length of the cylinder. The apparent modulus elasticity is equal to the apparent stress
over strain also known as the slope of the equation of the linear line.
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Figure 5-5. Apparent Stress versus Strain for the static compression test of the 60P cylinder:
specimen #2. The apparent stress is equal to the applied load over the area of a 17 mm diameter circle
(diameter of the cylinder). Strain was measured using a video extensometer and is the change in length

over the original length of the cylinder. The apparent modulus elasticity is equal to the apparent stress
over strain also known as the slope of the equation of the linear line.
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Figure 5-6. Apparent Stress versus Strain for the static compression test of the 60P cylinder:
specimen #3. The apparent stress is equal to the applied load over the area of a 17 mm diameter circle
(diameter of the cylinder). Strain was measured using a video extensometer and is the change in length

over the original length of the cylinder. The apparent modulus elasticity is equal to the apparent stress
over strain also known as the slope of the equation of the linear line.
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Figure 5-7. Apparent Stress versus Strain for the static compression test of the 70P cylinder
specimen. The apparent stress is equal to the applied load over the area of a 17 mm diameter circle
(diameter of the cylinder). Strain was measured using a video extensometer and is the change in length
over the original length of the cylinder. The apparent modulus elasticity is equal to the apparent stress
over strain also known as the slope of the equation of the linear line.
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Figure 5-8. Apparent Stress versus Strain for the static compression test of the 80P cylinder
specimen for the whole test (top) and just the linear elastic region (bottom). The apparent stress is
equal to the applied load over the area of a 17 mm diameter circle (diameter of the cylinder). Strain was
measured using a video extensometer and is the change in length over the original length of the cylinder.

The apparent modulus elasticity is equal to the apparent stress over strain (in the bottom graph) also
known as the slope of the equation of the linear line.
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Figure 5-9. Apparent Stress versus Strain for the static compression test of the 85P cylinder
specimen for the whole test (top) and just the linear elastic region (bottom). The apparent stress is
equal to the applied load over the area of a 17 mm diameter circle (diameter of the cylinder). Strain was
measured using a video extensometer and is the change in length over the original length of the cylinder.

The apparent modulus elasticity is equal to the apparent stress over strain (in the bottom graph) also
known as the slope of the equation of the linear line.
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Figure 5-10. Apparent Stress versus Strain for the static compression test of the 90P cylinder
specimen for the whole test (top) and just the linear elastic region (bottom). The apparent stress is
equal to the applied load over the area of a 17 mm diameter circle (diameter of the cylinder). Strain was
measured using a video extensometer and is the change in length over the original length of the cylinder.

The apparent modulus elasticity is equal to the apparent stress over strain (in the bottom graph) also

known as the slope of the equation of the linear line.
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5.6 Fatigue Testing Specimens

Figure 5-11. 60P specimens after fatigue testing. All specimens were tested at the same maximum
load (~45% of their yield force).

Figure 5-12. 70P specimens after fatigue testing. From left to right, specimens were tested at a
maximum applied load of 50%, 65%, 70%, and 75% of their yield force.
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Figure 5-13. 80P specimens after fatigue testing. From left to right, specimens were tested at a
maximum applied load of 50%, 70%, 80%, and 90% of their yield force.

Figure 5-14. 85P specimens after fatigue testing. From left to right, specimens were tested at a
maximum applied load of 50%, 70%, 80%, and 90% of their yield force.

Figure 5-15. 90P specimens after fatigue testing. From left to right, specimens were tested at a
maximum applied load of 50%, 70%, 80%, and 90% of their yield force.
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5.7 Mechanobiology Outcome Figures for Individual Loading Conditions
5.7.1 Change in Von Mises Stress
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Figure 5-16. Volume-weighted average in the magnitude of Von Mises stress for the reconstructed bone as a
percentage of the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 45° of
abduction loading condition.
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Figure 5-17. Volume-weighted average in the magnitude of Von Mises stress for the reconstructed bone as a
percentage of the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 75° of
abduction loading condition.
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Figure 5-18. Volume-weighted average in the magnitude of Von Mises stress for the reconstructed bone as a
percentage of the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 90° of flexion
loading condition.
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Figure 5-19. Volume-weighted average in the magnitude of Von Mises stress for the reconstructed bone as a
percentage of the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 120° of
flexion loading condition.
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5.7.2 Deviatoric Change in Stress
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Figure 5-20. Volume-weighted deviatoric change in stress tensor for the reconstructed bone as a percentage of
the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 45° of abduction loading
condition.
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Figure 5-21. Volume-weighted deviatoric change in stress tensor for the reconstructed bone as a percentage of
the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 75° of abduction loading
condition.
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Figure 5-22. Volume-weighted deviatoric change in stress tensor for the reconstructed bone as a percentage
of the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 90° of flexion loading

condition.
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Figure 5-23. Volume-weighted deviatoric change in stress tensor for the reconstructed bone as a percentage of
the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). 120° of flexion loading
condition.
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5.7.3 Percentage of Bone Resorption/Formation
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Figure 5-24. Volume percentage of bone resorption/formation in the reconstructed bones by slice and overall

proximal 80mm (cortical) and 40mm (trabecular). 45° of abduction loading condition.
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Figure 5-25. Volume percentage of bone resorption/formation in the reconstructed bones by slice and overall
proximal 80mm (cortical) and 40mm (trabecular). 75° of abduction loading condition.
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Figure 5-26. Volume percentage of bone resorption/formation in the reconstructed bones by slice and overall
proximal 80mm (cortical) and 40mm (trabecular). 90° of flexion loading condition.
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Figure 5-27. Volume percentage of bone resorption/formation in the reconstructed bone by slice and overall
proximal 80mm (cortical) and 40mm (trabecular). 120° of flexion loading condition.
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5.8 Solid Stem with Porous Modulus of Elasticity Figures
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Figure 5-28. Volume-weighted average in the magnitude of Von Mises stress for the reconstructed bone as a
percentage of the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). Reported
values are averaged across the four loading conditions. Error bars represent the standard deviation. * indicates a
significant difference between two values. G60, G70, G80 represents the solid stem modelled with the moduli of
elasticity of those respective gyroid porosities.
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Figure 5-29. Volume-weighted deviatoric change in stress tensor for the reconstructed bone as a percentage of
the intact bone by slice and overall proximal 80mm (cortical) and 40mm (trabecular). Reported values are
averaged across the four loading conditions. Error bars represent the standard deviation. * indicates a significant

difference between two values. G60, G70, G80 represents the solid stem modelled with the moduli of elasticity of those

respective gyroid porosities.
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Figure 5-30. Volume percentage of bone resorption/formation in the reconstructed bone by slice and overall
proximal 80mm (cortical) and 40mm (trabecular). Reported values are averaged across the four loading conditions.
G60, G70, G80 represents the solid stem modelled with the moduli of elasticity of those respective gyroid porosities.
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