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Abstract
One of the main drawbacks of hemiarthroplasty is that it involves the articulation of a foreign
material against the native cartilage, and hence the native cartilage experiences accelerated
wear. It is hypothesized that lowering the stiffness of hemiarthroplasty implants will decrease
contact pressure and increase contact area, thus decrease wear. Lowering the stiffness was
done using finite element analysis to lower the stiffness of the implant materials, and then to
change the internal structure of the implants to increase their compliance. Structural changes
produced no noticeable or favourable results, whereas material produced improved results for
stiffnesses below a Young’s modulus of 300 MPa. A cadaveric study was done to compare a
high, mid, and ultra-low stiffness material to the native state. It was found that only the ultralow stiffness material improved contact mechanics. Future hemiarthroplasty implant designs
should focus on using materials with a Young’s modulus below the aforementioned
threshold.

Keywords
Hemiarthroplasty, compliant designs, material selection, contact mechanics, lower stiffness,
contact pressure, contact area
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Summary for Lay Audience
When bones fracture at the joint and cannot be put back together with screws or plates, or
when the cartilage in a joint is damaged (causing pain), a joint replacement is often used to
fix the problem. Hemiarthroplasty is the replacement of one side of a joint. In
hemiarthroplasties, the native cartilage and the implant are in contact. They are often
preferred for their lower invasiveness, and preservation of native tissue; however, their main
drawback is that the native cartilage experiences accelerated wear. The cause of this is
thought to be because the implants are much stiffer than the bone and cartilage of the
opposing side. It is thought that lowering the stiffness of hemiarthroplasty implants will
decrease contact pressure and increase contact area of the joint.
Lowering contact pressure and increasing contact area has been shown to decrease cartilage
wear. Lowering the stiffness of an implant can be done by using a material that is less stiff or
by changing the design of the implant so that it can deform more easily. This work studied
both methods using computational analyses on computers called finite element analysis,
followed by a cadaveric study. It was found that structural changes were not effective, but the
material changes were effective once the stiffness of the material was reduced below a
certain point. This is relevant because it gives guidance for future implant design and how to
create hemiarthroplasty implants that will preserve the cartilage they articulate against.
Future hemiarthroplasty implants should be made of the lowest stiffness materials that are
possible without compromising the integrity of the implant and its ability to perform.
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Chapter 1

1

Introduction to Lower Stiffness Hemiarthroplasties

This chapter covers the history, purpose, and current state of hemiarthroplasty implants.
It identifies the shortcomings of hemiarthroplasty implants, the current materials used for
hemiarthroplasty, and how finite element models and in-vitro studies have been used to
evaluate these implants. Finally, the thesis rational, hypothesis, objectives, and thesis
outline are presented.

1.1 Joint Replacement & Hemiarthroplasty
In their lifetime, many people will need their joints replaced. The incidence of joint
replacement in the United States in 2011 included an estimated 1.4 million people (1). A
number of these patients will receive partial joint replacements, also known as
hemiarthroplasties. A hemiarthroplasty is an implant where only one side of the joint
articulation is replaced. They are preferred in some cases to total arthroplasties (where
both sides of joint articulation are replaced) because they preserve more natural tissue
and are a less invasive surgical procedure. This decreases recovery time and reduces costs
to the health care system and patient (2–4). One of the major shortcomings of
hemiarthroplasties is that they cause accelerated wear of the native cartilage that they
articulate against (5–7). This is the main issue that this thesis addresses.
There are many different reasons why a person may require a partial or total joint
replacement. The two most common reasons are arthritis and trauma. Osteoarthritis
results in the breakdown of the articular cartilage in joints partially due to cartilage wear,
and currently affects over 92.1 million people worldwide (8). It is especially prevalent in
the elderly population, with estimations that 9.6% of men, and 18.0% of women over
aged 60 have osteoarthritis (9). Osteoarthritis cannot be cured, and so it is the main cause
for the significant number of joint replacements being performed (8). Rheumatoid
arthritis is an autoimmune condition that causes the breakdown of cartilage and also
results in many people requiring joint replacement. Trauma that causes comminuted bone
fractures at joints, fractures that cannot be reliably fixated, or soft tissue damage causing
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severe joint instability can also be reasons for a joint replacement. It is clear that joint
replacement is an important medical procedure that will be done for the foreseeable
future, and so shortcomings in hemiarthroplasty designs must be addressed in order to
improve patient outcomes and reduce healthcare system costs.
Hemiarthroplasties are commonly performed in the knee, hip, shoulder, elbow and
metacarpal joints. Figure 1.1 shows the various locations and names for different
hemiarthroplasties in the body.

3

Figure 1.1: Most Common Locations for Hemiarthroplasty in the Body
The human anatomy viewed from an anterior perspective. Hemiarthroplasties are most
commonly performed are the (1) shoulder hemiarthroplasty, (2) distal humeral head
hemiarthroplasty or radial head hemiarthroplasty, (3) distal radial ulnar joint,
trapeziometacarpal joint, or carpometacarpal joint hemiarthroplasty, (4) proximal
interphalangeal joints hemiarthroplasty, (5) hip hemiarthroplasty, and (6) knee
hemiarthroplasty.
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The hip is the most common location hemiarthroplasty surgery is performed. This is
because hip arthritis and hip fractures, which are very common, can both cause the need
for a joint replacement. Additionally, hemiarthroplasty is quite prevalent compared to
total arthroplasty for the joint. Recently, the HEALTH Investigators conducted a large
randomized clinical trial with 1495 patients comparing hemiarthroplasty to total
arthroplasty. They found that over a two-year period, total hip arthroplasty was no better
than hemiarthroplasty (10). Hip hemiarthroplasty has been a viable solution for femoral
neck fractures for more than 50 years, and is widely used, with many companies offering
partial hip replacement implants (11). The main drawback to hip hemiarthroplasty is
acetabular erosion, but for this reason hip hemiarthroplasty is usually performed only in
medically infirmed patients who would not benefit from total joint replacement (11).
Shoulder hemiarthroplasties were more prevalent in the past; however, their use has been
declining due to poor outcomes compared to total shoulder and reverse total shoulder
arthroplasties (12,13). There are still several cases when a hemiarthroplasty is
recommended, such as for osteoarthritis, rheumatoid arthritis, avascular necrosis, cuff
tear arthropathy, and trauma/fracture sequelae (14,15).
The proximal interphalangeal joints (PIPJ) are very important for hand functionality, and
so hemiarthroplasty of these joints is commonly performed for those with arthritis (16).
The majority of these implants are silastic, with the Swanson implant being the most
widely used, despite issues with wear, prosthetic fracture and silicone synovitis (16).
Recently, PIPJ hemiarthroplasty implants made of pyrolytic carbon have become an
alternative to total arthroplasty and have been deemed more favourable because they
preserve more natural bone stock and have comparable results to total arthroplasty (17).
The trapeziometacarpal joint, and the carpometacarpal joint also are commonly affected
by arthritis and often receive total joint replacements where the gold standard is a silastic
implant (16). Recently though, just as for the PIPJ replacement, pyrolytic carbon
hemiarthroplasties have become more commonplace, with comparable results and more
native tissue preservation compared to total arthroplasty (18,19).

5

The distal radius is also a location for hemiarthroplasty when arthritic patients wish to
recover more motion and have low risk for implant loosening (16). Distal radial ulnar
joint (DRUJ) hemiarthroplasty replacements are commonly done with one of several
metallic or ceramic implants (16). DRUJ replacements articulate against the distal radius
and the carpals, and have been found to be largely successful at relieving pain and
restoring mobility (20). The main drawbacks of DRUJ hemiarthroplasty include DRUJ
instability and sigmoid notch erosion (20).
Historically, the knee has not been a common location for hemiarthroplasty. In the 1950’s
a hemiarthroplasty knee implant was introduced that replaced the proximal end of the
tibia, and was termed the unispacer (21). Hemiarthroplasty of the knee is currently only
recommended for less than 1% of knee osteoarthritis candidates (21); however, there is
much interest in developing an improved hemiarthroplasty implant so that it can be used
in more patients. Currently, the most significant issue surrounding knee hemiarthroplasty
is that it is a technically demanding surgery and that there may be incomplete pain relief
(21). Sisto et al. conducted a study of 37 unispacer implants and found 16.2% needed to
be revised into total knee arthroplasties, and that 73.0% had poor or fair outcomes,
leading to a recommendation the unispacer never be used (22). Often a unicompartmental knee arthroplasty is done instead of a hemiarthroplasty, which contributes
to knee hemiarthroplasty’s low popularity (21). Recently, Luo et al. investigated
polyurethane as a potential knee hemiarthroplasty material (23), and Salkeld et al.
investigated the use of pyrolytic carbon hemiarthroplasty implants to repair focal
osteochondral defects (24). Lian et al. has investigated the use of hemiarthroplasty of the
knee for children with bone tumors and found that it was a promising treatment for future
joint replacement (25). While knee hemiarthroplasty is not common, its future use could
increase due to these new opportunities for its use and improvement in material and
design.
Both radial head hemiarthroplasty and distal humeral hemiarthroplasty are not
uncommon for use in the elbow. Elbow hemiarthroplasties are usually performed because
of fractures, and not arthritis (26,27). Hemiarthroplasties are often preferred in trauma
cases because total elbow replacements would be replacing perfectly healthy tissue, and
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there are issues regarding their durability (26). This work uses radial head
hemiarthroplasty as a generic model for hemiarthroplasty implants, as described in more
detail in Section 1.6, Hemiarthroplasty of the Radial Head.

1.2 Adverse Consequences of Hemiarthroplasty
Hemiarthroplasty can be a very good alternative to total joint arthroplasty; however, it
does present some challenges. Hemiarthroplasty implants are not the exact same size and
shape as the native cartilage. These implants can come close to replicating it, but there
will always be some amount of mismatch between an individual’s anatomical features
and a generic implant for the population. This can lead to irregular stresses, causing
accelerated cartilage erosion, joint pain, or implant loosening. Implant loosening is one of
the most common complications of hemiarthroplasties. Aseptic loosening can be
minimized through the development of implant shape that more closely mimics the native
anatomy (28–33), has a longer stem (34), refining the surgical techniques in other ways to
increase fixation, or improving implant designs.
Stress shielding is a potentially harmful side effect in all stemmed implants as a
consequence of the high stiffness of the implant material compared to bone. Because the
implant is typically made of a stronger, stiffer material than bone (usually metal), the
implant can bear more of the joint loading force. As a result, less force is transferred
through the bone and more load is transferred through the implant (35). This results in
bone atrophy, as bone will respond to the conditions under which it is placed according to
Wolff’s Law. When a bone experiences lower stresses the bone will naturally resorb and
weaken. In this case this could lead to implant loosening or mechanical failure of the
implant or bone (36).
Cartilage wear is another serious concern of hemiarthroplasties. The anatomical
mismatch in shape, coupled with the noncompliant stiff implant material can cause higher
than normal stresses, as well as stress concentration points on the native cartilage the
implant articulates with. These high stresses lead to accelerated cartilage wear, and
therefore, the hemiarthroplasty is often replaced with a total arthroplasty when the wear
on the opposing cartilage becomes too advanced (37,38). Cartilage wear is something that
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must be studied carefully when considering hemiarthroplasties and reducing cartilage
wear is a primary focus of this thesis.

1.3 Cartilage Wear
Cartilage wear is the progressive loss of cartilage over time due to high shear and normal
forces through repeated loading. In general, wear is defined as the removal of material
from the surface due to chemical or mechanical action between contacting surfaces.
Generally, wear occurs due to adhesion, abrasion, fatigue, and corrosion. Biotribiology is
the study of interacting surfaces in relative motion, specifically related to human or
animal biology.
Cartilage is an avascular tissue with a very small number of cells. This causes cartilage to
be poor at self-repair and results in degradation over time. Cartilage wear is related to
loading time, contact stress, contact area, sliding distance, and sliding speed (39,40). By
reducing any of these factors, the overall cartilage loss can be lessened. In-vivo, loading
time, sliding distance, and sliding speed are out of the design scope, as they are
determined by the patient and the activities they undertake. Minimizing these is done by
limiting patient activity, and only employing implants in older adults that have lower
activity levels (41). Contact stress and contact area are two main factors that must be
optimized in order to minimize cartilage wear. Contact area must be maximized, and
contact stress minimized, in order to decrease wear.
The mechanism by which cartilage wears is related to its structural organization.
Articular cartilage is composed of several layers, each with a unique purpose and
composition. Each layer has a different orientation and distribution of collagen to create
the unique properties of the layer. A labelled diagram of the layers of cartilage is shown
in Figure 1.2. Overall, cartilage has biphasic properties, using synovial fluid as a ‘shock
absorber’ to cushion loads borne by the tissue (39,42). The more time there is between
loads, the more the tissue can rehydrate, and thus the lower the coefficient of friction
(39,42). The lubrication and friction mechanisms in joints are highly complex and made
possible through several lubrication and load absorption mechanisms. Cartilage damage
through wear occurs between the most superficial layer and the transitional middle zone
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due to subsurface fatigue failure between the layers (43). This delamination leads to
damaged cartilage that can no longer bear the load (43). Eventually, osteoarthritis will
form, which is characterized by loss of the tangential most superficial layer of cartilage,
pitting of the articular surface, and fibrous tissue in the cartilage matrix. Without cartilage
the movement in the joint becomes painful and can be limited.

Figure 1.2: The Layers of Cartilage
Cartilage closeup showing the collagen orientation at the various layers of the cartilage
structure.
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1.4 Materials of Hemiarthroplasty
A variety of materials have been used for joint replacements. There are several important
criteria that any implant material must meet including being biocompatible, bio-inert,
resistant to wear, possessing adequate mechanical strength, and having a sufficient
fatigue life. Implant material properties affect the contact stress and contact area of the
implant (and hence the wear of the cartilage), as well as the failure of the implant and
when/if it occurs, and the wear of the implant itself. Implant wear is relevant because
wear compromises the integrity of the bearing surfaces and changes the articulation
mechanics. Additionally, wear particles from implants can cause wear induced osteolysis
around the implant. Osteolysis is the destruction of bone and it is a multifaceted problem
that is correlated to the amount and the type of wear particles in the joint space (44). The
main categories of implant materials are ceramics, metal alloys, and polymers.
Most implants today are metal; however, it has been suggested by a variety of studies that
a lower stiffness material that more closely mimics the properties of cartilage may be
superior (5,45–50). Alternatives to metal implants most highly investigated include
ceramics (e.g. alumina (Al2O3), and pyrolytic carbon (PyC)), elastomers (e.g. silicone),
and polyethylene (PE) variations (e.g. ultra-high-molecular-weight polyethylene
(UHMWPE), and high-density polyethylene (HDPE)). More recently, other polymers
such as polyurethane (PU), poly-ether-ether-ketone (PEEK), and polycarbonate urethane
(PCU) have been under investigation. By selecting the optimal material for an implant,
the stress on the opposing native cartilage, as well as the implants interaction with
surrounding tissue and bone, can more closely mimic the native state more closely.
A review by Heijink et al. (2016) on radial head implants found that 70% were made of
cobalt-chrome, 15% were made of pyrolytic carbon, 9% were made of titanium, and 6%
were made of vitallium (51). Similarly, hips, knees and shoulder hemiarthroplasty
implants are mostly made out of metal with few commercial implants being made of
alternatives. Phalanges and carpal implants are mostly made out of silastic or pyrolytic
carbon.
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The most common type of implant material is metal alloys. These are preferred for their
strength and fatigue properties, and their reliability. Common metal alloys are cobaltchrome (CoCr), titanium and stainless steel (SS), as well as lesser known alloys such as
vitallium. Metal alloys are subject to corrosion as well as high wear rates for total
arthroplasties. In patients with metallic implants their blood levels show elevated levels
of metallic ions (52). These metallic wear particles can cause a reaction with the body
(e.g. titanium toxicity). Many metal-on-metal hip implant systems have been recalled due
to these adverse metal ion and wear affects. A wear study by Stojanović et al. employed
bovine samples articulated against cobalt-chrome molybdenum, while measuring the
electrolyte content in the joint space (53). This study agrees with the established notions
that metal ions can be dangerous to the body. They found that metallic ions were forming
compounds that had potential to cause cytotoxicity, and that the metallic ions were
causing decreased chondrocyte metabolic activity which can lead to chondrocyte
apoptosis (53). This indicates that the accelerated wear of cartilage against metallic
implants is not only due to the high stiffness of the metals, but also due to these metal
ions.
One of the most common polymers used for implants is polyethylene. Polyethylene
comes in many forms, including HDPE and UHMWPE. In a reciprocating wear study
with bovine cartilage done by Chan et al. it was found that UHMWPE had the lowest
coefficient of friction, lowest protein loss in the cartilage, and had the best performance
against cartilage compared to CoCr, SS, and Al2O3 (54). However, another study that
compared UHMWPE and CoCr using a wear test and fatigue tests found that the
coefficient of friction was insignificantly different between the two (55,56). It also found
that UHMWPE had less synthetic bone counter-face wear than CoCr, indicating that a
UHMWPE hemiarthroplasty may be feasible (55,56). Polyethylene has been used in total
elbow arthroplasties as the bushing material, but bushing wear is a common issue with
those implants. That is why its chemical variations, UHMWPE and HDPE, are more
prevalent in hemiarthroplasties due to their superior wear properties (57). Puhl et al.
compared the wear behavior of materials in total hip arthroplasty. They found that
polyethylene-on-polyethylene had the highest wear, followed by metal-on-metal,
ceramic-on-metal, and then ceramic-on-ceramic (58). UHMWPE, CoCr, titanium alloy,
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silicone, and alumina were compared using a finite element model and experimental
study by Gupta et al. who analyzed the load transfer between a stemmed implant and the
bone (59). They found that silicone only transmitted 60-70% of the load at low loading
levels (around 100 N), and then transmitted as low as 25% of the load at higher levels
(59). UHMWPE provided much more stability to the joint than silicone, producing loads
closer to the native levels at all flexion angles (59).
Pyrolytic carbon is a relatively new material that has become very popular in
hemiarthroplasties due to its good wear properties against cartilage. Cook et al. (1989)
found that pyrolytic carbon had much lower wear, fibrillation, eburnation, subchondral
bone change, and glycosaminoglycan loss than metallic implants when implanted in the
canine femur (49). Kawalec used a canine model was also used to compare CoCr and
PyC, and found that PyC performs similar to CoCr (60). A study by Kawalec et al.
investigated the use of PyC in the lateral femoral condyle and found that, “fibrocartilage
regeneration was seen in 86% of the carbon implants and in 25% of the metal implants”
(61). In a study done in 2007 by Jung et al. they found that when implanted in the tibia
plateau, CoCr performed the most superiorly with the lowest wear, and ceramic with the
highest wear (62). PyC was not significantly different than either CoCr or ceramic (62).
PyC has been successfully used in radial head implants (63), as well as the
interphalangeal and metacarpophalangeal joint (17,64) for many years now. There has
recently been significant interest regarding the material including for treatment of focal
osteochondral defects in the medial femoral condyle (24), as well as the use of PyC in
hemiarthroplasty of the hip (65). A 2012 study examined alternative materials for total
joint replacement suggests that while PyC was a good candidate, more in-vitro studies are
needed (44). A study by Pacione et al. (2013) investigated the wear properties of PyC
compared to CoCr, PEEK, and PE, and found that PE had the highest wear rate followed
by CoCr, PyC, and then PEEK, indicating once again that PyC has good wear properties
against cartilage (66). Overall PyC is thought to be a very promising material with low
wear, good fatigue properties, good biocompatibility, and a modulus of elasticity close to
that of cortical bone (64).
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PEEK is a relative new hemiarthroplasty material. PEEK has a lower Young’s modulus
than metallic implants so it can more closely mimic cortical bone, reduce stress shielding
in bone, and reduce wear (48). Additionally, PEEK has been shown to be highly
biocompatible (67). In a pin-on-disk study done by Khayat (2015), it was found that
while articulating against cartilage, PEEK causes the highest wear, followed by HDPE,
UHMWPE, titanium, and SS (3). This seems counterintuitive to the argument for lower
stiffness implant materials. Using microscopic surface analysis, it was shown that this
excess wear was perhaps due to shearing of cartilage at this level (3). Another variation is
carbon-fiber reinforced poly-ether-ether-ketone (CFRPEEK), has an even higher wear
resistance than UHMWPE (48).
Two very new materials being considered for hemiarthroplasty are polyurethane (PU)
and polycarbonate-urethane (PCU). PU was investigated by Luo et al. as a potential knee
hemiarthroplasty material in 2010, and it was found that this implant had lower levels of
friction, shear stress, contact stress, and reduced cartilage wear than SS (23). PCU is
available in many different forms which differ in chemical composition, and therefore
have different material properties. It is commonly referred to by its commercial name
“Bionate” (The hardness of Bionate uses the Shore scale with A being the softest, and D
the hardest). Recently, Kanca et al. used a multidirectional sliding pin wear test to
compare Bionate I-80A, Bionate II-80A, polyvinyl pyrrolidone (PVP), and polyvinyl
alcohol (PVA) against cartilage for use in a hemiarthroplasty knee implant (68). It was
found that the PVA/PVP coefficients of friction were closer to cartilage on cartilage than
the Bionate materials were. However, the PVA/PVP wore significantly after 15 hours.
Under certain conditions though, they also showed that Bionate could perform with the
almost the same coefficient of friction as cartilage on cartilage as well, with Bionate II80A outperforming Bionate I-80A (68). A different study done by Kanca et al. also
investigating the tribiology of Bionate I and Bionate II came to the same conclusion in
2018 (69). Finally, a pin-on-disk study by Dedecker compared Bionate-80A, Bionate55D, Bionate-75D, and ceramic, and found that Bionate-80A and Bionate-55D had the
lowest wear after 50,000 cycles (4). It was concluded that, “implants with a modulus of
approximately 0.035 GPa or less might produce no wear, at least in the early stages,” (4).
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There are currently many implants on the market made of a variety of materials, with
even more materials currently under development for this application. It is difficult to
know what the ideal material for a hemiarthroplasty is given the many design constraints
the material must meet, and as with any material selection, compromises come with every
selection.

1.5 Biomechanical Analyses of Hemiarthroplasty
Articulations
1.5.1

Finite Element Analysis of Hemiarthroplasties

There has been significant work done in recent years that attempts to predict internal joint
forces, kinematics, and wear of implants using finite element modelling. This approach
has proven to be a useful tool in evaluating general trends in performance and has been
widely validated. Finite element analysis (FEA) or finite element modelling (FEM), is a
computational technique used to solve for the deformation, strain, and stress in a
continuum structure. FEA takes a 3D model of a system and breaks it down into
discretized elements. The deformation of these elements is then calculated. Deformation
of each element allows for the calculation of stress and strain (Figure 1.3). In a FEA
model, typically the structure is fixed (i.e. via boundary conditions) and then a load is
applied. FEA allows for complex systems to be analyzed that would otherwise be
impossible, or very difficult and time consuming to perform experimentally or by hand.
Computational models of joint contact have been a very useful tool in recent years to
evaluate the performance of joints and hemiarthroplasties, as well as to predict stresses,
contact area, and wear. When modelling a joint or hemiarthroplasty there are several
important aspects that need to be considered. The material properties of the bone and
cartilage are extremely important to studying joint contact behavior, as well as the loads
and boundary conditions applied to the model.
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Figure 1.3: The Finite Element Method
An object is first made into a 3D virtual model which is then discretized into small
elements. The software uses these elements to calculate stress, strain and deformation
when a loading scenario is simulated.

The cartilage and bone geometry, as well as the spatially dependent material properties
can be accurately obtained from a computed tomography (CT) scan of the joint intact,
and then a CT scan of the separate bones in air (70,71). Using software these CT scans
can be manipulated and used to create the cartilage and bone geometry. Then, using the
relative density of each voxel the Young’s modulus of each element can be found using
an equation relating the relative density of the bone to the Young’s modulus for each
element (70–74). There are several other common relationships that have been used for
the Young’s modulus of bone including the equation by Morgan et al. (75) or the
equation by Austman et al. for the ulna (72), or one of several others. Bone is typically
assigned a Poisson’s ratio of 0.3 (70,76).
Cartilage is a biphasic material with complex properties, so accurately modelling it is
important. Originally, cartilage was modelled as a linear elastic material, but this was
shown to not accurately represent cartilage behavior (77). It has been shown that cartilage
can be modelled as an incompressible hyperelastic material when studying deformation
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for a short period of time (78). Many studies have successfully modelled and validated
cartilage as an incompressible, Neo-Hookean hyperelastic material (59,70,74,79–84).
An example of the use of FEA to analyze hemiarthroplasties is a study by Willing et al.
that examined the contact mechanics of reverse engineered distal humeral head
arthroplasties. They found that these hemiarthroplasty implants did not produce the same
results as the native state (85). It was thought that this was due to neglecting the cartilage
when reverse engineering the shape, or because of the increased stiffness of the metal
(85). A follow up study by the same group looked at these reverse engineered
hemiarthroplasties compared to commercially available implants and found that the
reverse engineered implants had lower maximum contact stresses and higher contact area
(83). A few finite element studies have examined the effect of changing the material and
how it affects contact stress and contact area in hemiarthroplasties (3,4,59,86).

1.5.2

Measurement of Joint Articular Mechanics

Finite element modelling is a good tool to investigate the kinematics and internal stresses
in joints, as well as the effect of implants. However, it is important to validate FEA
results against experimental tests, such as cadaveric studies, which are a useful tool to
evaluate the joint contact area and pressures. Experimental tests also provide more detail
than a finite element study is able to and potentially provide more clinically relevant data.
Joint contact area can be evaluated using one of several methods. Both indirect and direct
approaches of measurement are possible. Casting methods are among the oldest and
simplest methods (3,4,30,31,70,74,83,87,88). While a cadaveric joint is in position,
casting material is poured around the joint and then removed after solidification. This
material is usually silicone based. Casting does not allow for instantaneous joint contact
area measurement nor does it allow one to view the contact area over time or through
flexion or extension.
Other direct measurement methods include Tekscan, or pressure sensitive film such as
Fuji film (3,89). These direct measurement systems have been shown to be accurate;
however, they are invasive as they must be placed in the joint space. Thus, they may
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disrupt the alignment of the joint, and hence affect the native contact mechanics. There
has been some debate regarding the accuracy of Tekscan and Fuji film, but both are still
widely used techniques to measure joint contact area and pressure (89–91). Tekscan
consists of strips of conductive material coated with a resistive ink that are sandwiched
between two pieces of film which creates a grid pattern of sensing elements where they
intersect. When a force is applied to the elements, the resistance of the elements changes
inversely proportional to the force, which can be captured by the system in real time. Fuji
film and other pressure sensitive films work by encasing microcapsules filled with a red
dye that break under force. The stain darkens proportional to the amount of force applied.
Fuji film can only measure the maximum contact pressure and the cumulative contact
area over a time period. Tekscan is commonly considered to be superior to Fuji film due
to its continuous real time output, thinner profile, higher accuracy, and ability to be
reused (89–92). Joint forces can also be calculated indirectly by measuring the contact
area with casting or Fuji film and then dividing by the force applied to find the average
contact stress.
There are also several indirect methods to measure contact area. These range from laser
scanning (93) to computational methods to determine cartilage contact. An example of
this is the method investigated by Willing et al. (2014) which uses motion capture and
CT scans to calculate, rather than directly measure, the contact area (94). Similar
techniques to determine contact area have been used by other researchers including
biplane fluoroscopy, MRI, or CT with good success (95–101).
There are multiple different ways to apply forces to a cadaveric joint to simulate the loads
in-vitro to determine articular contact as described above. One method is to remove the
muscle and soft tissue and pot the distal and proximal ends of the joint, then apply a
constant pressure to the denuded joints (32,70,74,102,103). This method is simple;
however, there are some drawbacks due to the removal of soft tissue. One drawback is
that the bone and cartilage can easily dry out and thus not perform as they would in-vitro
and produce higher contact forces and lower contact area. Another issue is that soft tissue
plays a major role in joint stabilization and affects load transfer and contact mechanics;
therefore, the contact pressures and area found may not be representative of the actual
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contact area or loads in the joint. For representative or comparative studies though, this
simple technique can provide quick and easy to interpret results.
Another method to measure internal joint mechanics is to put the intact joint into a fixed
machine at a set joint angle, apply loading to the main muscles of that joint, and then
measure contact area or stress (85,104). This technique is an improvement on the
previous because it includes soft tissue and is thus more representative of the actual
native state. The main issue with this approach is that it is difficult to know how much
load is actually being applied to the joint, and it is still not likely representative of an invitro loading.
Passive motion studies are where the joint is moved manually through motion such as
flexion and extension. These studies have been done by many, and provide accurate
kinematic data, but these studies fail to take into account the effect of muscle forces on
the joint and so do not provide in-vitro contact area and contact pressure (33,105,106).
The closest method to replicating the native state is an active joint simulator. An active
joint simulator applies load to the muscles using a computer with a continuous feedback
loop that causes the joint to flex and extend on its own. These simulators have been
validated and show accurate values compared to in-vivo (33,88,106–114).

1.6 Hemiarthroplasty of the Radial Head
The mechanics of a hemiarthroplasty implant articulating with native cartilage can be
analyzed for any joint where hemiarthroplasty is performed, and if a solution is found
that decreases cartilage wear, then this solution can be extended to the other joints. This
work chooses to focus on investigating radial head hemiarthroplasty of the elbow as it is
a simple hemiarthroplasty, and the knowledge gained from its study can be extended to
other hemiarthroplasties easily. Since this work uses the radial head hemiarthroplasty as a
model for other joints, a brief overview of the use, history, modelling, and testing of
radial head implants is presented below.
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1.6.1

Elbow Anatomy

The elbow is a joint made up of three bones all articulating with one another; the
humerus, radius, and ulna (Figure 1.4). The capitellum is the most distal part of the
humerus bone and is the main articular surface of the elbow. The capitellum articulates
with both the radius and the ulna in the radiocapitellar joint and the ulnohumeral joint.
The ulna and radius interact with each other at the proximal radio-ulnar joint (PRUJ).

Figure 1.4: Joints of the Elbow
This diagram shows the three major articulations of the elbow including the ulnohumeral
joint, the PRUJ, and the radiocapitellar joint. (a) shows the elbow from the anteriormedial view at approximately 100° and (b) shows the elbow from the anterior view fully
flexed.
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1.6.2

Evolution of Radial Head Replacement

Hemiarthroplasty of the radial head is a common procedure. In 2019 it was performed on
2341 people in Australia (115). Most commonly it is used when a comminuted fracture of
the radial head along with soft tissue damage occurs. When fractures of this type occur,
often the radial head cannot be repaired and must be resected. In the past, this was simply
the end of treatment; however, multiple studies found that this could lead to persistent
pain, elbow instability, and unnaturally high forces through the ulnohumeral joint, which
can cause accelerated wear of the ulnohumeral articulation (116–119). It is currently
recommended that the radial head be replaced with a prothesis. An example of what a
radial head prothesis looks like is shown in Figure 1.5. In comminuted fractures with
post-traumatic conditions, radial head replacement is particularly important as posttraumatic conditions often involve damaged soft tissue. Without the radial head and intact
soft tissue, the joint is unstable (112,117,120,121). It is important to note that some
research has found radial head resection was a better option though, due to the high
complication rates that occur with radial head implants (122).

Figure 1.5: Radial Head Hemiarthroplasty
This shows how a radial head implant would appear when implanted in a patient. The
stem of the radial head rests in the medullary canal, while the head replacement is a
concave dish. There are many different geometries and types of radial heads available.
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Radial head replacements first appeared in a paper by Speed in 1941, in the form of
ferrule caps that were the native anatomical shape (123). After being shown to be
superior to resection by Carr (124,125), other developers followed suit and created their
own radial head prostheses. Other early prostheses included an acrylic radial head by
Cherry (126), and a nylon radial head by Creyssel and De Morgues (127). These early
radial head replacements were not widely used at the time though (128,129).
The first commonly used implant was a silicone radial head implant developed by
Swanson in 1968 (122,130). This prothesis was quite popular for a brief period of time,
before it was reported that the implant was not strong enough to provide adequate support
to the joint, caused silicone-based synovitis, and fractured frequently (51,121,131,132).
Due to the major shortcomings of the silicone implant, several new implants made of
stronger materials were developed (27,51,121). The complete history of radial head
development has been summarized by several papers (51,121,133,134). Currently, there
are many implants made of a variety of materials and in different shapes from multiple
different manufacturers (51,119). A 2016 systematic review of radial head implant
studies by Heijink et al. analyzed the research and findings of 30 articles that included
727 patients (51). Their main finding was that overall there was no evidence to support
one type of radial head prothesis over another, with the exception being silicone
prostheses (51). Radial head protheses can be classified into different categories
including, monopolar or bipolar, and uncemented, cemented, or press fit.
The study by Heijink et al. (2016) found a total of 30 articles of which the implants used
were 70% monopolar, and 30% bipolar (51). Monopolar implants are one piece and have
no moving parts. Bipolar implants have a joint within them, allowing for relative
movement within the implant itself. There have not been many studies comparing
monopolar verses bipolar radial head implants, so it is not well known if one is superior
to the other, though it is generally accepted that monopolar implants provide more
stability (135,136). The advantage of bipolar implants is that they allow for better
adaptation to different anatomy, have simpler surgical technique, and theoretically
decrease the stress at the stem-bone and head-cartilage interfaces which potentially
lessens aseptic loosening and decreases wear of the native cartilage (119,137).
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Uncemented, cemented, and press-fit systems all are different fixation techniques of the
implant to the surrounding bone. Heijink et al. (2016) found that 21% were cemented in
place, 32% were press-fit, 32% were intentionally loose-fit, and 15% were fixed with an
expandable stem (51). With these fits, osteointegration may or may not be desired. For
example, the Evolve (Wright Medical Technology) radial head has a smooth stem that is
intentionally made to not osteointegrate. This way the stem can undergo endomedullary
movements within the medullary canal and self-align (119,138). For fixed stem implants
the stress at the cement-bone or implant-bone interface is theoretically higher, because
there is no motion allowed (119).
Currently there are several commercially available radial head implants. One of the most
common is the Evolve radial head from Wright Technology. The Evolve is a two-part
modular CoCr implant with six standard head and stem sizes that can be paired based on
the patient’s anatomy. A long-term study of the Evolve reported by Harrington et al.
(2001) found that the Evolve radial head had good or excellent long-term results
(averaging 12.1-year follow-up) for 16 out of 20 patients studied (139). Another study by
Grewal et al. (2006) looked at the six month outcome of the Evolve radial head in 26
patients and found that, “an arthroplasty with a modular metallic radial head is a safe and
effective option for the treatment of unreconstructible radial head fractures associated
with other elbow injuries,” (138). Other monopolar implants include the Swanson
titanium radial head (Wright Technology), the CoCr Solar radial head (Stryker), and the
Liverpool radial head replacement (Biomet). Implants that do not have any modularity
are becoming obsolete due to the fact that they are less customizable to each patient.
Matching the native radial head size has been shown to be important in restoring the
proper biomechanics of the elbow, so implants without customizability are less
advantageous (32,119,140–142). There are several bipolar radial head implant systems
including the rHead (Stryker), the rHead Lateral (Stryker), the Katalyst Bipolar radial
head system (Integra), and the Tonier radial head system (Wright Technology). As stated
previously, bipolar systems compromise some joint stability for improved conformity to
different anatomies.
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The Ascension Carbon radial head (Ascension Orthopedics) is made of PyC, which has a
much closer modulus to bone than metal, thus theoretically reduces stress shielding. All
of these implants have advantages and disadvantages, but in geometry they are all quite
similar, and studies have found no clinically significant indicators to use one over another
(51).

1.6.3

Relevant Anatomy and Biomechanics of the Radial Head

All radial head implants attempt to replicate the shape and size of the native radial head.
There have been several studies that have investigated the geometry of radial head
implants and their effect on the joint mechanics. A study done in 2001 by King et al.
measured 40 radial heads and had several important findings. First, it was found that the
radial head is not symmetric and thus suggested that radiocapitellar joint mechanics for
symmetric implants would be different from the native state, and that this difference
would be most pronounced in pronation and supination movement (29). Additionally,
they stated that any off the shelf implant design would not fit the patient exactly due to
the high variability of radial head shapes and sizes and the associated medullary canals
(29). Shannon analyzed the contact mechanics of the native radial head, a populationbased non-axisymmetric implant, an axisymmetric implant, and a patient-specific implant
(30). Using a cadaveric active motion simulator, she found that the patient specific
implant performed the best, and the axisymmetric the worst with respect to contact area
(30). Medial-lateral translation of the radial head did not change significantly during
pronation and supination between the implants, but anterior-posterior movement did (30).
A study by Sahu et al. (2014) compared an anatomic implant, a nonanatomic circular
monopolar implant, and a bipolar nonanatomic implant using weights to simulate joint
forces. They also found that anatomically designed radial heads performed superiorly
(32). A study done by Langohr et al. (2015) compared axisymmetric and nonaxisymmetric radial head implants using finite element models and found that
axisymmetric implants produced more consistent stresses through forearm rotation. They
concluded axisymmetric implants would be more forgiving than non-axisymmetric
implants, which produced lower contact stresses and higher contact areas at certain

23

forearm flexions and rotations, but produced higher contact stresses and lower contact
areas for other flexions and rotations (31).
A study by Lalone et al. (2017) looked at joint congruency when comparing a
population-based quasi-anatomic radial head implant, and a reverse-engineered anatomic
radial head implant. They found that radiocapitellar joint contact mechanics during
forearm rotation produced no statistical differences (33). There have been other studies
that have investigated specific parameters of radial head sizes, such as a finite element
model study that investigated radial head dish depth (28). While there has been much
debate as to what the geometry of the radial head implant should be, it is generally
accepted that the closer the geometry is to the native geometry the better the outcome
(28–33). The reason that axisymmetric implants are still the most prevalent today is that
non-axisymmetric implants are difficult to match to specific patients, and even more
difficult for surgeons to implant. If a non-axisymmetric implant is positioned with an
error of 1° then the benefits of the non-axisymmetric implant may no longer exist
(31,108).
Radial head implants have several common complications associated with their use.
Heijink et al. found that sufficient loosening occurred to require a revision surgery in
1.84% of patients (51). Aseptic loosening can be reduced by maximizing the diameter of
the stem for press fit radial heads (143). Stress shielding is typically present in radial head
implants, but it is typically minor and non-progressive, so is not a primary concern (144).

1.6.4

Finite Element Modelling of Radial Head Replacement

The first elbow finite element model was two-dimensional and reported in 1997 by Merz
et al. (145). The first three-dimensional full joint model of the elbow was done by
Willing et al. in 2013 (70) who paired their computational model with an experimental
study for validation and they found less than 10% deviation between the results (70).
Multiple finite element studies have been conducted to determine the optimal geometry
of a radial head implant, including investigating dish depth, outer edge radius, and
axisymmetric versus anatomic. One study looked at the effect of radial head
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hemiarthroplasty dish depth, and found that there was an optimal depth in order to
minimize the contact pressure on the humeral cartilage (28). Langohr et al. conducted a
finite element study that explored the effect of axisymmetric, anatomic, and quasiaxisymmetric radial head implants. As stated previously, they found that while the
axisymmetric performed worse at certain angles, it performed better at others, and they
recommended the use of an axisymmetric implant due to its simplicity (31). A cadaveric
study by Lalone et al. comparing radiocapitellar joint mechanics for quasi-anatomic,
reverse engineered, and axisymmetric radial heads found that there was no statistical
difference between the three which means it is unclear which is the superior implant (33).
A cadaveric study done prior by Shannon et al. had a similar result. They found that the
implant designs had similar results which suggested that when positioned using computer
navigation, the shape of the implant may not be important in terms of contact mechanics
(88). Another study looked at PRUJ biomechanics with different radial head
hemiarthroplasty geometry (84). This study found that radial head hemiarthroplasty
implants significantly reduce PRUJ contact area, and that by changing the radius of
curvature on the side of the implant, the PRUJ contact area can be optimized (84).

1.6.5

Loads Through the Radiocapitellar Joint

Elbow studies to find joint loads and contact area in the native state, as well as with
various implants, have been reported (146–152). In 2000, Morrey showed that 40% of the
elbow load goes through the ulnohumeral joint and 60% through the radiocapitellar
(146). Prior to this it was also reported that during passive motion the radial head
experienced the highest forces between 0° and 30° flexion with loads always higher in
pronation (147). A study by Orbay et al. examined the relationship between axial force at
the distal end of the radius and ulna, and the transverse load experienced by the radial
head (148). They found that there was a significant and predictable relationship between
the two bones in a cadaveric study (148). A study by Kim used Fuji film and static
loading at 0° to find the average contact stress. For native radial heads it was found to be
about 1.8 MPa at 100 N of force applied to the humerus, 3.3 MPa for a monoblock radial
head implant, and 2.6 MPa for a bipolar implant (149). Berkmortel et al. found that for
the native length, compressive loads of up to 42 N occurred when the elbow was flexed

25

using an active motion simulator (150). Belatto et al. found that contact stresses averaged
870±50 kPa when flexed using an active motion simulator (151). A systematic review
paper created a single equation for humeroulnar force as a function of flexion angle and
weight in the hand (152). For the PRUJ and radiocapitellar joint, no one has amalgamated
studies done to develop loading correlations. The studies that are available provide a
good indication of the loads to be expected in a radial head. This allows for representative
loads to be applied to finite element models and other studies, as well as test materials
and generate designs that can withstand these forces over millions of cycles.

1.7 Thesis Rational
While the primary goal of hemiarthroplasty reconstructive procedures is to ensure that
proper joint motion and kinematics are restored, abnormal load transfer and contact
stresses lead to degenerative changes of the remaining cartilaginous surface (3,4,30,87).
However, the understanding of the biomechanical performance of these less invasive
partial implant systems, particularly the influence of implant stiffness, is still in its
infancy. It is logical to postulate that an implant with a lower stiffness would result in
joint contact mechanics that more closely mimic the native joint and hence minimize
cartilage destruction.
Lower stiffness can be achieved in one of two ways. First the material can be modified to
be one with a lower modulus, and hence the implant will have a lower stiffness overall.
The second way is to modify the structure of the implant so that it is more deformable,
and hence have a lower overall stiffness. This thesis will investigate both methods.
In the short-term, it is anticipated that the current proposal will lead to advances in the
understanding of the basic biomechanical characteristics of load transfer and motion for
hemiarthroplasties of the radiocapitellar joint. Ultimately, this research will lead to
superior performing implants, which will permit the preservation of more host tissue and
result in more rapid patient recovery and durable longer life functional outcomes. In
addition, the new knowledge acquired on the interaction between synthetic implant
surfaces and cartilage will have widespread implications for minimal arthroplasties of all
joints.
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1.8 Objectives and Hypotheses
The overall goal of this research is to design and study new minimally invasive implants
for the upper limb that have reduced stiffness. The specific aims are:
1. To determine the effect of implant material properties on joint load transfer, of
hemiarthroplasty implants using computational methods (Chapter 2);
2. To determine the effect of implant structural properties on joint load transfer, of
hemiarthroplasty implants using computational methods (Chapter 3);
3. To investigate the in-vitro articular kinematics of select implants in pre-clinical
testing using an upper limb joint simulator (Chapter 4).
The overall hypothesis is that the load transfer mechanics of less stiff hemiarthroplasty
implant systems will result in increased contact area and reduced stresses relative to
traditionally employed metal systems and will approach the native state. The specific
hypotheses are:
1. There will be a threshold material stiffness above which the effect of material is
not significant, and below which stiffness is the predominant factor affect contact
mechanics (Chapter 2);
2. More compliant structures will produce improved contact mechanics than solid
structures (Chapter 3);
3. Lower stiffness implants will produce improved contact mechanics than more stiff
implants when assessed experimentally (Chapter 4).

1.9 Thesis Overview
Chapter 2 describes an investigation into the different materials for hemiarthroplasties
using computational methods, as described in objective 1, using a radial head
hemiarthroplasty as a model for any hemiarthroplasty. Chapter 3 investigates changing
the internal structure of a radial head implant in order to make it more deformable and
reduce its stiffness to obtain objective 2. Chapter 4 is a cadaveric study that investigates
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the most promising results of Chapters 2 and 3 for a radial head implant as a model for a
general hemiarthroplasty and meets objective 3. Chapter 5 discusses the work completed
within this dissertation and discusses the implications of this work and future directions
for this research.
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Chapter 2

2

The Effect of Material Stiffness on Hemiarthroplasty
Contact Mechanics: A Finite Element Study

This chapter presents a finite element (FE) study to investigate the effect of employing a
wide range of implant moduli as hemiarthroplasty materials. A radial head
hemiarthroplasty is used as a general model for any concave-convex articulation, so this
work can be applied to any other concave-convex joint that may undergo
hemiarthroplasty. A version of this study can be found in the Journal of Orthopaedic
Research.

2.1 Introduction
As described in Chapter 1, hemiarthroplasty materials are several orders of magnitude
stiffer than the opposing cartilage and interacting bone. This stiffness discrepancy is
thought to be the cause of accelerated cartilage wear as noted in clinical and scientific
studies (1–4). One potential solution is lowering the stiffness of the implant by using a
lower modulus material, which could potentially reduce cartilage wear, and more closely
mimic the natural state. There are multiple materials of different stiffnesses that have
been in use or investigated for use in hemiarthroplasty (these were described in Chapter
1, Section 1.4). Metals are common hemiarthroplasty materials and include cobaltchrome (CoCr), titanium, and stainless steel (5). Polymers that are thought to have
superior wear qualities and lower stiffness have been under investigation for use in
hemiarthroplasties. These materials include ultra-high molecular-weight polyethylene
(UHMWPE)(6,7), poly-ether-ether-ketone (PEEK)(8–10) and polycarbonate urethane
(PCU) (often referred to under its commercial name, Bionate)(11–14). Pyrolytic carbon
(PyC), a ceramic, has also been of great interest recently for hemiarthroplasty implants
due to its superior wear properties against cartilage, its similar modulus to (cortical) bone,
good fatigue properties, and high biocompatibility (3,15,16).
Only a few studies have been conducted on the articular mechanics of hemiarthroplasty
implants. Khayat (2016) examined the tribological properties of UHMWPE, PEEK, highdensity polyethylene, titanium, and stainless steel using an in-vitro model that used
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bovine cartilage (9). This work demonstrated that in the stiffness range of 0.69 GPa to
200 GPa, there was no change in cartilage wear, and suggested that much lower moduli
are needed (9). Dedecker (2017) examined three different stiffness classes of Bionate
(14). Those results showed that as stiffness decreases from 380 GPa (representing
alumina or ceramic) to 0.02 GPa, the contact area increased, the peak contact stress
decreased, and there was less wear (14). These findings suggest that below a critical
stiffness of ~0.7 GPa, stiffness becomes the predominate variable affecting contact stress,
contact area, and wear. There are other studies that investigate the effect of lower moduli
hemiarthroplasty implants using tribological testing (11,17–19), FE modelling (7,9,14),
and animal based in-vivo testing (3,20). Generally, these studies all conclude that by
markedly lowering the modulus of the material, the preservation of the opposing cartilage
can be achieved, and the longevity of the implant increased.
An implant is a foreign object in a patient’s body, and so there are many requirements
that it must meet. Along with being biocompatible and bioinert, an implant used at an
articulation must be able to withstand wear, generate wear particles that are nontoxic, not
fatigue with repeated loading and unloading, and not yield or fracture when under high
forces. Additionally, it must be manufactured at a reasonable cost. All of these factors are
important and must be considered when evaluating a potential implant material. The
ability and cost of manufacturing is beyond the scope of this work, and so will not be
considered here. It must also be resistant to wear, as wear particles can cause osteolysis,
aseptic loosening of an implant, and increased friction in the joint causing accelerated
wear of the cartilage and implant (17,21–23). Wear debris can also cause, genotoxic,
cytotoxic, or immunological effects, near the implant or systemically (24). These three
methods of failure must all be considered when selecting a material for a joint. The
material properties of common hemiarthroplasty materials are summarized in Table 2.1.
All of the materials discussed in this thesis have been shown to be biocompatible and
bioinert, and all have already been considered for potential use, or are currently in use, as
hemiarthroplasty implants.
Metals and ceramics are relatively strong. Their chance of material failure is low in most
scenarios. In joints where there is potential for some tensile or bending stresses, then
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ceramic must be carefully considered before being chosen to avoid failure in tension. The
lower-stiffness materials, particularly silastic and Bionate, might not be strong enough to
provide structural support. Additionally, they could plastically deform if placed under
enough stress. When analyzing the viability of these materials in a joint implant,
considering the yield, fatigue, and wear properties is important.

Table 2.1: Material Properties of Common Arthroplasty Materials
All property values taken from (25) unless otherwise noted.

Material

Young’s Modulus
(GPa)

Yield Strength
(MPa)

Ultimate
Tensile
Strength (MPa)

Fatigue
Strength
(MPa)

Al2O3

380 - 400

490-540

490-540

196-216

CoCr

210 - 220

450 -525

655 -764

260 - 344

SS

186 - 189

190-248

490-690

311 - 363

Ti

100 - 110

895-905

995-1010

559-564

PyC

29.2 - 30.8

45 - 90

45 - 90

51.6 – 60.1

PEEK

3.76 - 3.95

87 - 95

70.3 - 103

28.1 - 41.2

HDPE

1.07 - 1.09

26.2 - 31

22.1 - 31

8.84 - 12.4

0.894 - 0.693

21.4 - 27.6

38.6 - 48.3

15.2 - 19.8

Bionate-75D

0.288 (14)

34.9 - 42 (26)

34.8 - 41.6 (26)

See (26)

Bionate-55D

0.039 (14)

12.22 - 48.1 (27)

60.55 (27)

See (27)

Bionate-80A

0.02 (14)

NA

23.1 - 24.5 (26)

See (26)

0.005-0.05

7-11.5

7-11.5

2.8-4.6

UHMWPE

Silastic
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We know little about the general effects of hemiarthroplasty stiffness/modulus on
cartilage stress and wear, and in particular the implant stiffness or modulus values (i.e.
threshold) necessary to produce a decrease in cartilage stresses and wear. Hence, in view
of the foregoing, the purpose of this study was to investigate the effect of lowering
material stiffness on cartilage stress in hemiarthroplasties and find the threshold
necessary to produce a decrease in cartilage stress and wear. We determined the contact
mechanics (viz. stress and area) of a wide range of hemiarthroplasties that span the lower
modulus materials to the metallic implants. A FE model was employed using a series of
computed tomography (CT) derived osseous/cartilage models to investigate the materials
at different joint angles and radii of curvature. It was hypothesized that lowering the
modulus of hemiarthroplasty implants will produce markedly lower values of contact
pressure and markedly higher values of contact area relative to currently employed
devices.

2.2 Methods
The radiocapitellar joint of the elbow was used as a model for this study due to the
popularity of radial head hemiarthroplasties, and because it is an appropriate joint model
for representing any concave-convex articulation.
Seven separate computed tomography (CT) (77.7±7.8 years, 5M/2F) scans of the elbow
for fresh frozen cadavers, were used to create a FE study. The technique used was
developed and employed for a series of previous studies on this articulation (28–35) and
was validated by a cadaveric study which showed the technique had an accuracy of
within 10% for contact area (28). It was also shown to produce accurate bone and
cartilage geometry within 0.4 mm (36). FE modelling was performed for three different
custom-geometry implants made of 7 different materials (CoCr, PyC, PEEK, UHMWPE,
Bionate-75D (Bionate-High), Bionate-55D (Bionate-Mid), and Bionate-80A (BionateLow)) at 4 angles of flexion. The native radial head was also studied for all four angles of
flexion as a control.
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2.2.1

Implant Modelling

The implants were created using SolidWorks (SW)(2017, Dassault Systèmes, US). Each
implant was a cylindrical shape with a concave articulating face. To provide a baseline
for results and prevent biasing by using standard sized implants, the radius of curvature
(ROC) of the concave face of the implant was made the same as the largest measured
ROC on the capitellum. The geometry of the scanned capitellum was imported into SW
and four planes were created parallel to the sagittal plane. These were: the most lateral
point of the capitellum, the capitellar groove, and two, spaced 5.5 mm apart and centered
on the highest point of the capitellum when looking from the anterior plane (Figure 2.1).
Every 10° the transverse ROC was measured between the two center planes (that are 5.5
mm apart) using a circle of best fit through three points on the capitellum surface for 180°
(Figure 2.1). Of all the measured radii, the maximum ROC was taken and used as the
ROC for the implant’s concave articulating surface.
To prevent impingement and edge effects, the distance between the most lateral and
medial plane on the capitellum was measured and was used to define the diameter of the
implant. The articulating ROC was then increased by 2.5 mm and then 5 mm in order to
create a ROC mismatch between the capitellum and implant. The implant sizes are herein
referred to as RAD0, RAD2.5 and RAD5. The custom implant geometry makes the
model generalizable to all other convex-concave joint articulations. The radii and
associated depth for each specimen for each of these is reported in Table 2.2. Figure 2.2
shows a cross section view of the implants and these respective dimensions.
The material properties of the implants were all assigned in the FE software. Implants
were meshed using a 0.35 mm average size linear hexahedral mesh. This was determined
by means of a convergence test which showed less than a 0.001 MPa difference between
0.40 mm and 0.35 mm mesh sizes and resulted in around 62,500 nodes for each implant.

50

Figure 2.1: Geometric parameters of the capitellum measured to size implants.
Four planes were created to measures the required diameter of the implant and to
measure the ROC every 10° to determine the ROC of the implant (a) Planes created on

2

1

the capitellum. (b) Lines of best fit along capitellum.
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Figure 2.2: Cross Sectional View of Implant Employed
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UNLESS OTHERWISE SPECIFIED:

A

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL
ANGULAR: MACH
BEND
TWO PLACE DECIMAL
THREE PLACE DECIMAL
INTERPRET GEOMETRIC
TOLERANCING PER:

PROPRIETARY AND CONFIDENTIAL
THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
<INSERT COMPANY NAME HERE>. ANY
REPRODUCTION IN PART OR AS A WHOLE
WITHOUT THE WRITTEN PERMISSION OF
<INSERT COMPANY NAME HERE> IS
PROHIBITED.

MATERIAL

USED ON

NEXT ASSY
APPLICATION

2

SOLIDWORKS Educational Product. For Instructional Use Only.

FINISH

DO NOT SCALE DRAWING

NAME

DATE

A

DRAWN
CHECKED

TITLE:

ENG APPR.
MFG APPR.
Q.A.
COMMENTS:

SIZE DWG. NO.

ATHESISFIGURE

SCALE: 6:1 WEIGHT:

1

REV

SHEET 1 OF 1

51

Table 2.2: Dimensions of Each Custom Radial Head Implant

ROC

Implant
Depth

Implant
Width

ROC
+2.5

Depth
when
ROC +2.5

ROC
+5

Depth
when
ROC +5

1

17.4

1.531

17.6

19.9

1.332

22.4

1.178

2

16.5

1.616

17.3

19

1.395

21.5

1.227

3

13.5

1.991

17.7

16

1.671

18.5

1.437

4

17.3

1.538

17.3

19.8

1.336

22.3

1.181

5

14.1

1.906

16.2

16.6

1.599

19.1

1.379

6

17.2

1.543

16.7

19.7

1.338

22.2

1.182

7

17.7

1.512

18.8

20.2

1.321

22.7

1.171

Avg.

16.24

1.66

17.37

18.74

1.43

21.24

1.25

Std.
Dev

1.59

0.18

0.76

1.59

0.13

1.59

0.10

Edge effects were specifically avoided in these simulations because this is not an effect
seen with other joint implants. In order to be able to generalize this work to other joints
the edge effect cannot be observed. Edge effects occur when the edge of the radial head
implant creates a stress concentration on the capitellum and offloads the center of the
radial dish. An example of edge effect versus is shown below in Figure 2.3. Edge effects
are transient, meaning they only occur in certain positions for certain patients. Only
certain geometries and sizes of implants will create an edge effect in a patient. To
accurately assess the effect of material, these inconsistences were eliminated by carefully
measuring the capitellum geometry and using it to create implant geometry that will not
produce this effect.
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Figure 2.3: Edge Effect on the Capitellum
Example of undesired edge effect created by radial head implants that are improperly
sized.

2.2.2

Imaging and Segmentation

CT data was obtained for all specimens using a GE Discovery CT750 HD scanner (GE
Healthcare, Pewaukee, WI, USA). 200 mA and 120 kV settings were used to create 0.625
mm slices resulting in a voxel size of 0.180-0.229 x 0.180-0.229 x 0.625 mm in the
coronal, sagittal and axial directions respectively. The soft tissue was then removed, and
the specimens were CT scanned in air, so that the cartilage and bone could be identified
and segmented. Bone was then assigned material properties based on the apparent density
of each voxel (28,30,36). The scans were then imported into Mimics v21.0 (Materialise,
Leuven, Belgium). A threshold of +250 HU was used to identify the humerus and radius.
The software NETGEN-5.0.0 (RWTH Aachen University, Germany; and Johannes
Kepler University, Linz, Austria) was used to assign a quadrilateral mesh to each bone
whose size was determined based on a convergence study. The resulting mesh was a
linear tetrahedral mesh with a maximum edge length of 1 mm. Using Mimics, individual
material properties were assigned to each element of the bone. Four hundred different
bone materials were defined for the bone elements based on the function developed by
Austman et al. (𝐸 = 8436𝜌!.# 𝑤ℎ𝑒𝑟𝑒 𝐸 𝑖𝑠 𝑖𝑛 𝑀𝑃𝑎 𝑎𝑛𝑑 𝜌 𝑖𝑠 𝑖𝑛 𝑔/𝑐𝑚3 ) (37,38), and the
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Poisson’s ratio for each bone element was set to 0.3 (39). Element density was calculated
from Hounsfield Units using ρ=0.0010440 x HU.
The cartilage was identified as having a Hounsfield Unit (HU) of -700 or above. The
bone was subtracted from this volume leaving only the cartilage which was meshed with
NETGEN-5.0.0. The cartilage was initially meshed with a quadrilateral surface mesh
with a maximum and minimum edge length of 0.45 mm and 0.3 mm respectively. A
custom code was used to project the nodes of the surface mesh onto the underlying bone
and create a 3D mesh of linear hexahedral elements for the cartilage (28,30).

2.2.3

Finite Element Analysis

FE modelling was done in ABAQUS v6.14 (Dassault Systèmes Simulia Corp.,
Providence, RI, USA). Cartilage was modelled as a Neo-Hookean hyper-elastic biphasic
material (C10=0.1865 and D1=6.4516) (28,31,34,40), and connected to the bone using a
tie constraint. The material properties of the studied implant materials; CoCr, PyC,
PEEK, UHMWPE, Bionate-High, Bionate-Mid, and Bionate-Low are listed in Table 2.3.
Bionate-Low was modelled as a Mooney-Rivlin hyper-elastic material (C10=2.912,
D10=-1.025, and D1=0) because its modulus is not constant when strained (41,42). Its
effective modulus was used for graphical purposes when presenting results, but it was not
used in the material definition in ABAQUS. Mesh convergence was performed on the
outcome variables (contact area and contact pressure) and showed that these values
converged for the mesh densities employed herein. Previous work has demonstrated an
accuracy of 9.6% relative to experimental studies for this modelling technique (28).
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Table 2.3: Stiffness of Materials Used in Study
The Poisson’s ratio was 0.3, 0.24, 0.36, 0.49, 0.39, and 0.45 for CoCr, PyC, PEEK,
UHMWPE, Bionate-High, and Bionate-Mid respectively.
Material

Young’s (Elastic)
Modulus (E) [GPa]

CoCr
PyC
PEEK
UHMWPE
Bionate-High (Bionate-75D)
Bionate-Mid (Bionate-55D)

2.3 x 102
2.0 x 101
3.7 x 100
6.9 x 10-1
2.9 x 10-1
3.9 x 10-2

Bionate-Low (Bionate-80A)*

2.0 x 10-2

Reference
(25,43)
(15,20,44)
(9)
(9)
(45)
(46)
*Effective modulus
(14,45)

The centers of a circle of best fit to the articular surface of the distal humerus at two
locations were found and used to create the flexion-extension axis, as described in Figure
2.4. The center of the capitellum was found based on a transverse circle of best fit. This
point was used to create a coordinate system with the one axis along the flexionextension axis, and another along the long axis of the humerus (i.e. at 0° of flexion). This
coordinate system was used to align the radial head at different angles of flexion, as well
as for load application.
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Figure 2.4: Coordinate System Creation for FE Analysis
Creation of the coordinate system for study was done by; (a) creating the flexionextension axis using two circles of best fit; (b) finding the center of the capitellum; (c)
creating a line defining 0° of flexion that passes through center point of circle in b; and
(d) defining coordinate system created at center point of circle in b with x-axis along
flexion-extension axis, and y along line created in c.
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The FE model for the native radial head and radial head implant and the loads and
boundary conditions of the studies are shown in Figure 2.5. A 100 N compressive load
was applied along the axis of the radial head or radial head implant (32,47–50). The
radius/implants were allowed to translate freely, but not rotate. The back face of the
implants was rigid and the humerus was fixed in place. Standard penalty contact with
linear stiffness and no friction was used. The manner in which the cartilage material
properties were defined, as validated in previous studies (28,31,34), allowed for the
loading duration and rate to be neglected, and the long-term, equilibrium cartilage contact
pressure and area to be measured. For each specimen four angles covering the full range
of motion were tested including 0°, 45°, 90° and 135°. Figure 2.6 shows the model of the
native capitellum used at the four different flexion angles and Figure 2.7 shows the four
different flexion angles that were simulated.

100 N

100 N
Flexion Angle
0° - 135 °
Flexion Angle
0° - 135 °

Figure 2.5: Finite Element Model Employed
This is the FE model showing the boundary conditions and load on the (a) native radial
head (b) radial head implant. The humerus is fully constrained and the radial head and
radial head implant are allowed to translate in all directions but not rotate. The flexion
angle and 100 N load are indicated on the figure as well.
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Figure 2.6: Native Radial Head at Four Flexion Angles
This shows the radial head at (a) 0, (b) 45, (c) 90, and (d) 135 degrees of flexion
respectively.

Figure 2.7: Radial Head Implant at Four Flexion Angles
This shows the radial head implant at (a) 0, (b) 45, (c) 90, and (d) 135 degrees of flexion
respectively.
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2.2.4

Outcome Variables and Statistical Analyses

This study had 84 different trials (7 materials, 4 angles, 3 curvatures) plus the 4 native
radial head flexion positions. For each specimen four angles covering the full range of
motion were tested including 0°, 45°, 90° and 135°. The outcome variables included the
maximum contact pressure on the capitellum (smax) and the contact area between the
radial head or implant and the capitellum (CAREA). A three-way repeated measures
ANOVA using SPSS (IBM, Armonk, New York, USA) was used to compare smax and
CAREA on the cartilage (of the capitellum) for the 4 different angles of flexion, 3
different radial sizes, and 7 material states (plus the native state) with a significance level
of p=0.05.

2.3 Results
Representative contact pressure profiles for one specimen are shown in Figure 2.8. This
data illustrates the general trends for angle of flexion and ROC, as well as the general
contact area and qualitative location of the maximum contact pressure for the CoCr
implants and the native state. For each angle as the radius of curvature increases the
contact pressure increases as well. 135° had the highest contact pressures of all of the
angles. No edge effect is seen in any of the contact pressure profiles shown. The native
contact pressure profiles present differently than the implant contact pressure profiles,
which is likely because the implants are not anatomical, but axisymmetric.
The mean resultant contact pressure is shown in Figure 2.9 for all four joint angles (0°,
45°, 90°, and 135°), for each of the three sizes of implants (RAD0, RAD2.5, and RAD5).
Both material stiffness, flexion, and implant ROC were found to have a significant effect
on the smax (p<0.001).
The mean resultant contact area is shown in Figure 2.10 for all four joint angles (0°, 45°,
90°, and 135°), for each of the three sizes of implants (RAD0, RAD2.5, and RAD5). Both
material stiffness, flexion, and implant ROC were found to have a significant effect on
the smax (p<0.001, p=0.045, and p<0.001 respectively).
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Native

RAD0

RAD2.5

RAD5

0°

45°

90°

135
°

Figure 2.8: Humeral Contact Pressure Maps
The contact pressure (s) maps are shown here for one of the seven specimens comparing
the native state to the CoCr cases. Other implants produce similar contact pressure
profiles to that of CoCr.
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Figure 2.9: Average Maximum Contact Pressure (smax) for all Specimens
These graphs show the (a) maximum contact pressure at 0°; (b) maximum contact
pressure at 45°; (c) maximum contact pressure at 90°; and (d) maximum contact
pressure at 135°. The dashed midline and gray zone represent the native-native
articulation mean ± the standard deviation. *Represents a significant difference between
the cases (p<0.05).
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Figure 2.10: Average Contact Area (CAREA) for all Specimens
These graphs show the (a) contact area at 0°; (b) contact area at 45°; (c) contact area at
90°; and (d) contact area at 135°. The dashed midline and gray zone represent the
native-native articulation mean ± the standard deviation. *Represents a significant
difference between the cases (p<0.05).
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Each angle and ROC independently had the same trends for smax. The 135° angle was
significantly different from the others (p<0.017), but only by an average of 0.9±0.2 MPa.
All angles showed the same material trends, so the angle of flexion does not affect the
material selection choice. As the ROC was increased smax increased as well (p<0.001)
with RAD0 (which had the smallest ROC that matched the capitellum) resulting in the
lowest smax (-0.3±0.08 MPa from RAD2.5, and -0.6±0.2 MPa from RAD5). All ROC had
the same material trends which demonstrates that the ROC used does not affect the
material selection choice.
All of the materials had statistically significantly different maximum contact pressures
from each other and from the native state; however, these differences were all less than
0.08 MPa among Bionate-High, UHMWPE, PEEK, PyC, and CoCr, which is a small
difference (p<0.002). Bionate-Mid had a maximum difference of -0.4±0.2 MPa from the
above materials and 0.6±0.1 MPa from the native state. Bionate-Low had a maximum
difference of -0.8±0.3 MPa from the above materials that were the same, a difference of 0.4±0.1 MPa from Bionate-Mid, and a difference of 0.2±0.2 MPa from the native state.
For contact area there was significant interactions between material and ROC (p<0.001);
ROC and angle (p<0.016); and material, ROC and angle (p<0.013). Between different
angles there was some with significant differences; however, all differences, significant
or not, were less than 13±12 mm2. Additionally, all angles showed the same trend for
materials indicating that the angle does not affect the material selection choice. RAD0,
RAD2.5 and RAD5 were all significantly different from one another (p≤0.001) with the
RAD0 having the highest contact area (12±2 mm2 larger than RAD5, and 23±6 mm2
larger than RAD5). All ROC showed the same trend for material though indicating that
the choice of ROC does not affect the material selection.
All materials had statistically significantly different contact areas from one another
(p≤0.001); however, these differences were all less than 2 mm2 among Bionate-High,
UHMWPE, PEEK, PyC, and CoCr which is a minute difference (p<0.001). Bionate-Mid
had a maximum difference of 8±2 mm2 from the above materials and -73±21 mm2 from
the native state. Bionate-Low had a maximum difference of 21±4 mm2 from the materials

65

that were the same, 12±2 mm2 from Bionate-Mid, and only -61±22 mm2 above the native
state.
Examining all of the data for each material combined (all radii and angle combined) the
data is plotted with the abscissa as material stiffness (i.e. Young’s modulus), and the
ordinate as the contact pressure or contact area. These graphs are shown in Figure 2.11
and Figure 2.12. This creates a curve that shows the generalized trend noted with these
materials. This curve can be employed to predict contact pressure or contact area for
materials not investigated herein.
The contact area versus contact pressure for all the data is also included and can be seen
in Figure 2.13. This shows the general trend that as the contact area increases the contact
pressure decreases which is most likely why as contact area goes up contact pressure
decreases.

Figure 2.11: Maximum Contact Pressure for Different Moduli
The data for all trials and angles are included in this figure. The native mean and
standard deviation are represented as horizontal lines.
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Figure 2.12: Contact Area for Different Moduli
The data for all trials and angles are included in this figure. The native mean and
standard deviation are represented as horizontal lines.

Figure 2.13: Maximum Contact Pressure as a Function of Contact Area
The maximum contact pressure tends to decrease as contact area increases. Each data
point represents one specimen at one angle of flexion and with one radial head implant.
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2.4 Discussion
It has been shown that increased contact pressure on cartilage can result in increased
damage and wear (1–4). Hence, when aiming to reduce wear on native cartilage, contact
pressure should be minimized (51–53). Contact area is also important as it is generally
known that the stress across a surface is related to the force applied divided by the contact
area. Thus, increasing contact area typically results in decreased contact pressures. The
contact area found herein support this conclusion as the lower stiffness materials had
higher magnitudes of CAREA and lower smax.
All of the materials investigated have been shown to be biocompatible and bioinert and
have already been used (or considered for use) in hemiarthroplasty implants. Previous
studies have shown that materials such as PyC, UHMWPE, and PEEK have the potential
to be better options for hemiarthroplasties than CoCr and other metals due to their lower
stiffness and better wear properties (3,6–8,15,16,19,20). However, the findings of the
current study show that these materials have no difference from CoCr with respect to
articular contact area or maximum contact pressure. No material with a modulus above
that of Bionate-Mid (0.039 GPa) produces a large difference from CoCr. Based on these
data only a modulus of less than 300 MPa would be relevant from the viewpoint of
cartilage wear. This is clearly shown by Figure 2.11 when the trend begins to fall below
this value. Further, while PyC, UHMWPE, and PEEK may have a closer stiffness match
to bone which prevents some stress shielding, they do not have a sufficient difference on
the pressure on the opposing cartilage. This implies that these materials may lead to
accelerated wear of the cartilage despite being less stiff. This has major implications for
the development of new hemiarthroplasty implant materials. All materials’ maximum
contact pressures were significantly different from the native state except Bionate-Low.
However; both Bionate-Mid and Bionate-Low were different from the other materials.
This indicates that use of these materials or others with similar stiffness ranges in
hemiarthroplasty implants requires further investigation.
Decreased stiffness reduced contact pressures. The one issue with this is that decreased
material stiffness also results in a decrease in implant strength. The stiffness of bone is
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generally around 18 GPa (16), which is much higher than the stiffness of Bionate-Mid
and Bionate-Low and is very similar to PyC. Employing an implant that is many times
less stiff than bone is something that is most likely not possible or practical because it
will not be able to provide enough support. Silicone, while it also had other issues, was
shown to not be strong enough to sustain the loads through the elbow and often failed
(5,54–56). One previous study modelled silicone as a Yeoh hyper-elastic material with
coefficients of C1=0.24162, C2=0.19977, and C3=-0.00541 (57,58). The effective
Young’s modulus of silicone is about 0.005 to 0.05 GPa (25) which is in the same range
of Bionate-Mid and Bionate-Low. A silicone FE analysis was conducted to allow for
comparison between Bionate and silicone. The silicone created a maximum contact
pressure on the capitellum of 1.169 MPa which is a difference of less than 0.025 MPa
from the maximum contact pressure Bionate-Low and Bionate-Mid for that specimen.
While this one trial is not conclusive, it lends itself to an important point. Silicone was
used as a radial head implant material in the 1950s, but it was shown to be not
mechanically strong enough to provide the needed support to the elbow (5,54–56,59).
The materials investigated in the study presented above show no large difference on their
effect on cartilage until materials with stiffnesses less than 300 MPa. However; at this
range the stiffness has potentially been lowered so much that the material can no longer
provide the load transmission support and strength that is required. Silicone is in this
range and has a similar contact pressure on the capitellum to Bionate-Mid and BionateLow for one specimen. Silicone is known to not be strong enough for use in a load
bearing joint (5,54–56,59) so the strength of Bionate-Low or Bionate-Mid, would need to
be investigated more before use in a load bearing joint. The optimal stiffness of a
hemiarthroplasty implant still needs further investigation because materials that are too
stiff adversely affect cartilage, while materials that are too weak may no longer provide
adequate support to the joint.
When examining the effect of ROC, the same trend was found for smax and CAREA for
all three curvatures investigated. As expected, the lowest contact pressures and highest
contact area were found for the implant with the exact match to the capitellum (RAD0).
Increasing the ROC increased the associated contact pressure and decreased the contact
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area. The material trend was the same for all of the different ROC. A study by Irish et al.
showed that there was an optimum ROC for the radial head, and RAD0 appears to be this
optimum ROC (32). As the ROC is increased, the congruency between the radial head
and the capitellum is diminished. These results clearly showed that an exact match
between the ROC of each articulating surface is more important than a larger ROC.
However, this did not affect the trends observed for the effect of implant modulus. In
addition, the joint angle was shown to have a significant effect on the results for both
contact pressure and contact area, but this is likely due to the changing morphology of the
capitellum (60). The effect of material properties was unchanged at all flexion angles
investigated indicating that the material results are independent of flexion angle.
Custom implants were used to eliminate the edge effect. This means that these findings
are generalizable to any concave-convex articulation where a hemiarthroplasty would be
performed including the shoulder, radial head, and hip. Comparing this implant to a
commercially available implant the width of the implants are all approximately the size
of the smallest possible implant (the EV18 at ~17 mm). The ROC for the EV18 is 14.34
mm, EV20 is 16.54 mm, and EV24 is 19.85 mm suggesting that most of the radii used in
the current study are well above what is commercially available, and the commercially
available implants are closest to the perfectly conforming size, as is desirable for a
hemiarthroplasty implant. However, the results regarding the effect of changes in
material are expected to be the same for any geometry used so this variation is not
relevant.
This study has limitations that should be acknowledged. This study did not model the
ulna and proximal radioulnar articulation; however, the goal of this work was to study a
generalized concave-convex hemiarthroplasty articulation. We only modeled the concave
(implant) - convex (cartilage) articulation and not the reverse. However, we postulate that
the results obtained herein would be similar as contact for two spherical surfaces can be
defined by the Hertzian contact pressure equation which is the same when the material
properties of the concave and convex surface are interchanged. The Hertzian contact
equation and theory behind this postulation is shown in Figure 2.14. This means that
similar stresses would be observed for either a concave (implant) - convex (cartilage)
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articulation or a convex (implant) -concave (cartilage) articulation. Fatigue failure,
accelerated wear, and time-dependent deformation (ex. creep) of the implants are not
considered in this work. These are issues that would affect the efficacy and viability of
using the lower modulus materials, which are typically weaker. The use of FE analysis
itself imposes a number of simplifications and assumptions intrinsic to these approaches.
However, this FE modelling process has been validated by cadaveric experimental
studies (28,36).
This study has strengths that make it relevant to implant design and selection. From a
statistical perspective, a sample size of 7 was employed which permits relevant analyses
and comparison of the results using the analyses of variance. This presents advantages
over studies that use one model for bone and cartilage. Also, a non-linear study was used
that updates the stiffness of materials as they deform allowing for more accurate
modelling of cartilage and softer implant materials. The methods used for FE modelling
presented here have been validated and so these results present an accurate model of the
trends when material modulus is lowered.

Figure 2.14: Hertzian Contact Equation for a Concave and Convex Surface
This equation is used to predict the maximum contact pressure between the two surfaces.
The far right shows the theory which applies to lowering the stiffness of one of the
materials to lower contact pressure. It applies regardless of which surface is labelled as
1 and 2.
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2.5 Conclusion
These findings show that lower stiffness materials need to be investigated for use in
hemiarthroplasties in order to reduce stresses on the opposing cartilage. It is interesting to
note that a decrease in implant modulus does not necessarily produce more favorable
contact at these articulations. Only a modulus below ~300 MPa appears efficacious from
the viewpoint of reducing cartilage contact pressures to more desirable levels. Materials
such as Bionate-Low and Bionate-Mid offer interesting alternatives to the current
implants, though load bearing applications of such materials has not been fully addressed,
particularly their long-term fatigue performance.

2.6 References
1.

Schwartz CJ, Bahadur S. Investigation of articular cartilage and counterface
compliance in multi-directional sliding as in orthopedic implants. Wear.
2007;262(11–12):1315–20.

2.

Dalldorf PG, Banas MP, Hicks DG, Pellegrini VD. Rate of degeneration of
human acetabular cartilage after hemiarthroplasty. J Bone Jt Surg - Ser A.
1995;77(6):877–82.

3.

Cook S, Thomas K, Kester M. Wear Characteristics of the Canine Acetabulum
Against Different Femoral Protheses. J Bone Jt Surg. 2008;71(2).

4.

Ko FC, Dragomir C, Plumb DA, Goldring SR, Wright TM, Goldring MB, et al. In
vivo cyclic compression causes cartilage degeneration and subchondral bone
changes in mouse tibiae. Arthritis Rheum. 2013;65(6):1569–78.

5.

Heijink A, Kodde I, Mulder P, Veltman E, Kaas L, van den Bekerom M, et al.
Radial Head Arthroplasty: A Systematic Review. J Bone Jt Surg [Internet].
2016;4(10):314–21.

6.

Kurtz SM, editor. UHMWPE Biomaterials Handbook: Ultra High Molecular
Weight Polyethylene in Total Joint Replacement and Medical Devices. 3rd ed.
Elsevier; 2015. 1–840 p.

72

7.

Gupta GG, Lucas G, Hahn DL. Biomechanical and computer analysis of radial
head prostheses. J Shoulder Elb Surg. 1997;6(1):37–48.

8.

Abdullah MR, Goharian A, Abdul Kadir MR, Wahit MU. Biomechanical and
bioactivity concepts of polyetheretherketone composites for use in orthopedic
implants - A review. J Biomed Mater Res - Part A. 2015;103(11):3689–702.

9.

Khayat A. Effect of Hemiarthroplasty Implant Contact Geometry and Material on
Early Cartilage Wear [master’s thesis]. London, Canada: University of Western
Ontario; 2015.

10.

Williams DF, McNamara A, Turner RM. Potential of polyetheretherketone
(PEEK) and carbon-fibre-reinforced PEEK in medical applications. J Mater Sci
Lett. 1987;6(2):188–90.

11.

Luo Y, McCann L, Ingham E, Jin ZM, Ge S, Fisher J. Polyurethane as a potential
knee hemiarthroplasty biomaterial: An in-vitro simulation of its tribological
performance. Proc Inst Mech Eng Part H J Eng Med. 2010;224(3):415–25.

12.

Kanca Y. Tribological Testing of Potential Hemiarthroplasty Materials Using a
Custom-designed Multi-directional Reciprocating Rig Declaration of originality
[dissertation]. London, UK: Imperial College London; 2017.

13.

Kanca Y, Milner P, Dini D, Amis AA. Tribological evaluation of biomedical
polycarbonate urethanes against articular cartilage. J Mech Behav Biomed Mater
[Internet]. 2018;82(November 2017):394–402. Available from:
https://doi.org/10.1016/j.jmbbm.2018.04.001

14.

Dedecker S. The Efficacy of Bionate as an Articulating Surface for Joint
Hemiarthroplasty [master’s thesis]. London, Canada: University of Western
Ontario; 2017.

15.

Bellemère P. Pyrocarbon implants for the hand and wrist. Hand Surg Rehabil.
2018;37(3):129–54.

73

16.

Kawalec J, Hetherington V, Melillo T, Corbin N. Evaluation of fibrocartilage
regeneration and bone response at full- thickness cartilage defects in articulation
with pyrolytic carbon or cobalt- chromium alloy hemiarthroplasties. J Biomed
Mater Res. 1998;41(4):534–40.

17.

Chan SMT, Neu CP, Komvopoulos K, Reddi AH, Di Cesare PE. Friction and
Wear of Hemiarthroplasty Biomaterials in Reciprocating Sliding Contact with
Articular Cartilage. J Tribol. 2011;133(4):041201.

18.

Naidu SH, Radin A. Isoelastic Distal Ulnar Head Prosthesis: An In Vitro Joint
Simulator Study. J Hand Surg Am [Internet]. 2009;34(3):409–14. Available from:
http://dx.doi.org/10.1016/j.jhsa.2008.11.031

19.

Pacione CA, Trevino RL, Chubinskaya S, Malfait AM, Wimmer MA.
Comparison of various artificial materials articulating against live cartilage.
Osteoarthr Cartil. 2013;21(2013):S210.

20.

Jung M, Wieloch P, Lorenz H, Gotterbarm T, Veyel K, Daniels M, et al.
Comparison of cobalt chromium, ceramic and pyrocarbon hemiprostheses in a
rabbit model: Ceramic leads to more cartilage damage than cobalt chromium. J
Biomed Mater Res - Part B Appl Biomater. 2008;85(2):427–34.

21.

Sonntag R, Reinders J, Kretzer JP. What’s next? Alternative materials for
articulation in total joint replacement. Acta Biomater [Internet]. 2012;8(7):2434–
41. Available from: http://dx.doi.org/10.1016/j.actbio.2012.03.029

22.

Gulsen A, Merve G, Meltem P. Biotribology of Cartilage Wear in Knee and Hip
Joints Review of Recent Developments. IOP Conf Ser Mater Sci Eng.
2018;295(1).

23.

Dumbleton JH, Manley MT, Edidin AA. A literature review of the association
between wear rate and osteolysis in total hip arthroplasty. J Arthroplasty.
2002;17(5):649–61.

74

24.

Sansone V, Pagani D, Melato M. Clinical Cases in Mineral The effects on bone
cells of metal ions released from orthopaedic implants. A review. Bone Metab
[Internet]. 2013;10(1):34–40.

25.

CES EduPack. Cambridge: ANSYS; 2018.

26.

Ford AC, Gramling H, Li SC, Sov J V., Srinivasan A, Pruitt LA.
Micromechanisms of fatigue crack growth in polycarbonate polyurethane: Time
dependent and hydration effects. J Mech Behav Biomed Mater.
2018;79(November 2017):324–31.

27.

DSB Biomedical. DSM Biomedical Bionate® 55D Thermoplastic Polycarbonate
Polyurethane (PCU) [Internet]. [cited 2019 Mar 5]. Available from:
http://www.matweb.com/search/datasheet.aspx?matguid=93fa5a4ab8264ad3a37e
a012a9571db4&ckck=1

28.

Willing RT, Lalone EA, Shannon H, Johnson JA, King GJW. Validation of a
finite element model of the human elbow for determining cartilage contact
mechanics. J Biomech. 2013;46(10):1767–71.

29.

Willing R, Lapner M, Lalone EA, King GJW, Johnson JA. Development of a
computational technique to measure cartilage contact area. J Biomech [Internet].
2014;47(5):1193–7. Available from:
http://dx.doi.org/10.1016/j.jbiomech.2014.01.047

30.

Langohr GDG, Willing R, Medley JB, King GJW, Johnson JA. Contact analysis
of the native radiocapitellar joint compared with axisymmetric and
nonaxisymmetric radial head hemiarthroplasty. J Shoulder Elb Surg [Internet].
2015;24(5):787–95. Available from: http://dx.doi.org/10.1016/j.jse.2014.12.011

31.

Langohr GDG, Willing R, Medley JB, King GJW, Johnson JA. The Effect of
Radial Head Hemiarthroplasty Geometry on Proximal Radioulnar Joint Contact
Mechanics. J Hand Surg Am [Internet]. 2016;41(7):745–52. Available from:
http://dx.doi.org/10.1016/j.jhsa.2016.05.001

75

32.

Irish SE, Langohr GDG, Willing R, King GJ, Johnson JA. Implications of radial
head hemiarthroplasty dish depth on radiocapitellar contact mechanics. J Hand
Surg Am. 2015;40(4):723–9.

33.

Willing R, Lapner M, King GJW, Johnson JA. In vitro assessment of the contact
mechanics of reverse-engineered distal humeral hemiarthroplasty prostheses. Clin
Biomech. 2014;29(9):990–6.

34.

Willing R, King GJW, Johnson JA. Contact mechanics of reverse engineered
distal humeral hemiarthroplasty implants. J Biomech [Internet].
2015;48(15):4037–42. Available from:
http://dx.doi.org/10.1016/j.jbiomech.2015.09.047

35.

Berkmortel CJ, Gladwell MS, Ng J, Ferreira LM, Athwal GS, Johnson JA, et al.
Effect of Radial Neck Length on Joint Loading. J Shoulder Elb Arthroplast.
2019;3:1–7.

36.

Lalone EA, Willing RT, Shannon HL, King GJW, Johnson JA. Accuracy
assessment of 3D bone reconstructions using CT : an intro comparison. Med Eng
Phys [Internet]. 2015;37(8):729–38. Available from:
http://dx.doi.org/10.1016/j.medengphy.2015.04.010

37.

Austman RL, Milner JS, Holdsworth DW, Dunning CE. The effect of the densitymodulus relationship selected to apply material properties in a finite element
model of long bone. J Biomech. 2008;41(15):3171–6.

38.

Austman RL, Milner JS, Holdsworth DW, Dunning CE. Development of a
customized density-modulus relationship for use in subject-specific finite element
models of the ulna. Proc Inst Mech Eng H. 2009;223(6):787-94.

39.

Wirtz DC, Schi N, Pandorf T, Radermacher K, Weichert D, Forst R. Critical
evaluation of known bone material properties to realize anisotropic FE-simulation
of the proximal femur. 2000;33:1325–30.

76

40.

Anderson AE, Ellis BJ, Maas SA, Peters CL, Weiss JA. Validation of Finite
Element Predictions of Cartilage Contact Pressure in the Human Hip Joint. J
Biomech Eng. 2008;130(5):051008.

41.

Gabarre S, Herrera A, Mateo J, Ibarz E, Lobo-Escolar A, Gracia L. Study of the
Polycarbonate-Urethane/Metal Contact in Different Positions during Gait Cycle.
Biomed Res Int. 2014;1-11.

42.

Elsner JJ, Portnoy S, Zur G, Guilak F, Shterling A, Linder-Ganz E. Design of a
Free-Floating Polycarbonate-Urethane Meniscal Implant Using Finite Element
Modeling and Experimental Validation. J Biomech Eng. 2010;132(9):1-8.

43.

Mahyudin F, Widhiyanto L, Hermawan H. Biomaterials in orthopaedics. Adv
Struct Mater. 2016;58(July):161–81.

44.

Price RJ, Kaae JL. Poisson’s Ratio of Pyrolytic Carbon. Carbon N Y.
1969;7(6):706–8.

45.

Nic An Ghaill N, Little EG. Determination of the mechanical properties of
Bionate 80A and Bionate 75D for the stress analysis of cushion form bearings.
Proc Inst Mech Eng Part H J Eng Med. 2008;222(5):683–94.

46.

Simmons A, Hyvarinen J, Odell RA, Martin DJ, Gunatillake PA, Noble KR, et al.
Long-term in vivo biostability of poly (dimethylsiloxane )/ poly (hexamethylene
oxide ) mixed macrodiol-based polyurethane elastomers. 2004;25:4887–900.

47.

Sahu D, Holmes DM, Fitzsimmons JS, Thoreson AR, Berglund LJ, An KN, et al.
Influence of radial head prosthetic design on radiocapitellar joint contact
mechanics. J Shoulder Elb Surg [Internet]. 2014;23(4):456–62. Available from:
http://dx.doi.org/10.1016/j.jse.2013.11.028

48.

Shannon HL, Deluce SR, Lalone EA, Willing R, King GJW, Johnson JA. Effect
of radial head implant shape on joint contact area and location during static
loading. J Hand Surg Am [Internet]. 2015;40(4):716–22. Available from:
http://dx.doi.org/10.1016/j.jhsa.2014.12.017

77

49.

Liew VS, Cooper IC, Ferreira LM, Johnson JA, King GJW. The effect of metallic
radial head arthroplasty on radiocapitellar joint contact area. Clin Biomech.
2003;18(2):115–8.

50.

Abhari RE, Willing R, King GJW, Johnson JA. An In Vitro Study of the Role of
Implant Positioning on Ulnohumeral Articular Contact in Distal Humeral
Hemiarthroplasty. J Hand Surg Am [Internet]. 2017;42(8):602–9. Available from:
http://dx.doi.org/10.1016/j.jhsa.2017.03.034

51.

Lizhang J, Fisher J, Jin Z, Burton A, Williams S. The effect of contact stress on
cartilage friction, deformation and wear. Proc Inst Mech Eng Part H J Eng Med.
2011;225(5):461–75.

52.

Maxian TA, Brown TD, Weinstein SL. Chronic stress tolerance levels for human
articular cartilage: Two nonuniform contact models applied to long-term followup of CDH. J Biomech. 1995;28(2):159–66.

53.

Dekel S, Weissman SL. Joint changes after overuse and peak overloading of
rabbit knees in vivo. Acta Orthop. 1978;49(6):519–28.

54.

Vanderwilde S, Morrey B, Melberg M, Vinh T. Inflammatory arthritis failure of
silicone rubber replacement of the cartilage. J Bone Jt Surg. 1994;76-B:78–81.

55.

Van Riet RP, Van Glabbeek F. History of radial head prosthesis in traumatology.
Acta Orthop Belg. 2007;73(1):12–20.

56.

Mackay I, Fitzgerald B. Replacement of the of the Radius in Trauma. J Bone Jt
Surg. 1979;61-B(4):494–7.

57.

Martins PALS, Jorge RMN, Ferreira AJM. A comparative study of several
material models for prediction of hyperelastic properties: Application to siliconerubber and soft tissues. Strain. 2006;42(3):135–47.

58.

Podnos E, Becker E, Klawitter J, Strzepa P. FEA analysis of silicone MCP
implant. J Biomech. 2006;39(7):1217–26.

78

59.

Carità E, Donadelli A, Cugola L, Perazzini P. Radial head prosthesis: results
overview. Musculoskelet Surg. 2017;101(s2):197–204.

60.

Sabo MT, McDonald CP, Ng J, Ferreira LM, Johnson JA, King GJW. A
morphological analysis of the humeral capitellum with an interest in prosthesis
design. J Shoulder Elb Surg. 2011;20(6):880–4.

79

Chapter 3

3

Changing Structure of Hemiarthroplasties to Lower
Stiffness

This chapter presents a finite element study that investigates how changing the structural
stiffness of a hemiarthroplasty implant affects the articular mechanics via quantifying
cartilage stresses and contact area.

3.1 Introduction
As discussed in Chapter 1 and Chapter 2, hemiarthroplasty is used to partially replace
joints when a full arthroplasty is unnecessary or less desirable. Hemiarthroplasty
preserves more native tissue and bone making future revision surgeries easier, and due to
its minimal invasiveness, reduces costs and results in a quicker recovery (1–3). One
major shortcoming of hemiarthroplasties is that they accelerate the wear of the native
cartilage on the opposite side (4–6). The cause of this accelerated wear is partially due to
the high stiffness of the current implants compared to the native cartilage (4–6). This high
stiffness also leads to stress shielding at the implant-bone interface which can cause
osteolysis and implant loosening or bone fracture (7). If an implant could deform similar
to the way cartilage deforms when under compression, it could be postulated that this
would reduce the wear on the opposing native cartilage (8). Thus, there is a need for a
more compliant hemiarthroplasty implant to reduce the wear on the cartilaginous surface.
There are two methods that can be used to achieve this lower stiffness. The first method
is to change the implant material properties so that they are more compliant, as was
investigated in Chapter 2. The second approach is by modifying the structure of the
implants to enhance deformability. To date, no research has been reported studying the
effect of an implant that has increased compliance. All low stiffness implants to date have
focused on the stem structure that interfaces with bone, and have been aimed at reducing
bone stress shielding, increasing osteointegration, and maintaining implant strength while
reducing weight. There have been several researchers that investigated developing fully
porous implants to achieve these goals; however, the objective of these studies was to
reduce bone stress shielding and not to protect native cartilage in hemiarthroplasties (9–
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13). A review on lattice structures in additive manufacturing of orthopedic implants
identifies several studies that have attempted to use these structures to design implants
that are lighter, more compliant, and can reduce stress shielding (14).
The purpose of the current study was to evaluate an implant design that would increase
contact area and reduce contact pressure, which would in turn reduce cartilage wear in
hemiarthroplasties. This is achieved by changing the internal implant design to lower its
stiffness so that its more compliant and deformable. The easiest method to do this is to
modify the internal implant structure, to create a hollow implant. According to
preliminary lab studies by Johnson, a thin-shelled material thickness of 0.25 mm gives
the compliance required to generate sufficiently lower contact pressures (15).
Additionally, anything less than this thickness would be very difficult to manufacture so
nothing below this thickness was considered. These hollow implants can then have
internal support structure added to them to reduce the stresses it would experience or
target the location of deformation in the implant.
The other method that can be used to adjust the compliance of an implant is changing the
material properties of the implant as was studied in Chapter 2. This study also
investigates the optimal thickness of the material Bionate-80A (Bionate-Low) as a
coating on a metallic implant. Currently, metallic implants are the most commonly used
material for hemiarthroplasty implants. Bionate-80A was shown in Chapter 2 to perform
the best out of all potential materials investigated. However, manufacturing an implant
entirely out of Bionate-80A would be very difficult and may not be strong enough to
withstand the forces within the joint. Using an existing implant shape and making it
comprised of a metallic core coated in a layer of Bionate-80A, similar to the role of
cartilage on bone, could be an effective implant that would lower the maximum contact
pressure on the articulating surface. Based on the three aforementioned approaches, three
sub-studies will be conducted, and for these the hypotheses are as follows:
1. There will be an improvement in joint contact mechanics over solid implants,
when implants are hollowed out into a shell.
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2. There will be an improvement in joint contact mechanics over solid implants
when the implants have hollow compartments inside them.
3. There will be an improvement in joint contact mechanics over solid implants
when a solid implant is coated with a soft material, and there will be an optimum
thickness.

3.2 Methods
3.2.1

Overview of Studies

In Chapter 2, the radiocapitellar joint was used as a model for a hemiarthroplasty. This is
also done in the current chapter. The methods for the development of finite element
models of bone and cartilage, and the development of the implant size and shape were the
same as that for Chapter 2 and are described here.
This study analyzed four different thicknesses of hollow implants, and three implants
with internal structure and internal spaces for both CoCr and PyC. Then the study
investigated CoCr implants with four different thicknesses of a Bionate-Low coating.
This was done for seven different capitellar (cartilage/bone) specimens at three different
angles of flexion. Figure 3.1 shows all of the studies run on each specimen.
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Figure 3.1: Description of the Sub-studies Run
This shows the studies run for one specimen at one angle of flexion. Each of these studies
has been repeated for three angles of flexion in seven different specimens. The acronyms
used for each study and implant design are specified in bold lettering in the figure. There
are three sub-studies, A and B were run for PyC implants and CoCr implants and substudy C investigates coated implants.
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3.2.2

Bone and Cartilage Modelling

A GE Discovery CT750 HD scanner (GE Healthcare, Pewaukee, WI, USA) was used to
CT scan seven cadaveric specimens intact and then in air. 0.625 mm slices were created
using 200 mA and 120 kV. The resulting voxel size was 0.180-0.229 x 0.180-0.229 x
0.625 mm in the coronal, sagittal and axial directions respectively.
Mimics v21.0 (Materialise, Leuven, Belgium) was used to identify and create 3D models
of the humerus, radius, and ulna (16,17). +250 HU was used as the threshold for what
was considered bone. NETGEN-5.0.0 (RWTH Aachen University, Germany; and
Johannes Kepler University, Linz, Austria) was then used to assign a linear tetrahedral
mesh to each bone. A convergence study was used to determine the size of the mesh at
which the results were independent of mesh size. This resulted in a mesh with a
maximum edge length of 1 mm. The meshed bones were then brought back into Mimics
and each element was assigned a material property based on the apparent density of the
associated voxels. 400 materials were defined using the equation for the Young’s
modulus of bone by Austman et al. (Equation 1 and 2)(18,19) and the Poisson’s ratio for
each material was set to 0.3 (20).
𝜌 = 0.0010440 𝑥 𝐻𝑈

(1)

𝐸 = 8436𝜌!.#

(2)

The next step was to identify the cartilage and create a 3D model. A -700 HU threshold
was used to define cartilage and bone, and then subtracted the 3D models of bone and
cropped the areas of the cartilage model that were not involved in this articulation. The
cartilage model that remained was meshed using NETGEN-5.0.0 with a quadrilateral
surface mesh with an edge length between 0.3 and 0.45 mm. A custom code was used to
create a 3D mesh by propagating the surface mesh nodes onto the bone underneath and
creating three layers of linear hexahedral elements in between (16,17).
The bone and cartilage models were then imported into Abaqus v6.14 (Dassault Systèmes
Simulia Corp., Providence, RI, USA), and tied together using a tie constraint. The
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cartilage was given the material properties of a Neo-Hookean hyper-elastic material with
coefficients C10=0.1865 and D1=6.4516 (16,21–29).

3.2.3

Implant Modelling

Solidworks (SW) (2017, Dessault Systèmes, US) was used to create the radial head
implants. Each specimen was measured in several locations, and a custom implant was
created to match it to prevent edge effect, and size biases from using standard implants.
To create the custom implants, the most medial to the most lateral point of the capitellum
was measured and used to define the width (i.e. diameter) of the implant. Then, every 10°
the radius of curvature of the capitellum was measured between two planes 5.5 mm apart
and centered on the highest point (when looking from the anterior plane) (Figure 2.1).
The maximum radius of curvature for the surface was used to define the radius of
curvature of the implant. The radii and associated depth for each specimen for each of
these is reported in Table 2.2. Figure 2.2 shows a cross section view of the implants and
these respective dimensions.
Following testing of the solid implant the implant is hollowed out and internal structure is
added. This is done so that we may investigate the effect the internal structure plays in
contact mechanics. There were three separate internal structure methodologies
investigated (Figure 3.1). Sub-study A investigated shelled out implants, herein referred
to as “hollow implants” made of CoCr and PyC. Sub-study B investigated hollow
implants with internal supports, herein referred to as “structured implants”. Sub-study C
investigated the use of a coating of Bionate-80A on a solid metallic implant, herein
referred to as “coated implants”.
For sub-study A the implants were completely hollowed with no internal structure
(Figure 3.2). The thickness of the wall was set to 1.50, 1.00, 0.50 or 0.25 mm. These
implants will be referred to as H1.50, H1.00, H0.50, and H0.25. The implant was allowed
to translate in all directions but not to rotate, while the humerus was fixed.
For the second sub-study, these hollow implants had internal structure added to change
the location of deformation of the implant and change the contact mechanics. Three
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different internal structures were compared that had internal support in different
locations. This means the deformation of each structure will be different from one
another. The implant was allowed to translate in all directions but not to rotate, while the
humerus was fixed. This was the same finite element analysis setup as in Chapter 2. All
of the structured implants are shown in Figure 3.3. These implants are referred to as S1,
S2, and S3.
For the third sub-study the solid implants were split into an outer and an inner piece. The
outer piece was equivalent to a hollow implant of thickness 1.50, 1.00, 0.50 or 0.25 mm
and was made to be Bionate-80A (Bionate-Low). The inner piece was cobalt-chrome
(CoCr) (Figure 3.4). These implants are referred to as C0.25, C0.50, C1.00, and C1.50.
The implant was allowed to translate in all directions but not to rotate, while the humerus
was fixed. This was the same finite element analysis setup as in Chapter 2.
Material properties were assigned to the implants in Abaqus. A convergence analysis
determined a final mesh size of 0.35 mm and 3 elements of thickness through thin
sections. A linear hexahedral mesh was used for all implants. CoCr was defined by a
Young’s modulus of 230 GPa and a Poisson’s ratio of 0.3 (30,31) and PyC was defined
by a Young’s modulus of 20 GPa and a Poisson’s ratio of 0.24 (32–34).

Figure 3.2: Cross Section of Hollow Implant Geometry used in Sub-Study A
For the first sub-study hollow implants were used. The implants were axisymmetric and
so the “THICKNESS” shown in the figure was the same value on every face.

86

Figure 3.3: Cross Section of Structured Implant Geometry used in Sub-Study 2
These are the structures that were used in the second sub-study (a) Structure 1 (S1) (b)
Structure 2 (S2), and (c) Structure 3 (S3). “THICKNESS” is changed consistently for all
edges where no other dimensions are given. D is the outer diameter of the implant, and
the dimensions of the implant are given relative to that. All implants are axisymmetric.

Figure 3.4: Combined Bionate and CoCr Geometry used in Sub-Study 3
The Bionate coats the outer articulating surface of the CoCr. The thickness of the Bionate
is consistent across all surfaces, and the geometry is axisymmetric.
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3.3 Results
3.3.1

Results of Sub-Study A: The Effect of Hollowness

Figure 3.5: Results of Sub-Study A: Hollow Implants
These graphs show the contact area and contact pressure for the hollow implants at 0°,
90°, and 135°. The graphs represent the following: (a) maximum contact pressure for 0°,
(b) contact area for 0°, (c) maximum contact pressure for 90°, (d) contact area for 90°,
(e) maximum contact pressure for 135°, and (f) contact area for 135°.
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The results of the sub-study A, the hollow implant study, are shown in Figure 3.5 which
shows the contact area and contact pressure for the three angles of flexion and the two
different materials. The effect of the thickness of the hollow structure was significant for
contact pressure (p=0.002). For contact area the effect of thickness was significant as
well (p<0.001).
For CoCr there was a significant difference between all thicknesses (0.25 mm, 0.50 mm,
1.00 mm, 1.50 mm, solid, and native state) except for between 0.25 mm, 0.50 mm, and
the solid state for both contact area and maximum contact pressure. 1.00 mm of thickness
was 0.117 MPa greater than solid (p=0.013), 0.145 MPa greater than 0.25 mm (p=0.002),
0.095 MPa greater than 0.50 mm (p=0.019). All of the implants produced significantly
larger loads than the native state by over 0.600 MPa (p<0.05) and had significantly lower
contact areas by over 68 mm2 (p<0.05).
For PyC there was no significant difference (p<0.05) between any of the implants for
maximum contact pressure. All of the implants produced significantly larger loads than
the native state by over 0.60 MPa (p<0.05). For contact area there was a significant
difference between all of the implants (p<0.05) except for between solid and 0.25 mm
and solid and 0.50 mm; however, the maximum difference in contact area between the
implants was less than 10 mm2.
This sub-study found that there was a significant difference between materials for contact
area (PyC > CoCr by 3 mm2, p<0.05) and not significant for maximum contact pressure
(p=0.52). The effect of angle was not significant for this sub-study for contact area
(p=0.143) and was significant for maximum contact pressure (p=0.026); however, the
observed power for this was below 0.8.
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3.3.2

Results of Sub-Study B: The Effect of Structure

Figure 3.6: Results of Sub-Study B: The Effect of Structured Implants
These graphs show the contact area and contact pressure for the structured implants at
0°, 90°, and 135°. The graphs represent the following: (a) maximum contact pressure for
0°, (b) contact area for 0°, (c) maximum contact pressure for 90°, (d) contact area for
90°, (e) maximum contact pressure for 135°, and (f) contact area for 135°.

90

The effect of structure was statistically significant for both contact area and contact
pressure (p<0.05). The solid structure was not significantly different from any of the
implants with internal structure (p<0.05) and all structures were still significantly
different from the native state (p<0.001). The results for the structural analysis are also
shown in Figure 3.6 which displays the mean contact area and maximum contact pressure
for both materials at all three angles of flexion.
The structural sub-study found that there was no significant difference between materials
for contact area (p=0.29), but there was a significant difference in maximum contact
pressure (p<0.037); however, the power of the effect was below 0.8. The effect of angle
was not significant for contact area (p=0.151) and was significant for maximum contact
pressure (p=0.021); however, the observed power for this was only 0.74.

3.3.3

Results of Sub-Study C: The Effect of Coating

Figure 3.7: Contact Area for Sub-Study C: Coated Implants
This graph shows the contact area results for the coated implants. Each bar represents a
different angle of flexion.
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Figure 3.8: Maximum Contact Pressure for Sub-Study C: Coated Implants
This graph shows the maximum contact pressure results for the coated implants. Each
bar represents a different angle of flexion.

The results of adding a coating of Bionate-80A are shown in Figure 3.7 and Figure 3.8.
The effect of coating did have a significant effect for contact area and maximum contact
pressure (p<0.001). Contact area did not change noticeably as a coating was added on
CoCr until a thickness of 1.50 mm. After that point the contact area increased by
14.6±3.1 mm2 from CoCr (p<0.001) when the implant was made entirely out of Bionate80A, and then increased by another 52.8±23.7 mm2 from that (p=0.002) when the native
radial head was used.
Maximum contact pressure produced a discernable downward trend as the coating
thickness increased. At 0° of flexion, solid, C0.25, C0.50, and C1.00 were not different
from one another, nor were Bionate-80A and the native state. For C1.50 and Bionate-80A
and the native state, the maximum contact pressure was 0.289±0.279 MPa (p=0.044),
0.498±0.234 MPa (p=0.002), and 0.490±0.236 MPa (p=0.002) less than the solid implant.
At 90° of flexion there was no difference between any of the implants though there was a
significant from the difference from the native state for all of them (p<0.05). At 135° of
flexion C0.25 had significantly increased maximum contact pressure from the solid CoCr

92

by 0.494±0.286 MPa (p=0.006), but following this the maximum contact pressure was
the same for C0.50, C1.00, and solid CoCr, as well as for Bionate-80A and the native
state. Similar to 0° there was a decrease in maximum contact pressure between these two
groups, with solid CoCr and C1.50 having a difference of 0.524±0.494 MPa (p=0.041),
and solid CoCr and solid Bionate-80A having a difference of 0.998±0.420 MPa
(p=0.001).
For the coating study the effect of angle was not significant for contact area (p=0.167)
and was significant for maximum contact pressure (p=0.011); however, the trends for all
of the angles were the same. The maximum contact pressure for 135° of flexion was
0.716 MPa greater than the 90° angle (p=0.002), and 0° of flexion was 0.289 MPa greater
than the 90° angle (p=0.043). 0° and 90° angles were not significantly different.

3.4 Discussion
Using PyC or CoCr does not appear to have an effect on whether internal structures or
hollow shells are effective. In the case of either of these studies, the results are similar
and not significantly different. For these structural studies the results can thus be
extrapolated to any material of sufficient strength to resist the necessary stresses. The
joint angle also does not appear to have a significant effect on maximum contact pressure
in any of the sub-studies. Regardless, all angles have consistent trends.
The hollow implants did not produce a significant difference in either contact area or
stress compared to the solid implant. While there are some shell thicknesses that are
significantly different from the solid implant, they produced larger contact pressures than
the solid structure and not lower as was hypothesized. The magnitudes of the differences
recorded were all small. These studies show no reason to continue to investigate hollow
concave implants as the results are the same as the solid implants or worse. Additionally,
the stresses within the implants themselves will increase a large amount making implant
failure a possibility if these were to be used. Implants in other shapes, such as convex
implants (such as those used in shoulder hemiarthroplasty), or implants with trabecular
metal substructures may provide better results.
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Internal structure also does not result in a significant difference from the solid implant.
Of all of the internal structures considered, only S1-0.25 produced a significant difference
from the solid implant for contact pressure, as it resulted in more contact pressure than
the solid implant. The structures examined herein do not appear to be optimal with regard
to reducing contact pressure on the cartilaginous surface either.
The reason that the hollow implants and structured implants do not appear to make any
improvement is likely due to three main reasons. First, the implants are still very stiff
compared to the cartilage and bone construct. Secondly, the concave shape of the implant
surface creates strength, because when under loading membrane stresses develop in that
surface. These membrane stresses increase the stiffness of the implant surface and reduce
deformation. Finally, the deformation of the concaved surface inward “sharpens” the
edges which then exert more localized stress on the cartilage. This phenomenon can be
seen in Figure 3.9.

Figure 3.9: Diagram of Radial Head Deformation
The radial head concave surface deforms inward making the surface more concave when
a load is applied to it. This added concavity increases the radius of curvature of the edge
and hence applies a more concentrated force to the cartilage surface.
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The Bionate-80A coating on CoCr did have a significant effect on contact pressures and
contact area. There is almost a linear relationship between the thickness of the coating
and the maximum contact pressure on the capitellum when neglecting the standard
deviation of the results. One irregularity is that the C0.25 does have a larger contact
pressure than the solid CoCr. This is perhaps due to the fact that the thin coating of
Bionate is quickly displaced causing the sharper edge of the CoCr to apply a more
concentrated pressure to capitellar surface. The edge of CoCr is sharper than a solid CoCr
implant because overall the implants are the same size, and the thickness of Bionate-80A
reduces the radius of the edge for the CoCr core compared to the original implant as can
be seen in Figure 3.4. These findings suggest that applying a coating is a potential
solution to improving joint biomechanics; however, there doesn’t appear to be an optimal
value for thickness from this work since values continuously improve with increased
coating thickness. Applying a coating is clinically relevant because doing so could reduce
the maximum contact pressures by as much as 24% when a coating of 1.50 mm is used,
which could reduce cartilage wear. Future work should consider issues such as implant
strength and wear of the implant and cartilage to determine the optimal Bionate thickness.
These studies should clarify whether these proposed implant modifications will make an
important clinical change in cartilage wear and the functional outcome of joint
hemiarthroplasties.

3.5 Conclusions
This study shows that some structural changes, while maintaining the outer shape of a
CoCr or PyC hemiarthroplasty implant, does not improve the load transfer properties of
these devices. Future work should focus on investigating more refined lattice type
structures similar to trabecular metal and related approaches, modifying the outer shape,
material changes as was demonstrated in Chapter 2, or with a more deformable coating
as was demonstrated in the sub-study using Bionate.
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Chapter 4

4

Cadaveric Testing of Lower Stiffness Moduli

In the previous chapters the potential benefits of lower stiffness hemiarthroplasty
implants were explored using finite element analysis. It was found that structural changes
to the implant did not produce significant effects on the contact mechanics of the joint to
the same extent as material changes. For this reason, we chose to perform cadaveric
testing on materials of different stiffnesses which is outlined in the following chapter.

4.1 Introduction
As documented in the previous chapters, hemiarthroplasty is a surgical procedure where
one half of a joint is replaced. After a hemiarthroplasty implant is inserted, the implant
articulates against the native cartilage. One of the main drawbacks of these implants is
that they accelerate the wear of the opposing cartilage (1–8). This is thought to be caused
by the high stiffness of the implant relative to the aggregate stiffness of the bone-cartilage
matrix (1,9–11). Other causes for this accelerated wear are the roughness of these
surfaces relative to that of cartilage (12–15), the shape of the implant relative to the
native state (16,17), and the biologic interaction of the implant with the tissue (9,18,19).
A variety of new implant materials have been designed and tested because of the alleged
benefits of lower stiffness implants, but no work to date has shown this to be of benefit
either clinically or experimentally. Berkmortel et al. demonstrated using a finite element
study (as presented in Chapter 2) that only lowering the stiffness of materials below a
threshold value produces differences in contact mechanics (20).
Investigations of other potential hemiarthroplasty materials with regard to cartilage wear
have been conducted. Khayat et al. calculated the wear of cartilage against ultra-high
weight molecular polyethylene (UHMWPE), high-density polyethylene, stainless steel,
and titanium and found that there was no change in cartilage wear for materials with a
modulus from 0.69 GPa to 200 GPa range (4). This suggests that, in this range, stiffness
is not the predominate factor affecting wear. Dedecker et al. investigated the contact area
and peak contact pressure on cartilage created by several materials during wear testing,
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including those with reduced stiffness (5). Their findings also suggest that above a 0.69
GPa Young’s modulus, stiffness is not the predominant variable affecting wear. Below
this magnitude their findings suggest that stiffness becomes the predominant variable
affecting contact pressure, contact area and wear (5). Other studies have investigated the
use of lower stiffness materials using tribological testing (14,21–23) and finite element
modelling (4,5,24) and found that lower stiffness materials are more favourable. Direct
comparison of the effect of different stiffness implants on cartilage contact area and
contact pressure has never been performed between multiple materials in-vivo.
As discussed in Chapter 1 a radial head hemiarthroplasty can be simplified and analyzed
as a concave-convex articulation, like many of the other joints of the body. Analyzing the
contact mechanics of this joint when different stiffness implants are used is therefore
relevant to a number of different joints where hemiarthroplasty may be performed. There
have been several in-vitro studies that investigate the contact area or contact pressure in
the radiocapitellar joint. Canals et al. used a single point Tekscan contact sensor to
measure the radiocapitellar pressure in the joint when a 5 kg weight was applied to the
muscles of the elbow. They found loads in the range of 1.34 to 2.36 Kgf/cm2 (0.131 to
0.231 MPa) (25). Bachman et al. investigated the effect of under-sizing radial head
implants using a Tekscan pressure sensor that provided a map of the contact pressure
over the contact face (26). They found maximum contact pressures from 3 to 5.5 MPa
when applying a load of 100 N to the joint for the implanted radial head. Cohn et al.
performed a study that compared different lengths of implant stems to cause overstuffing
in the radiocapitellar joint (27). They found that the native state produced a mean contact
pressure of 1 to 1.7 MPa and the implanted state for the correct radial head length had a
mean contact pressure of 0.7 to 1.4 MPa.
The objective of this study was to investigate the in-vitro articular contact mechanics of
select implants in pre-clinical testing using an upper limb joint loading simulator. It was
hypothesized that lower stiffness implants will produce lower contact pressures than
more stiff implants.
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4.2 Methods
Eleven fresh frozen arms (72.3±13.8, 9M/2F) were disarticulated leaving only the
humerus and radius of each. The radial head was sized by an orthopaedic surgeon for the
Evolve Proline radial head prostheses (Wright Medical). The radius and humerus were
potted in poly-vinyl chloride tubing and mounted in the testing device. A 50 N force was
applied using pneumatics to press the capitellum against the native radial head, followed
by four radial head implants of the same geometry, but different materials. This load was
selected as it was the approximate midpoint of loads through the native length radial head
from Berkmortel et al. (28). All materials were shaped into the geometry of the Evolve
Proline radial head prostheses. The materials tested were cobalt-chrome (CoCr) (E=230
GPa) (19,29), ultra-high weight molecular polyethylene (UHMWPE) (E = 0.69 GPa) (4),
and silicone (Si) (E=0.005 to E=0.05 - modulus is not constant)(29). These materials
were chosen because they are currently used for hemiarthroplasty implants, and they span
a wide range of Young’s moduli. Four different angles of flexion were tested (0º, 45º,
90º, and 135º) for each specimen. The testing rig is shown in Figure 4.1.
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Figure 4.1: Testing Apparatus
The load is applied using the actuator at the top, and the angle is set by sliding the base
piece around the center of rotation. The alignment of the radius and capitellum is
adjusted using slots on the base and side.

For each position the radial head/radial head implant was visually aligned with the
capitellum and then a load of 50 N was applied. Once the system reached equilibrium, the
contact area and pressure in the joint space was measured using a Tekscan 5051 sensor
for 5 seconds at 5 frames per second. The Tekscan sensor was used to measure the
contact area and pressure across the contact surface. In between trials the radial head and
capitellum were kept hydrated using HyClone® Bovine Calf Serum (ThermoFisher
Scientific). The angle order was randomized for each specimen.
The Tekscan sensor was calibrated according to the manufacturers protocol using a
bladder before each specimen (30,31). The load applied by the pneumatic actuator was
calibrated using a 6 degree of freedom load cell. Tests were conducted to ensure the
outcome measurements had repeatability and reproducibility.
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A Matlab code was created to analyze the frame data. The 25 frames collected at constant
load were averaged. The program identified the center of the capitellum and took all
contact points within a square 30x30 pixels (39x39 mm) centered around it, zeroing out
the rest of the elements. This excluded contact from sources other than the capitellum
when calculating contact area. Then the contact area, average contact pressure, and
contact area above 3 MPa was calculated and exported to Excel for each specimen.
Average contact pressure and contact area were used to representatively compare the
contact mechanics between specimens. The Matlab code can be found in Appendix A.
A 2-way ANOVA investigating material used (native state, CoCr, UHMWPE, and Si),
and angle of flexion was conducted using SPSS (IBM, Armonk, New York, USA). A
significance value of 0.05 was used and all significant values reported had a power of
above 0.8.

4.3 Results
The Tekscan contact pressure profiles of one specimen are shown in Figure 4.2. The
location of the contact pressure within the grid is not important, as this changed between
trials due to changing the angle of flexion and different specimen geometries. The
orientation of the radial head remained the same. For the native state the contact area and
pressure are centralized in the center of the dish, and for silicone the contact pressure is
relatively low and evenly distributed across the entire implant. The CoCr and UHMWPE
have high contact pressure zones located in the center of the implant or around the edge
of the implant in the capitulotrochlear groove for less than 8% of all trials conducted.
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Silicone

Figure 4.2: Tekscan Contact Pressure Profiles
The Tekscan contact pressure profiles are shown for one specimen. Each coloured
square represents one sensel of the Tekscan which is 1.69 mm2. The contact pressure of
each, averaged over the trial is represented by the colour of each square. The sensor was
saturated at 3.5 MPa.
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For contact area (Figure 4.3) there is no significant effect of flexion angle (p=0.319), but
there is a significant effect of material (p<0.001). Silicone had the highest contact area
which was 233±31 mm2 larger than the native state (p<0.001), 275±30 mm2 larger than
UHMWPE (p<0.001), and 288±35 mm2 larger than CoCr (p<0.001). UHMWPE was on
average only 13±10 mm2 larger than CoCr (p<0.001). The native state was 42±20 mm2
larger than UHMWPE (p<0.001), and 55±24 mm2 larger than CoCr (p<0.001).

Figure 4.3: Contact Area for Different Materials
The contact area for the four angles of flexion are shown here for the four materials
tested. The mean is reported and ± the standard deviation for each is shown.
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The average contact pressure was measured as the aggregate sum of the contact pressures
divided by the number of pixels that recorded contact. Both angle and material had
significant effects (p=0.033 and p<0.001 respectively). The results of average contact
pressure are presented in Figure 4.4. For all four angles, the native state, UHMWPE, and
CoCr had similar average contact pressures (p>0.105). Silicone had significantly less
average contact pressure compared to the native state, UHMWPE, and CoCr.
The contact area above 3 MPa for each material is compared in Table 4.1. Material had a
significant effect, but angle did not (p<0.001 and p=0.094 respectively). UHMWPE and
CoCr were not significantly different from one another (p=0.734). The native state was
not significantly different from UHMWPE (p=0.052) and was significantly different from
CoCr (p=0.016). In general, the contact area above 3 MPa was lowest for silicone, and
progressively increased for the native state, UHMWPE and CoCr respectively. The
average difference between the native state and CoCr and UHMWPE was 4.1±3.1 mm2
and 3.7±3.6 mm2 respectively. Silicone was significantly different from all materials
(p<0.001).
Compared to the native state, UHMWPE and CoCr produced slightly smaller contact
areas. The native state was 42±20 mm2 larger than UHMWPE (p<0.001), and 55±24 mm2
larger than CoCr (p<0.001). For average contact area there was no significant differences
between the native state and CoCr or UHMWPE for any angle. For the contact area
above 3 MPa the native state was not significantly different from UHMWPE but was
significantly different from CoCr. For 0° UHMWPE, CoCr, and the native state were all
significantly different from one another with the native state presenting the lowest contact
area above 3 MPa of the three. For 45°, 90°, and 135° there was no significant difference
between the three materials.
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Figure 4.4: Average Contact Pressure for Different Materials
The four angles are shown as different bars and the materials are compared along the xaxis. The mean is reported and ± the standard deviation for each is shown.
Table 4.1: Contact Area above 3 MPa for Different Material Specimens (in mm2)
0°
Native
8.1 ± 6.0
Silicone
0±0
UHMWPE 14.3 ± 2.4
CoCr
12.3 ± 3.6

45°
11.2 ± 8.4
0±0
14.1 ± 5.3
16.7 ± 4.7

90°
13.1 ± 7.7
0±0
15.2 ± 8.6
17.1 ± 3.9

135°
9.4 ± 7.6
0±0
12.9 ± 6.1
12 ± 6.3

4.4 Discussion
Tekscan was chosen to measure the outcome variables over other methods because it
provides real time contact data and contact pressure maps. The contact pressure profiles
for the native state were centered on the radial dish. The contact pressure profiles for
CoCr and UHMWPE show contact pressures concentrated on the center of the radial dish
in more than 92% of cases, but for some specific trials (<8%) the contact pressure is
concentrated on the edge of the radial head in the capitulotrochlear groove. The reason
for this is likely due to the fact that that the axisymmetric, non-compliant materials of the
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implants are not the same shape as the native radial head which is more elliptical. As a
consequence, the implants are likely not a perfect fit with the capitellum. This trend has
been observed in in-vitro studies of radial head implants (16,32). The silicone radial head
implant, being soft and deformable, created a uniform, low contact pressure profile across
the entire surface of the capitellum.
Maximum contact pressure is not a relevant measure in this case, because the sensor
reached saturation for multiple trials. Instead, the area in contact above 3 MPa was
compared. It is known that when cartilage is under a high contact pressure for extended
periods of time, more erosion occurs (1,9–11). One study reported that above 5 MPa the
chondrocyte cells experience apoptosis (33) and for this reason previous studies
investigating the radial head have used that value (26). Another study found that as little
as 1 MPa of stress can cause cell death after only an hour of wear testing at that level
(34), and another reported that under sinusoidal loading damage was seen at as little as
2.8 MPa (35). The contact area above 3 MPa serves as a good threshold for the relative
amount of wear one might see between the different kinds of implants. CoCr and
UHMWPE, despite being 10,000 times different in stiffness, produced results that were
not significantly different from each other. For average contact pressure there was no
difference between CoCr and UHMWPE. For contact area, UHMWPE produced slightly
higher contact areas, but the difference was only 6.5% from CoCr.
Finite element studies by Berkmortel et al. (Chapter 2) found that there was a much
larger difference in contact pressure and contact area between the native state and
materials such as CoCr and UHMWPE. This in-vitro study demonstrated that these
differences should have been much greater for both contact area and contact pressure
(20). An in-vitro study by Cohn et al. comparing radial head implants to the native state
showed that the native state had a slightly higher mean contact pressure than the CoCr
radial head implant (27). They applied a static load of 4.5 kg to the brachialis tendon and
to the triceps, which likely translated to a load of approximately 88.3 N through the joint.
The current study used a 50 N load however and so we observed lower average contact
pressure than they reported, as expected. Cohn et al. reported an average contact pressure
range of 0.75 to 1.9 MPa for the native state, the current study had a range from 0.3 to 0.8
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MPa. For the radial head CoCr implant, they reported a range of 0.4 to 1.4 MPa and the
current study found values from 0.35 to 0.85 MPa. It is reasonable to hypothesize that the
reason for the high contact pressure values for the native state could be partially due to
the dehydrated nature of the tissue, testing at room temperature compared to body
temperature, and that the specimens were previously frozen which may have affected the
cartilage properties. In the finite element model by Berkmortel et al. the cartilage was
modelled based on the work of several researchers, who developed the cartilage
equations based on healthy cartilage, at body temperature in an equilibrium state (20,36–
38).
Silicone was the only material that performed better than all others consistently with
every result for all outcome measures significantly different from all the other materials
for all angles (p<0.002). For contact area its contacts were about 288±35 mm2 larger than
CoCr (p<0.001). For average contact pressure of approximately 0.45±0.06 MPa less than
CoCr (p<0.001). Additionally, no specimen had any contact area above 3 MPa. Based on
this study materials in the stiffness range close to silicone appear to be the best materials
for hemiarthroplasty in terms of conserving opposing cartilage.
UHMWPE and CoCr are still too stiff to produce any of the benefits of higher contact
areas and lower contact pressures. Silicone was compliant enough to produce higher
contact areas and lower contact pressures. However, silicone cannot be used in implants
for load bearing joints such as the elbow. Silicone has shown to be too weak and not
provide enough structural support in addition to causing a multitude of other problems
such as excess wear and particulate debris resulting in inflammatory synovitis (39–43).
This data suggests that lower stiffness materials are ideal for preserving cartilage;
however, alternatives to silicone that are slightly stiffer and more resistant to wear and
deformation, but still compliant, would be the ideal material for an implant. Materials in
the high stiffness range such as high-density polyethylene, pyrolytic carbon, poly-etherether-ketone, and other ceramics and plastics of stiffness comparable to UHMWPE
(E=0.69 GPa) would likely produce results similar to UHMWPE and not offer any
improvement over metallic implants despite their lower stiffness. A strong potential
alternative to silicone is polycarbonate urethane (i.e. Bionate) which is a compliant
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implant material that is slightly stiffer than silicone but still soft. Further studies are
needed to evaluate the load transfer properties of soft materials such as Bionate before
they can be used in hemiarthroplasty implants.
This study presents a comparison between different materials and the contact pressures
they produce on the native geometry and cartilage. It evaluated materials across a wide
range of stiffnesses and provides several measures of contact mechanics including the
contact pressure maps, contact area, contact area above 3 MPa and the average contact
pressure. It is a relatively large cadaveric study with 11 specimens tested at for four
different angles. One limitation of this study was that the soft tissue was removed;
including the joint capsule, ligaments and muscles. Future studies should evaluate the
effect of these tissues on load transfer of the radiocapitellar joint. This likely has no effect
on material comparisons as the contact pressure and contact area are mostly dependent on
the bone and cartilage properties and the effect of soft tissue would not affect the relative
differences between the materials. Additional studies would provide additional insight
into contact mechanics for compliant implants and provide values for contact area and
contact pressure closer to the in-vivo values.

4.5 Conclusion
This study demonstrates that ultra-high weight molecular polyethylene load transfer is
similar to CoCr despite being less stiff by over 10,000 times. Silicone shows significantly
better load transfer mechanics than both UHMWPE and CoCr but has been proven in the
past to be an unreliable implant material for load bearing joints. When developing new
hemiarthroplasty implants, one needs to consider materials not only less stiff than metals
in order to preserve cartilage, but also materials less stiff than most plastics. Future
research should focus on finding materials that are in the same stiffness range as silicone,
but that are stronger and more resistant to wear.
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Chapter 5

5

Conclusion

This chapter summarizes the work that was done for this thesis and presents the findings
in a condensed form.

5.1 Summary of Work
This work was undertaken to investigate the effect of lowering the stiffness of a
hemiarthroplasty implant on the contact mechanics of cartilage. At the beginning of this
thesis the following objectives were laid out:
1. To determine the effect of implant material properties on joint load transfer, of
hemiarthroplasty implants using computational methods (Chapter 2);
2. To determine the effect of implant structural properties on joint load transfer, of
hemiarthroplasty implants using computational methods (Chapter 3);
3. To investigate the in-vitro articular kinematics of select implants in pre-clinical
testing using an upper limb joint simulator (Chapter 4).
It was postulated that the load transfer mechanics of less stiff hemiarthroplasty implant
systems would result in increased contact area and reduced stresses relative to
traditionally employed metal systems and will approach the native state. The specific
hypotheses, as given in Chapter 1 were:
1. There will be a threshold material stiffness above which the effect of material is
not significant, and below which stiffness is the predominant factor affect contact
mechanics (Chapter 2);
2. More compliant structures will produce improved contact mechanics than solid
structures (Chapter 3);
3. Lower stiffness implants will produce improved contact mechanics than more stiff
implants when assessed experimentally (Chapter 4).
These objectives and hypotheses for each study are reviewed below presenting a
complete study of the work that was done.
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5.2 Lower Stiffness Materials for Hemiarthroplasty
In Chapter 2 lower stiffness materials for hemiarthroplasty were investigated using a
finite element (FE) analysis. The objective of this study was to investigate the effect of
changing material on joint load transfer of hemiarthroplasty implants. In this study seven
specimens were imaged via CT, and FE models were then made. These bone models
were used to create custom radial head implants. The implant and capitellum were then
simulated in contact with a force of 100N at 0°, 45°, 90°, and 135° of elbow flexion. It
was hypothesized that there would be a threshold material stiffness above which the
effect of material is not significant, and below which stiffness is the predominant factor
affect contact mechanics.
Four different materials were simulated as well as the native radial head. It was found
that above a stiffness of 300 MPa, the stiffness of material no longer produced changes in
contact pressure or contact area. Below this threshold, lower stiffness materials produced
lower contact pressures and higher contact areas. This work suggests that in order to
protect cartilage from high contact pressures and therefore wear, the material used for
hemiarthroplasty implants must be below a stiffness of 300 MPa. The hypothesis of this
section was shown to be supported.

5.3 Lower Stiffness Structures for Hemiarthroplasty
In Chapter 3 the internal structure of hemiarthroplasty implants was modified to
decrease the total stiffness of the implant. The objective of this study was to determine
the effect of implant structural properties on joint load transfer, of hemiarthroplasty
implants using computational methods. This was done using seven CT derived FE
models and simulating them in contact with various implants with different internal
structures. The external geometry was made custom based on measurements of the
capitellum. The internal structure was changed in three different ways to determine the
efficacy of compliant implant design on contact mechanics. The solid implant was tested
for all sub-studies. For sub-study A the implants were hollowed out to various
thicknesses. For sub-study B the implants were hollowed out, and then had internal
support structures added to their geometry. For sub-study C the implant had a coating of
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Bionate applied to the outside surface of the implant to mimic the bone-cartilage matrix.
The hypothesis was that more compliant structures will produce improved contact
mechanics than solid structures.
It was found that hollowing out the implant or removing parts of it to create an internal
structure did not produce improved contact mechanics. These implants produced contact
stresses and contact areas that were not different from the solid implant contrary to the
hypothesis. The coated implants produced favourable results the thicker the coating, as
expected.

5.4 Cadaveric Study
Chapter 4 and Appendix A present a cadaveric study to test lower stiffness
hemiarthroplasty materials. The objective of this study was to investigate the in-vitro
articular kinematics of select implants in pre-clinical testing using an upper limb joint
simulator. This was done by testing 11 cadaveric specimens in a loading jig that applied
50 N to the joints at flexion angles of 0°, 45°, 90°, and 135°. It was hypothesized that
lower stiffness implants will produce lower contact stresses than more stiff implants and
that the results of this study would corroborate the results of the FE studies in the earlier
chapters. The results of Chapter 2 demonstrated that lower stiffness implant materials
produced improved contact mechanics, so this was chosen as the primary investigation of
this chapter. Three different materials (CoCr, UHMWPE, and silicone) were tested to
represent a very wide range of moduli, as well as the native radial head. The contact area
and contact pressure were measured using a Tekscan sensor.
The results of this study showed that there was no significant difference between CoCr,
and UHMWPE, and the native state, and that the silicone had significantly lower contact
pressures and contact areas. This study produced a similar conclusion to Chapter 2
suggesting that only materials with very low stiffnesses will improve contact mechanics.
Comparing the contact area results of the FEA study (Chapter 2) and experimental study
(Chapter 4) demonstrates that results were similar between the two studies. Differences
could be due to specimen variation, small sample size, and FEA or experimental error.
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Overall the results are similar and the Tekscan data validates the FEA model. A
representative graph can be seen in Figure 5.1.

Figure 5.1: Comparison of Contact Area Between Studies
Contact area at 0° for the finite element study of Chapter 2 is shown along with the
contact area at 0° for the cadaveric study of Chapter 4. Results between the two studies
were similar.

5.5 Study Strengths and Limitations
The FE study presented in Chapter 2 tested a large number of materials that spanned a
large range of stiffnesses. This resulted in a comprehensive investigation into the effect of
material on contact mechanics. The FE study presented in Chapter 3 tested three
different types of structural modifications to evaluate the effectiveness of some structural
changes, which provided a comprehensive view of whether these designs would be an
effective method for improving contact mechanics. Chapter 4 presented an experimental
cadaveric study that tested a large number of cadaveric specimens, analyzing the contact
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area and pressure for materials at the ultra-low, middle, and high end of the stiffness
range.
The limitation of a FE study is the inherent nature of the modelling which includes
simplifications and the use of experimentally determined equations to model bone and
soft tissue material properties. However, the FE models used for Chapters 2 and 3 use
validated methods and very likely provide an accurate representation of the loads
experienced by the cartilage. These models did exclude muscle loads as well as ligaments
and tendons which could affect the contact mechanics but would not change the relative
comparisons between implants. The cadaveric study had the same limitation, as soft
tissue such as the joint capsule, ligaments, and tendons were removed prior to testing.
However, this would not change the relative comparisons between implants. Another
limitation with the cadaveric study includes using fresh-frozen cadavers, which may have
changed the material properties of the cartilage.

5.6 Future Studies
Future materials with a stiffness below the 300 MPa threshold require further testing to
ensure they can withstand the loads they must sustain, as well as perform wear testing.
Developing materials such as Bionate or others in this range would be beneficial for
creating hemiarthroplasties that do not damage the cartilage. Structural changes to
implants may yet prove to be beneficial, such as optimized hollow or porous
substructures. These may be beneficial if currently approved materials for implantation
(CoCr, polyethylene, PEEK, pyrolytic carbon) are needed. Future cadaveric studies
should include soft tissue including the joint capsule and keep all ligaments and muscles
intact in order to obtain loads closer to those in-vivo.

5.7 Conclusion
Lower stiffness hemiarthroplasty implants have the potential to improve contact
mechanics and hence lower cartilage wear. These studies suggest that the way to achieve
this is by employing materials below a stiffness of 300 MPa. The use of structural
modifications to lower the stiffness of implants does not appear to advantageous, at least
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for the designs assessed herein. The finite element study resulted in trendlines that can be
used to predict the maximum contact pressure and contact area for any stiffness material.
Both of these trendlines had distinct threshold stiffnesses above which stiffness did not
affect contact mechanics. The cadaveric experimental study similarly found that a
material in the high stiffness range and mid stiffness range produced results that were not
significantly different from one another; however, the one in the low stiffness region did.
The threshold value in this study cannot be ascertained with certainty due to the limited
number of materials tested, but the results were consistent with those of Chapter 2.
In summary, lower stiffness hemiarthroplasty implants have the potential to increase
contact area and decrease contact pressures, and therefore preserve cartilage which could
prevent the need to future revision surgeries or continued pain.
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Appendices
Appendix A: Matlab Code Used for Analysis of Tekscan Data (Chapter 4)
clc;
clear;
%% READS IN ALL OF THE FILES IN ONE FOLDER
% YOU FILL IN THESE FOR EACH SET %
folderPath1 = ' ENTER FOLDER PATH HERE ';
Outputfilename = ' ENTER OUTPUT NAME HERE' ;
cd(folderPath1); % path of the folder
% WriteDir = WriteFile Folder
files1 = dir('**');
files1(1:2) = [];
totalFiles = numel(files1);
% CREATES AN ARRAY THAT WILL BE EXPORTED INTO EXCEL AT THE END
loopcount=1;
SpotINloop = 1;
OverallArray = zeros(500,50);
%% GOING THROUGH EACH FILE ONE BY ONE AND EXTRACTING AVERAGE FRAME,
APPLYING AVERAGING2 EQN AND CONTACT AREA/MAXIMUM CONTACT PRESSURE
for j =1:totalFiles
Fileaddress{j,1}=strcat(folderPath1,'\',files1(j).name);
%IMPORTING DATA
Frame1 = xlsread(Fileaddress{j,1},'A30:AR73');
Frame2 = xlsread(Fileaddress{j,1},'A76:AR119');
Frame3 = xlsread(Fileaddress{j,1},'A122:AR165');
Frame4 = xlsread(Fileaddress{j,1},'A168:AR211');
Frame5 = xlsread(Fileaddress{j,1},'A214:AR257');
Frame6 = xlsread(Fileaddress{j,1},'A260:AR303');
Frame7 = xlsread(Fileaddress{j,1},'A306:AR349');
Frame8 = xlsread(Fileaddress{j,1},'A352:AR395');
Frame9 = xlsread(Fileaddress{j,1},'A398:AR441');
Frame10 = xlsread(Fileaddress{j,1},'A444:AR487');
Frame11 = xlsread(Fileaddress{j,1},'A490:AR533');
Frame12 = xlsread(Fileaddress{j,1},'A536:AR579');
Frame13 = xlsread(Fileaddress{j,1},'A582:AR625');
Frame14 = xlsread(Fileaddress{j,1},'A628:AR671');
Frame15 = xlsread(Fileaddress{j,1},'A674:AR717');
Frame16 = xlsread(Fileaddress{j,1},'A720:AR763');
Frame17 = xlsread(Fileaddress{j,1},'A766:AR809');
Frame18 = xlsread(Fileaddress{j,1},'A812:AR855');
Frame19 = xlsread(Fileaddress{j,1},'A858:AR901');
Frame20 = xlsread(Fileaddress{j,1},'A904:AR947');
Frame21 = xlsread(Fileaddress{j,1},'A950:AR993');
Frame22 = xlsread(Fileaddress{j,1},'A996:AR1039');
Frame23 = xlsread(Fileaddress{j,1},'A1042:AR1085');
Frame24 = xlsread(Fileaddress{j,1},'A1088:AR1131');
Frame25 = xlsread(Fileaddress{j,1},'A1134:AR1177');
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FrameAverage = (Frame1 + Frame2 + Frame3 + Frame4 + Frame5 + Frame6 + Frame7 + Frame8 +
Frame9 + Frame10 + Frame11 +...
Frame12 + Frame13 + Frame14 + Frame15 + Frame16 + Frame17 + Frame18 + Frame19 + Frame20 +
Frame21 + Frame22 + Frame23...
+ Frame24 + Frame25)/25;
% Average Tekkscan Data
% This code takes a matrices and averages each point within.
XaveRefined=FrameAverage; %%UNDOING THE AVERAGING
%Convert all values to 0 or 1?
BinaryXaveRefined = zeros(44,44);
for i=1:44
for k=1:44
if XaveRefined(i,k)>0
BinaryXaveRefined(i,k)=1;
end
end
end
%This finds all the different objects and holes within these objects
figure
[B,L,n,A] = bwboundaries(BinaryXaveRefined,'holes');
imshow(label2rgb(L, @jet, [.5 .5 .5]))
hold on
for l = 1:length(B)
boundary = B{l};
plot(boundary(:,2), boundary(:,1), 'w', 'LineWidth', 2)
end
hold off
%Using L to count the size of each zone
max = 0;
[row,col]=size(L);
count = zeros(n,1);
for c=1:n
for i=1:row
for m=1:row
if L(i,m)==c
count(c,1) = count(c,1)+1;
end
end
end
end
count;
% Which section is the biggest?
BIGsection = 0;
for c = 1:n
if count(c,1) > max
max = count(c,1);
BIGsection = c;
end
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end
%Find the centroid of the largest shape
BIGshapeedge = B{BIGsection,1};
xvalBIGSHAPE = BIGshapeedge(:,1);
yvalBIGSHAPE = BIGshapeedge(:,2);
polyin = polyshape(xvalBIGSHAPE.',yvalBIGSHAPE.'); % WONT WORK BC POLYSHAPE WAS
INTRODUCED IN 2017....WILL RUN ON MY COMP LATER
[center_x,center_y]=centroid(polyin); % GIVES THE CENTROID OF THE LARGEST AREA
%Finding the area around the centroid and setting the rest of the frameto 0
for q = 1:46
for l = 1:46
if q > center_x+15 || q < center_x-15 %CHANGE THE VALUE OF 10 to however many pixels gives
about 30mm2
XaveRefined(q,l) = 0;
end
if l >center_y+15 || l<center_y-15 %CHANGE THE VALYE OF 10 TO HOWEVER MANY PIXELS
GIVES 30MM2
XaveRefined(q,l) = 0;
end
end
end
INCONTACT = 0;
for q = 1:44
for p = 1:44
if XaveRefined(q,p)>0
INCONTACT = INCONTACT +1;
end
end
end
INCONTACT;
Area = INCONTACT * 0.00000169;
Area_mm = Area * 1000000;
% Now I want to find the max contact pressure ON THE CAPITELLUM
MaxCPRESS = 0;
sum=0;
A=0;
B=0;
C=0;
D=0;
E=0;
F=0;
G=0;
for l=1:44
for m=1:44
if XaveRefined(l,m)<=100
XaveRefined(l,m)=XaveRefined(l,m)*0.0057-0.02265;
else
XaveRefined(l,m)=0.1681*exp(0.0118*XaveRefined(l,m));%%CALIBRATION CONVERSION
HERE
end
if XaveRefined(l,m)<0
XaveRefined(l,m)=0;

125
end
%SEARCH4max(l,m)= XaveRefined(l,m)* FrameAverage(l,m);
if XaveRefined(l,m)>MaxCPRESS
MaxCPRESS=XaveRefined(l,m);
end
sum=sum+XaveRefined(l,m);
if XaveRefined(l,m)>0 && XaveRefined(l,m)<=0.5
A = A+1;
elseif XaveRefined(l,m)>0.5 && XaveRefined(l,m)<=1
B=B+1;
elseif XaveRefined(l,m)>1 && XaveRefined(l,m)<=1.5
C=C+1;
elseif XaveRefined(l,m)>1.5 && XaveRefined(l,m)<=2
D=D+1;
elseif XaveRefined(l,m)>2 && XaveRefined(l,m)<=2.5
E = E+1;
elseif XaveRefined(l,m)>2.5 && XaveRefined(l,m)<=3
F = F+1;
elseif XaveRefined(l,m)>3 && XaveRefined(l,m)<=3.5
G=G+1;
end
end
end
%% BIN SORTING
SUMincontac = A+B+C+D+E+F+G;
A = A/SUMincontac*100;
B = B/SUMincontac*100;
C = C/SUMincontac*100;
D = D/SUMincontac*100;
E = E/SUMincontac*100;
F = F/SUMincontac*100;
Gpercent = G/SUMincontac*100;
AverageForce=sum/SUMincontac;
% %% SHOWING ALL DATA IN FIGURE & SAVING IT
figure
hold on
I = image(XaveRefined,'CDataMapping','scaled')
caxis([0 3.5]);
colormap jet
colorbar
cmap = colormap;
cmap(1,1:3)=1;
colormap(cmap)
Filename=sprintf('FIG %s.jpeg',files1(j).name);
saveas(I,Filename);
hold off
% %% Making a 3D GRAPH FOR INTERPOLATION
figure
hold on
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xlin=1:1:46;
ylin=1:1:46;
[X,Y]=meshgrid(xlin,ylin);
Z = griddata(xlin,ylin,XaveRefined,X,Y);
s = surf(X,Y,Z);
[Xq,Yq] = meshgrid(1:0.33333333:46);
Zq = interp2(xlin,ylin,XaveRefined,Xq,Yq);
s=surf(Xq,Yq,Zq);
s.EdgeColor = 'none';
caxis([0 3.5]);
colormap jet
colorbar
cmap = colormap;
cmap(1,1:3)=1;
colormap(cmap)
Filename=sprintf('ThreeDcont %s.jpeg',files1(j).name);
saveas(s,Filename);
hold off
%% OUTPUTTING TO EXCEL
Output2Excel = {'File Name','Contact Area','MaxCPRESS';Fileaddress{j,1}, Area_mm, MaxCPRESS};
SpotIN = {'A1','A45','A89','A133','A177','A221','A265','A309','A353','A397','A441',...
'A485','A529','A573','A617','A661','A705','A749','A793';'D1','D45','D89','D133','D177',...
'D221','D265','D309','D353','D397','D441','D485','D529','D573','D617','D661','D705','D749','D793'};
if j<9
Location=char(SpotIN(1,SpotINloop));
Location2=char(SpotIN(2,SpotINloop));
writecell(Output2Excel,Outputfilename,'Sheet',1,'Range',Location);
writematrix(XaveRefined,Outputfilename,'Sheet',1,'Range',Location2);
elseif j==9
Location=char(SpotIN(1,SpotINloop));
Location2=char(SpotIN(2,SpotINloop));
writecell(Output2Excel,Outputfilename,'Sheet',1,'Range',Location);
writematrix(XaveRefined,Outputfilename,'Sheet',1,'Range',Location2);
SpotINloop = 0;
elseif j>9 && j<18
Location=char(SpotIN(1,SpotINloop));
Location2=char(SpotIN(2,SpotINloop));
writecell(Output2Excel,Outputfilename,'Sheet',2,'Range',Location);
writematrix(XaveRefined,Outputfilename,'Sheet',2,'Range',Location2);
elseif j==18
Location=char(SpotIN(1,SpotINloop));
Location2=char(SpotIN(2,SpotINloop));
writecell(Output2Excel,Outputfilename,'Sheet',2,'Range',Location);
writematrix(XaveRefined,Outputfilename,'Sheet',2,'Range',Location2);
SpotINloop = 0;
elseif j>18 && j<27
Location=char(SpotIN(1,SpotINloop));
Location2=char(SpotIN(2,SpotINloop));
writecell(Output2Excel,Outputfilename,'Sheet',3,'Range',Location);
writematrix(XaveRefined,Outputfilename,'Sheet',3,'Range',Location2);
elseif j==27
Location=char(SpotIN(1,SpotINloop));
Location2=char(SpotIN(2,SpotINloop));
writecell(Output2Excel,Outputfilename,'Sheet',3,'Range',Location);
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writematrix(XaveRefined,Outputfilename,'Sheet',3,'Range',Location2);
SpotINloop = 0;
else j>27
Location=char(SpotIN(1,SpotINloop));
Location2=char(SpotIN(2,SpotINloop));
writecell(Output2Excel,Outputfilename,'Sheet',4,'Range',Location);
writematrix(XaveRefined,Outputfilename,'Sheet',4,'Range',Location2);
end
if j==1
OUTPUTforSPSS = {' ';' ';'CAREA';'MaxCPRESS'};
writecell(OUTPUTforSPSS,Outputfilename,'Sheet',5,'Range','A1');
writematrix('AverageForce (MPa)',Outputfilename,'Sheet',7,'Range','A1');
end
OUTPUTforSPSS2 ={files1(j).name; Area_mm; MaxCPRESS};
BinSorting = {files1(j).name;A;B;C;D;E;F;Gpercent;0;G};
Averageforceout={files1(j).name;AverageForce};
SpotIN2 = {'B2','C2','D2','E2','F2','G2','H2','I2','J2','K2','L2','M2','N2','O2','P2','Q2',...
'R2','S2','T2','U2','V2','W2','X2','Y2','Z2','AA2','AB2','AC2','AD2','AE2','AF2','AG2','AH2',...
'AI2','AJ2','AK2','AL2','AM2','AN2','AO2','AP2','AQ2','AR2','AS2','AT2','AU2','AV2'};
Location3=char(SpotIN2(j));
writecell(OUTPUTforSPSS2,Outputfilename,'Sheet',5,'Range',Location3);
writecell(BinSorting,Outputfilename,'Sheet',6,'Range',Location3);
writecell(Averageforceout,Outputfilename,'Sheet',7,'Range',Location3);
SpotINloop = SpotINloop +1;
i=i+1;
end
fprintf('job done \n')
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