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Abstract

Total hip replacements are known to be one of the most successful orthopaedic
interventions of all time when the hip joint becomes damaged due to disease or trauma.
Currently, these hip prostheses have a lifespan of approximately 15 years, however,
according to the National Joint Registry (NJR) in for England, Wales, Northern Ireland, and
the Isle of Man for 2021, 8% of implanted prostheses fail prematurely with wear being
one of the main reasons for these failures. Wear occurs at the contacting surfaces of the
hip prosthesis and is inevitable due to the surfaces being in constant contact throughout

its lifespan.

Current experimental methods to assess wear at the contacting surfaces are expensive,
time-consuming and complicated. Computational wear modelling is an alternative
method which is faster and cheaper compared to experimental methods and can be used
to improve prosthesis design and increase overall longevity. The focus of this research is
to develop a wear algorithm which can accurately predict wear at both the bearing

surface and taper junction, including linear and volumetric wear damage.

In this research, a new computational method, to predict wear at the articulating bearing
surface and the taper junction surfaces of total hip prosthesis, is proposed. The method
incorporates wear laws into a commercial finite element package to predict wear at the
articulating bearing surface and the taper junction. The assessment of wear in this
research is based on wear at the bearing surface and fretting wear at the taper junction
as the primary mechanism causing surface damage. This method is unique in that it
simulates both the articulating bearing surface wear and taper junction fretting wear
within the same analysis with individual surface characteristics. The method is capable of

modelling the fixation of the femoral head onto the femoral stem during surgery.



This method has been used to investigate different design, and clinical recommendations
with results consistent with wear damage observed within current literature. This
research has investigated the impact of body weight on the wear of the contacting
surfaces of the THR prosthesis. The results showed that a reduction in body weight from
140kg to 100kg would decrease wear up to 30% and significantly improve the longevity of
the prosthesis. The impact of adding bicycling on the wear at the contacting surfaces of
the THR prosthesis was also investigated. By adding bicycling up to 80km per week, the
results show that there was a significant increase in the amount of wear observed,
however, the health benefits may outweigh the risks. These studies will allow for clinical

recommendations post-THR to help patients return to an active lifestyle.

The method has also investigated different design parameters, such as the different
femoral head sizes on the wear on the contacting surfaces on the THR prosthesis. Four
different femoral head sizes (22mm, 28mm, 32mm and 36mm) were investigated. The
results showed that increasing the femoral head size would increase the volumetric wear
at the bearing surface; however, the risk of dislocation decreased. This study would allow

for further design modifications to further increase the lifespan of the THR prosthesis.

The results obtained from the computational method were found to be consistent with
wear damage observed within current literature and the method is able to model the
wear evolution effectively. The computational method here can be used in conjunction
with experimental testing to create a longer lasting hip prosthesis through design,

materials and surgical approaches.
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Chapter 1

Introduction

1.1. Background

A hip joint is one of the most important joints in a human body as it supports the weight
of the body in both static and dynamic postures in everyday activities. When the hip joint
becomes damaged, it causes the body to lose mobility and increases pain. The hip joint
can become damaged in numerous ways such as through disease or trauma. If the joint
has become severely damaged and treatments along with medications have not helped in
improving mobility, the damaged joint may be removed and replaced with a prosthesis.
This procedure is known as total hip arthroplasty and is one of the most successful

surgeries performed since the 1960s and restores patients to an active lifestyle.

Approximately 100,000 hip replacement procedures were recorded in the National Joint
Registry (NJR) for England, Wales, Northern Ireland, and the Isle of Man in 2021 with

numbers increasing every year by approximately 3000 cases (NJR 2022) with the
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exemption of COVID-19 impacted years of 2020 and 2021. Typically, an implanted hip
prosthesis has a lifespan of approximately 15 years with some prematurely failing. Wear

has been found to be responsible for many of these failures.

Wear is known as the gradual removal of material on contacting surfaces under relative
movement and different types of wear can occur depending on their relative motions. It
is an inevitable phenomenon occurring when two or more surfaces are mated together
while subjected to load and sliding/rolling. Within the body, debris generated through
wear causes a biological response within the surrounding tissues which drives the process
towards periprosthetic tissue destruction, implant loosening and ultimately prosthesis
failure. The wear debris accumulated may also act as an abrasive which would cause

further amounts of wear.

Within a hip prosthesis, wear can occur between the bearing surfaces and the taper
junction. The wear between the bearing surfaces is caused by the surfaces articulating
against each other causing the transfer of materials while the wear at the taper junction
is known as fretting wear, where the transfer of materials is caused by very small relative

movements (micromotion) of solid surfaces in contact.

1.2. Aims and Objectives

The aim of this work is to develop a computational tool to predict wear that could occur
in THRs. The study proposes a methodological tool to predict the wear depth, volumetric
wear, and surface wear damage occurring over time in a hip prosthesis. This method can
also be used as a general tool to predict wear in other prosthetic designs or even other

prosthetic devices.
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In order to achieve this aim, a commercial model of a hip prosthesis is used, to illustrate
the wider principles of wear process and wear modelling. Then, the study developed a
new wear model using a programming language (Python) and finite element (FE) analysis

(ABAQUS) by investigating and considering parameters in the prediction of wear.

A significant goal is to develop and generalise the algorithm with a graphical user
interface for any 3D FE analysis within the FE package (ABAQUS) as a user plug-in to
accurately predict linear and volumetric wear rates while observing the evolution of wear

patterns throughout the analysis.

1.3. Scope of the thesis

There are many mechanical failures which can occur within an engineering component
which produce different forms of mechanical failures. Some types of mechanical failures
are ductile and brittle fracture, creep, fatigue, corrosion, and wear. This research focuses
on wear as the main mechanical failure within THR prostheses. Wear as a mechanical
failure can occur through several mechanisms, such as adhesive, abrasive, corrosive,

erosive, surface fracture and fatigue wear.

Adhesive and fretting wear (alongside the surface damage occurring due to wear) is
known as a complex phenomenon to investigate, measure and predict. Being able to
predict the extent of wear that could occur within mechanical components over time in
service is vital to improving future designs. This research will focus on the extent of wear

within THR prostheses to aid in increasing the lifespan of these devices.

The work presented in this research focuses solely on the mechanical wear (bearing
surface and fretting) as being the primary mechanism causing damage on the contacting

surfaces due to the repeated mechanical loading and frictional forces causing the surfaces
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to gradually wear down over time. The method presented has been used to predict both
bearing and taper surface wear of THR prostheses and could be used for different

applications in the future.

1.4. Outline of the thesis

The whole structure of the thesis is outlined in Figure 1-1.

The first chapter of this thesis presents an introduction to the thesis, the aim of the
research and the outline of the research. Chapter 1 also contains a brief description of the

motivation for this research.

In Chapter 2, an extensive background review was conducted to provide and establish a
suitable background for the chapters which follow. This includes an in-depth background
on the hip joint, the need for total hip replacement, problems with current THRs, a
suitable background on wear, wear characteristics, wear within THRs and a review of the

current wear modelling available within the literature.

In Chapter 3, the methodology for this research is detailed and establishes the basis for
the rest of this research. An FE model of a commercial hip prosthesis was modelled, and a
developed wear algorithm is applied onto the FE model to predict the wear occurring at

the contacting surfaces of the hip prosthesis.

The methodology presented in Chapter 3 is then used for different studies with the
findings detailed between Chapters 4 and 7. The results are discussed in separate

discussion sections within the individual chapters.

A full description of the 3D results based on the realistic loading conditions and rotations

from the wear analysis is detailed in Chapter 4. In this chapter, the results from the wear
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algorithm are validated against current literature by volumetric wear rates while the wear

pattern has been validated against wear patterns from a similar material.

In Chapter 5, the method described in Chapter 3 is used to investigate the effect of body
weight on the wear in THR prostheses. The results from this chapter can be used for

clinical recommendations to further improve the longevity of THR protheses.

In Chapter 6, the effect of different femoral head sizes on the wear on THR prostheses is
investigated. As there are many choices with modular THR prostheses, different femoral
head sizes were investigated for increased wear with larger femoral head sizes. The
results from this chapter can be used for design recommendations to improve the

longevity of THR prostheses.

In Chapter 7, the effect of adding cycling to the daily life on the wear on THRs is
investigated. This chapter investigated the increase in the amount of wear by including
bicycling for commute alongside walking for up to 5 years of activity. The results from this
chapter can also be used for clinical recommendations to further improve the longevity of

THR prostheses.

Lastly, a complete conclusion to the research and possible future work are provided in

Chapter 8.
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Figure 1-1: Thesis structure and research track
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Chapter 2
Background — A review

2.1. Introduction

The purpose of this chapter is to present a complete review of current literature and a
summary of existing fundamental knowledge on wear as a suitable background for the
chapters which follow. In this chapter, firstly, a brief explanation on the anatomy of the
natural hip joint, with the causes and treatment of hip disorders, is discussed in detail.
This will be followed by a comprehensive literature review of total hip replacements with
the combination of materials used. The cause of THR prostheses’ failure is then discussed
in depth. Wear within THR prostheses is discussed along with current methods for wear
assessment. A review of current experimental and computational methods of measuring

wear is provided.
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2.2. Hip Joint

A hip joint, scientifically referred to as the acetabulofemoral joint, is a ball-and-socket
joint between the head of the femur and acetabulum of the pelvis. It is one of the most
important joints in the body as it supports the weight of the body in both static and
dynamic postures in everyday activities. The acetabulum is a cup-like depression located
on the pelvis while the head of the femur is hemispherical and fits completely into the
concavity of the acetabulum (Figure 2-1). The strength of the hip is provided due to its
reinforcement by strong ligaments and musculature, providing a relatively stable joint.
These ligaments also provide stability and prevent excessive movement of the hip joint,

allowing for normal movement and function.

Acetabulum

Femoral head
Surrounding
ligaments

Figure 2-1: Natural hip joint

These ligaments include the following (see Figure 2-2):

e |liofemoral ligament — The strongest and most important ligament of the hip joint.
It is located on the front of the hip joint and prevents excessive flexion of the hip.
e Pubofemoral ligament - This ligament is located on the front and inner side of the

hip joint and prevents excessive adduction and internal rotation of the hip.
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e |schiofemoral ligament - This ligament is located on the back and inner side of the
hip joint and prevents excessive extension and external rotation of the hip.
e Ligamentum teres - This ligament is located in the centre of the hip joint and helps

to maintain stability.

Anterior inferior iliac spine

lliopubic

eminence lliofemoral

ligament

Pubofemoral ligament

Figure 2-2: Ligaments of the hip joint a) Image taken from Drake, Vogl et al. (2009) b) Image taken from Gray

(1878)

The natural hip joint allows movements in multiple directions, which include flexion-
extension, abduction-adduction and internal-external (see Figure 2-3). The hip
movements are explained below (Mulholland and Wyss 2001, Davis, Ritter et al. 2007,

Hallageli, Urug et al. 2014, Charbonnier, Chagué et al. 2015):

e Flexion: This is the movement of bringing the thigh towards the chest. The normal
range of motion for hip flexion is approximately 120-130 degrees (see Figure
2-3a).

e Extension: This is the movement of straightening the leg. The normal range of

motion for hip extension is approximately 0-30 degrees (see Figure 2-3a).
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Abduction: This is the movement of moving the leg away from the midline of the
body. The normal range of motion for hip abduction is approximately 45-60
degrees (see Figure 2-3b).

Adduction: This is the movement of moving the leg towards the midline of the
body. The normal range of motion for hip adduction is approximately 20-30
degrees (see Figure 2-3b).

External rotation: This is the movement of rotating the leg outward. The normal
range of motion for hip external rotation is approximately 30-50 degrees (see
Figure 2-3c).

Internal rotation: This is the movement of rotating the leg inward. The normal

range of motion for hip internal rotation is approximately 30-50 degrees (see

Figure 2-3c).
("“ i /:‘
| | - Abduction
Extension Flexion A
) QL ~ »-_,::,;-"— Adduction
a) b)
..,~\"* B "'\':A i
I T o
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Figure 2-3: Natural hip joint movements a) flexion-extension, b) abduction-adduction and c) internal-external

Image from Drake, Vogl et al. (2009)
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The loads experienced by the natural hip joint are high, where they can exceed several
times body weight during normal day-to-day activities such as walking, sitting, climbing
stairs, running, or standing (Byrne, Mulhall et al. 2010, Varady, Glitsch et al. 2015). The
acetabular labrum is tasked with distributing and supporting the loads to reduce the loads
acting in the hip joint (Ferguson, Bryant et al. 2000, Ferguson, Bryant et al. 2000,
Ferguson, Bryant et al. 2003). The acetabular labrum is a thick, crescent-shaped band
cartilage of type Il collagen with a layer of collagen type | that is typically 2-3mm thick and
surrounds the edge of the acetabulum, or socket, in the pelvis. It has several important

functions in the hip joint, including:

e Deepening the socket: The labrum helps to deepen the acetabulum, which allows
the head of the thighbone (femur) to fit securely into the socket. This increases
the stability of the hip joint and allows for a greater range of motion.

e Providing stability: The labrum helps to keep the femur securely in place within
the acetabulum. It acts as a barrier to prevent the femur from slipping out of the
socket.

e Lubricating the joint: The labrum is rich in synovial fluid, which lubricates the hip
joint and allows the bones to move smoothly against each other.

e Absorbing shock: The labrum helps to absorb shock and distribute forces across
the hip joint. This can reduce wear and tear on the joint and prevent damage to

the cartilage.

If the acetabulum labrum were to become damaged, it would cause the two hard bony
surfaces of the joint to act upon each other causing high stresses with high friction
making the joint stiff and painful which would be detrimental to the performance in the

joint and the patient.
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There are many ways in which a hip joint may become damaged or lose its functionality

due to diseases such as:

e Arthritis — A common condition which many people develop as they age which
causes the swelling and tenderness of joint. The cartilage in the hip joint gradually
wears over time and it becomes frayed and rough. This can cause severe pain,
stiffness, and immobility. According to the UK National Health Service,
approximately 10 million people are affected by arthritis in the UK (NHS 2022).

Osteoarthritis and rheumatoid arthritis are the 2 most common types of arthritis.

o Osteoarthritis — Osteoarthritis is caused by the mechanical wear and tear
on the joints. This causes cartilage to break down and subsequently cause
pain, stiffness, tenderness, and loss of flexibility (Buckwalter, Saltzman et
al. 2004, Arden and Nevitt 2006, Sinusas 2012). The exact cause of
osteoarthritis is still unknown and involves many pathophysiological
processes which coincide with an inflammatory response (Wieland,
Michaelis et al. 2005, Goldring and Otero 2011, Sinusas 2012). Currently,
there is no cure for osteoarthritis, but there are treatments which can help
slow the condition (NHS 2022). Osteoarthritis was found to be responsible
for 88% of primary hip replacements as per the National Joint Registry in

2021 (NJR 2022).

o Rheumatoid arthritis — Rheumatoid arthritis is a chronic, inflammatory,
systemic autoimmune disease in which a person’s immune system attacks
the lining of joints throughout the body (Bullock, Rizvi et al. 2018). Unlike

osteoarthritis, which is a degenerative joint disease, rheumatoid arthritis is
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a systemic disease that can affect many different parts of the body. It
occurs when the immune system mistakenly attacks healthy tissue, leading
to swelling, stiffness, and pain in the joints (NHS 2022, Smith and Berman
2022). The exact cause of RA is unknown, but it is thought to be a
combination of genetic and environmental factors. Treatment for RA
typically involves a combination of medications and other therapies to
control inflammation and relieve symptoms. Early diagnosis and treatment

can help prevent joint damage and disability.

o Psoriatic arthritis — Psoriatic arthritis is an autoimmune disease which
affects people with the skin condition, psoriasis and causes inflammation
within both small and large joints (Day, Nam et al. 2012, Krakowski,
Gerkowicz et al. 2019). Some symptoms of Psoriatic arthritis include,
swelling of joints, scaly patches of skin, joint stiffness and pain, and

excessive fatigue.

Hip fracture — Fractured neck of the femur was found to be responsible for
approximately 5% of primary hip replacements as per the National Joint Registry
in 2021 (NJR 2022). The most common reason for fracture is osteoporosis which is
characterised by the deterioration of the bone due to age and it increases the
fragility of the bone (Lin and Lane 2004, Ginaldi, Di Benedetto et al. 2005, Rachner,
Khosla et al. 2011). Internal fixation devices such as bone screws are typically used
for femoral head neck fractures, however complicated fractures are treated with

total hip replacements.
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Avascular necrosis — A condition caused by disruption to the blood supply to the
head of the femur which causes severe pain and immobility and can lead to the
death of bone tissue (Edgar and Einhorn 2014). Avascular necrosis was responsible
for 2% of primary hip replacements as per the National Joint Registry in 2021 (NJR
2022). The common risk factors of avascular necrosis are alcoholism, use of

steroids, chemotherapy, and sickle cell anaemia (Lamb, Holton et al. 2019).

Others — Other hip joint disorders as an indication of total hip replacement
surgery consist of trauma, hip bursitis, ankylosing spondylitis and snapping hip

syndrome.

Treatments for hip joint disease will depend on the specific condition and the severity of

the symptoms. Some common treatments for hip joint diseases include the following

(Koo, Kim et al. 1995, Castro and Barrack 2000, Steinberg, Larcom et al. 2001, Wang, Sun

et al. 2010, Sinusas 2012, Kim, Oh et al. 2017, NHS 2022):

1.

4.

Medications - Nonsteroidal anti-inflammatory drugs (NSAIDs) can be used to
reduce pain and swelling in the hip joint.

Physical therapy - Exercises and stretching can help to improve mobility and
strength in the hip joint.

Injections - Corticosteroid injections can be used to reduce inflammation and pain
in the hip joint.

Alternative treatments - Some patients may find relief from hip joint pain using

alternative treatments such as acupuncture, massage, or herbal remedies.

The treatments listed above are used to manage symptoms from hip joint disorders,

however in severe cases, a hip surgery may be necessary to remove the damaged bone
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and cartilage and replace it with a metal or plastic implant. There are several types of hip

surgery, including:

1. Hip resurfacing — A surgical procedure to repair the damaged surface of the hip
joint. Usually recommended for individuals with early stages of osteoarthritis or
other hip diseases who are not candidates for total hip replacement surgery. In
this surgery, the damaged surface of the hip joint is removed and replaced with a
smooth artificial surface (Siguier, Siguier et al. 2001, Mont, Ragland et al. 2006,

McMinn, Daniel et al. 2011).

2. Partial hip replacement — A surgical procedure in which the damaged or diseased
portion of the femoral head is replaced with an artificial implant, either with metal
or ceramic. Usually performed to relieve pain and improve mobility in individuals
with a damaged or diseased femoral head. (Shebubakar, Hutagalung et al. 2009,

Grammatico-Guillon, Perreau et al. 2017)

3. Total hip replacement — A surgical procedure in which both the hip socket and
femoral head is replaced with an artificial prosthesis, either with metal, ceramic or
plastic. It is usually recommended for individuals with advanced osteoarthritis, or
other hip disorders with severe hip pain and disability which has not responded to
other treatment options such as medications and physical therapy. (Crawford and

Murray 1997, Learmonth, Young et al. 2007)
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2.3. Total Hip Replacements

Total Hip Replacements are one of the most successful orthopaedic interventions of the
last few generations (Learmonth, Young et al. 2007). Prof. Themistocles Gliick made the
first attempt to replace a damaged hip joint of a patient using an ivory ball and socket
joint in Germany in 1891 (Szostakowski, Jagiello et al. 2017). In 1925, Smith Petersen
trialled creating a THR out of glass due to its smooth surface (Knight, Aujla et al. 2011),
and while it was biocompatible, it could not withstand the forces going through a hip
joint. They later moved to trial stainless steel to create the first total hip replacement

which was fitted onto the bone with bolts and screws.

Since the creation of the hip prosthesis in 1891, many combinations of materials and
techniques have been trialled to find the combination that would yield the fewest
complications and the best long-term survival. Earlier designs of THRs prostheses were
manufactured as two components, an acetabular cup and a femoral component which
consisted of a femoral head and femoral stem as a single component known as a
monolithic prosthesis. As the design in THRs progressed, it was found beneficial to use
two separate components to allow for flexibility intra-operatively, based on the
requirements of different patients. This was known as modular THR. The main advantages

of modular THRs are:

- Decreased implant inventory

- Ability to remove femoral head at revision surgery to improve exposure or change
head size without component removal.

- Better adjustment of head sizes, leg length offset, neck length

- Use of different materials for components

- Self-locking mechanism
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Subsequent clinical experience, however, has witnessed significant drawbacks associated

with modularity:

Corrosion

- Implant fracture below the head and neck taper joint
- Reduced range of motion
- Dissociation of implant, possible loosening of components

- Increased wear

In the early 1960’s, Sir John Charnley introduced three major contributions to the
evolution of the total hip replacement: 1) the idea of low friction torque arthroplasty; 2)
use of acrylic cement to fix components to living bone; and 3) introduction of high-density
polyethylene as a bearing material. The prosthesis designed by Sir John Charnley in the

early 1960s is identical, in principle, to the modern prostheses used today.

A modern total hip prosthesis generally consists of a ball and socket joint comprising of
three components, an acetabular cup, a femoral head, and femoral stem. Different sizes

of components are available based on the requirements of the anatomy of the patients.

e Acetabular cup — Fitted into the pelvic acetabulum and typically manufactured
with a metallic material, normally of Titanium. Other designs may incorporate
ceramic (such as alumina or zirconia) or to a lesser extent, cobalt-chrome alloy.
Depending on the type of hip prosthesis, there may be an additional liner made of
polyethylene, either Ultra-High-Molecular-Weight Polyethylene or highly cross-
linked polyethylene which has low friction, high toughness, good impact
resistance and good biocompatibility (the capability of the material implanted to

exist in harmony with tissue without causing negative effects).
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e Femoral head — The femoral head replaces the top of the natural femur. Femoral
heads are typically made of cobalt chrome or ceramic and are produced in varying
diameters and neck lengths to fit the patient’s anatomy.

e Femoral stem — The femoral stem is inserted into the femur and can either be
cemented or press-fitted. The stem consists of a trunnion, neck, and a stem. Made

of metals such as cobalt-chrome, or titanium.

Acetabular Cup

<4— Bearing Liner
<+— Femoral Head

: <4—Femoral Stem

Trunnlon
Neck

<4+—Stem

Figure 2-4: Modern total hip prosthesis

The types of THR used are named after the material combinations used between the
articulating surface of the THR. There are several different combinations of materials for
THRs, such as, Metal-on-Plastic (MoP), Ceramic-on-Plastic (CoP), Ceramic-on-Ceramic
(CoC), and Metal-on-Metal (MoM). The naming convention of these THRs is: material of

femoral head on material of acetabular cup.

e MoP and CoP — MoP/CoP THRs consists of a metal/ceramic femoral head on a

polyethylene bearing liner. Polyethylene is chosen for its high wear resistance;
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however, it has a high wear rate when compared to metal or ceramic
components. Early MoP bearings initially had high failure rates due to softer
polyethylene materials, however modern highly cross-linked polyethylene (XLPE)

is more resistant than the early materials.
CoC — CoC THRs consist of using a ceramic acetabular cup and a ceramic femoral

head, usually with alumina (Al,053) or zirconia (Zr0,). CoC THRs provides low
friction and resistance to major scratches which would make the bearing surface
less vulnerable to wear. CoC THRs also exhibit decreased and less bioactive
particulate than polyethylene or metal bearings (Jenabzadeh, Pearce et al. 2012).
Previously CoC THRs had a high rate of breakage, however, with newer
manufacturing techniques such as hot isostatic pressing, spark plasma sintering,
alongside with advanced ceramic materials, coupled with higher testing has
virtually eliminated this and should not be a relevant argument against its use.
Squeaking of the prosthesis has also been widely reported which is unpleasant for

patients (Walter, O'Toole et al. 2007).
MoM — MoM THRs consist of using a metallic acetabular cup and a metallic

femoral head, usually with Cobalt-chromium alloy (CoCrMo), or Titanium (T'7).
MoM THRs initially gained popularity as they were developed to provide less
wear, less bone resorption with fewer risks of dislocation, however, it was later
found that there were extremely high revision rates just after 10 years at 18.2%
(Ferguson, Palmer et al. 2018). Since 2011, MoM hip prostheses have accounted
for less than 1% of all hip prostheses. Failure of the MoM hip prosthesis is due to

the metal ion debris generated at the bearing surface which triggers adverse
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immunological reactions, resulting in localised bone destruction and soft tissue

necrosis (Salem, Lindner et al. 2019).

Currently, a wide range of prosthetic devices are available commercially which vary by
design, type, and materials. Some of the main joint replacement manufacturers are

Stryker Corp, DePuy Syntheses, Zimmer Biomet, and Smith & Nephew.

2.3.1. Total hip replacement procedure

Total hip replacements are performed in a hospital or surgery centre, which involves the
replacement of the whole hip joint with an artificial prosthesis. The surgery is performed
under anaesthesia, either whole-body or below-the-waist, depending on the

recommendation of the surgeons.

The surgeon would make an incision to access the hip joint. The femoral bone will be
dislocated from the socket and the femoral head would be removed with an opening
created at the top of the femur. The femoral stem would then be placed into the opening
in the femur and fixed using a cement mantel (typically Plexiglas) or biological growth
that allows the bone to grow into and onto the femoral stem surface coated with a

porous or rough material.

The damaged cartilage from the acetabulum would be removed and a perfect
hemispherical bone socket, matched with the external shape of the acetabular cup,
would be made in the pelvis acetabulum and the acetabular cup is placed. A trial femoral
head is placed onto the femoral stem to inspect the size and adequacy of the hip motion.
When an appropriate head size is found, the actual head would be placed on the stem

trunnion and fixed with impaction. The layers of tissue would be then closed with
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dissolvable stitches and the patient could usually head home to recover within the same

day, depending on the condition.

During the surgery, the assembly of the femoral head onto the femoral stem during the
surgery is via impaction. To apply the impaction on the femoral head, a polymer tipped
impactor instrument and a mallet is used to avoid damaging the prosthesis. The amount
of impaction force used during assembly is important for implant fixation and longevity.
The strength of the fixation can also be attributed to other factors such as taper design,
condition of taper surfaces, mismatch angle, angle of impaction, taper environment, and
number of impactions (Pennock, Schmidt et al. 2002, Heiney, Battula et al. 2009, Rehmer,
Bishop et al. 2012, English, Ashkanfar et al. 2016, Ashkanfar, Langton et al. 2017,
Ashkanfar, Langton et al. 2017, Grosso, Jang et al. 2018, Panagiotidou, Cobb et al. 2018,
Haschke, Konow et al. 2019). Maximum fixation is crucial in minimizing taper problems

such as corrosion, fretting, micromotion, and unintended disassembly.

The positive correlation between the magnitude of the assembly force and the taper
fixation connection strength has been investigated in several studies with the taper “pull-
off” force being used as the measure to assess taper strength. The magnitude of assembly
impaction force was initially determined by surgeons who were required to apply an
impact typical of that used intra-operatively to assemble the femoral head onto the stem.
The measured forces found were approximately between 1600N to 5000N (Pennock,
Schmidt et al. 2002, Heiney, Battula et al. 2009, Lavernia, Baerga et al. 2009). It was found
that the femoral head pull-off force increased linearly with the peak assembly force when
the femoral head was impacted onto the stem (Rehmer, Bishop et al. 2012, Danoff,
Longaray et al. 2018, Grosso, Jang et al. 2018, Krull, Morlock et al. 2018, Scholl, Pierre et

al. 2018). The same relationship is also true when the femoral head is quasi-statically
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pressed onto the stem (Rehmer, Bishop et al. 2012, Ramoutar, Crosnier et al. 2017,
Scholl, Pierre et al. 2018, Pierre, Swaminathan et al. 2019, Chaudhary, Boruah et al. 2020).
Ouellette, Mali et al. (2019) and Panagiotidou, Cobb et al. (2018) have both reported that
a higher assembly force would result in significantly reduced fretting corrosion. English,
Ashkanfar et al. (2016) investigated the effect of assembly forces on taper fretting wear

and found that an increased assembly force would result in a reduction in fretting wear.

Surgeons are provided with general guidelines and training by hip prostheses
manufacturers on the technique of femoral head assembly; however, the guidelines are
vague for the force required during impaction, using statements such as ‘slightly’ or
‘firmly’ to describe the magnitude of impaction force. In reality, the magnitude of
impaction force is based on the surgeons’ preference, experience, type of femoral head

prosthesis, and quality of the patients’ bone stock.

2.3.2. Failurein THRs

Modern THRs currently have an expected lifespan of 10 to 15 years with a small cohort
surpassing 15 years, however, approximately 8% of these prostheses have failed
prematurely. Recent data from the National Joint Registry of the UK (NJR), indicates that
approximately 100,000 THRs are performed every year with the number increasing every
year. In the UK alone, the number of THR procedures performed has increased by 43% in
the last decade while the average age of patients receiving THRs is decreasing. As such,
there is a need to increase the longevity of these devices further to accommodate their

more active lifestyle.

The most common modes of failure reported in the NJR are aseptic loosening, dislocation,
adverse reaction to particulate debris, periprosthetic fracture, infection, and pain (see

Table 2-1). The NJR have reported aseptic loosening as the most common reason for THR
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failure (46.1%). Aseptic loosening refers to the loosening of the prosthesis that may
results from wear debris or inadequate fixation during surgery. Various theories have
been presented to explain aseptic loosening based on observational, experimental, and
clinical studies (Jiang, Jia et al. 2013). The main mechanism seems to be the excess
production of wear particles which triggers a pro-inflammatory reaction leading to
increased osteoclast differentiation, macrophage production, linear of focal osteolysis.
Patient susceptibility to aseptic loosening may be affected by host-, genetic-, surgical-,
and implant-related factors (Sundfeldt, V Carlsson et al. 2006, Electricwala, Narkbunnam

et al. 2016, Karachalios, Komnos et al. 2018)

Dislocation is reported to be the second most common reason for THR failure (16.6%).
Dislocation of the femoral head from within the acetabular component is the most
common early complication after THR with the majority occurring within the first year
(Amlie, Hevik et al. 2010). To reduce the risk of dislocations, larger femoral heads have
been introduced to increase the distance required for dislocation, however, they have
been limited in the past due to their association with larger amounts of wear in
conventional UHMWPE liners (Livermore, lIstrup et al. 1990). With the development of
newer and advance materials such as XLPE, the use of larger femoral heads may be the

key to reduce the risk of dislocations.

Adverse reaction to particulate debris is also reported as one of the most common modes
of THR failure (15.2%). The generation of wear debris from any part of the prosthesis is
unavoidable and induces an extensive biological cascade of adverse cellular responses,
where macrophages are the main cellular type involved in this hostile inflammatory
process (Howie, Rogers et al. 1993, Bitar and Parvizi 2015). The resultant of this complex

contribution of the generated wear debris and mechanical instability of the prosthetic
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components is called osteolysis. Osteolysis is defined as the process of progressive
destruction of periprosthetic bony tissue. Macrophages cause osteolysis indirectly by
releasing numerous chemotactic inflammatory mediators, and directly by resorbing bone

with their membrane microstructures.

The other common modes of THR failures are pain (15.8%), periprosthetic fracture
(12.4%), and infection (5.1%). Other less common reasons reported in the NJR are
malalignment, implant fracture, head-socket size mismatch, implant wear, and others.
When a failure occurs, a revision surgery is needed to replace the failed implant.
Revisions are less successful than primary surgeries due to the much more complex
procedure and the reduction in bone quality. It is also much more costly than primary
surgery with more discomfort and pain for patients. THR failures vary via type, design,

and brand of prosthesis.

Table 2-1: Common modes of THR failure as reported in the NJR

Mode of failure % of
failure
Aseptic Loosening 46.1%
Dislocation 16.6%
Adverse reaction to particulate debris 10.7%
Pain 15.8%
Periprosthetic Fracture 12.4%
Infection 5.1%

The NJR have reported that MoM THRs showed a high overall risk of revision with
currently minimal usage of these prostheses. The high risk of revision can be attributed to
the adverse reactions to metal debris (ARMD). Langton, Joyce et al. (2011) introduced
ARMD as an umbrella term to describe joint failure secondary to surface wear of the
bearing surface or corrosion debris in the absence of any other obvious explanation. This
includes metallosis, pseudotumor, and aseptic lymphocyte-dominated vasculitis-
associated lesion. Initially, ARMD related failures were reported for MoM bearing

surfaces(Kwon, Glyn-Jones et al. 2010, Langton, Jameson et al. 2010), however, further
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research has shown that this type of failure could also arise from the taper junction of
MoP THRs (Cipriano, Issack et al. 2008, Langton, Sidaginamale et al. 2012, Bishop, Witt et

al. 2013, Oliveira, Candelaria et al. 2015, Hunter, Hsu et al. 2019).

From the modes of failures, wear contributes to many of the different modes of failures,
such as aseptic loosening, adverse reaction to particulate debris, infection. Consequently,
an understanding of all clinical failures (mainly wear for this research) at all interfaces is
needed to reduce the number of revisions, increase longevity, and provide more comfort

for patients.

2.4. Wear in THRs

Wear is known as the gradual removal of material on solid contacting surfaces under
relative movement. Wear and friction must be exactly related with each other in each
state of contact within a system, although a comprehensive simple relationship should
not be expected (Kato 2000). Wear is associated with timely and costly mechanical
failure, whereas friction results in energy loss due to shearing and ploughing. Generally,
lubrication is used to separate contacting surfaces from each other resulting in reduced

wear and frictional forces.

Types of wear can be identified by their relative motions such as:

e Adhesive wear — Occurs when two bodies slide over or are pressed into each
other, which material is then removed by fracture.

e Abrasive wear — Occurs when a hard rough surface slides across a softer surface,
resulting in the deformation or cutting of the material.

e Fatigue — Occurs when the material is weakened by cyclic loading, forming micro-

cracks which grow and propagate forming wear particles.
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e Fretting wear — Occurs during cycling rubbing between two surfaces.

e Erosive wear — Occurs during the impact of particles of solid or liquid against the
surface of a material, which gradually removes material from the surface through
repeated deformations and cutting actions.

e Corrosive wear — Occurs when a layer of film is formed due to chemical reactions

between the worn material and corroding medium.

Wear at the contacting surfaces in a hip prosthesis is inevitable due to the cyclic load that
occurs. The most common mechanisms of wear debris generation in THR prostheses are
often categorized as abrasive wear, adhesive wear, and third-body wear. This wear debris

would interact with the surrounding tissues which the body would react to.

The biological response to particle wear debris is complex and drives the process towards
periprosthetic tissue destruction and implant loosening, leading to prosthesis failure (Hu
and Yoon 2018). Furthermore, the accumulation of wear particles released into the joint
cavity can act as an abrasive and increase wear. Metallic particles released can lead to
blackish metal deposits in the periprosthetic known as metallosis (Korovessis, Petsinis et
al. 2006, Rony, Lancigu et al. 2018). Polyethylene particles released are nondegradable
and can lead to inflammation leading to aseptic loosening of the prosthesis (Schmalzried,

Jasty et al. 1992, Massin and Achour 2017) (CHAPPARD, RONY et al. 2021).

e Wear between femoral head and acetabular cup surfaces

Adverse consequences of bearing wear can either be catastrophic implant failure or local
host biological responses resulting in osteolysis or soft-tissue reactions (A., D. et al. 2014).
Implant failure can be associated with component malpositioning, impingement, or
polyethylene oxidation. Host biological reactions to wear debris and particle-driven

aseptic loosening remain the most frequent cause of revision (NJR 2021). Factors which
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affect the bearing surface wear are the bearing couple, which affects both the amount of
volumetric wear and the biological responses of the wear debris, and the effect of

femoral head size, which affect the amount of volumetric wear generated.

The ideal bearing surface in a THR prosthesis would have the following features (H., H. et

al. 1998):

- Low coefficient of friction

- Small volume of wear particle generation
- Low tissue reaction to wear particles

- High resistance to third body wear

- Enough deformation of articular surfaces to permit adequate film lubrication.

o Hard-on-soft couples

Hard-on-soft bearing couples consists of a metallic or ceramic femoral head on a
polyethylene (conventional UHMWPE or highly cross-linked polyethylene) bearing liner.
UHMWPE was first introduced in 1962 as the bearing for the Charnley hip prosthesis for
its material properties such as low friction, low density, and fine biocompatibility
(Charnley 1961, Lewis 1997, Schmidig, Patel et al. 2010). However, the high wear rates of
UHMWPE have led to the premature failure of these prostheses (Harms and Kansen
2018). Revell, Weightman et al. (1978) and Mirra, Marder et al. (1982) were among the
first to associate UHMWPE debris with osteolysis and aseptic loosening in the late 1970s
and early 1980s respectively. Furthermore, conventional UHMWPE which were sterilized
by gamma irradiation produced free radicals that are oxidised in contact with air (Hopper,

Young et al. 2003). Oxidation decreases the resistance of the UHMWPE resulting in the
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degradation and increased brittleness of the UHMWPE, and thus may increase wear

(McKellop, Shen et al. 2000).

To decrease polyethylene wear, highly cross-linked polyethylene (XLPE) was developed to
improve the material properties of UHMWPE. The first generation XLPE materials which
used irradiation doses between 50 and 105kGy, were introduced in the late 1990s and

early 2000s (Kurtz and Patel 2016)

o Hard-on-hard couples

Hard-on-hard bearing couples consist of a metallic or ceramic femoral head on a metallic
or ceramic acetabular cup. Generally, the bearing couples would be MoM or CoC bearing

couples.

MoM bearing couples were first introduced in the 1960s (Zahiri, Schmalzried et al. 1999)
with second generation designs introduced in the late 1980s (Dorr, Wan et al. 2000).
These were popularized in recognition of the low volumetric wear rate and increased
stability with larger femoral head sizes (Williams, Royle et al. 2009). Although the
volumetric wear was found to be extremely low compared to MoP or CoP bearing
couples, the number of wear particles generated was found to be 13 — 500 times greater
and was found to be more biologically active (Doorn, Campbell et al. 1998). These
generated metallic wear particles can cause metallosis and increased incidence of
pseudotumor formation (Bosker, Ettema et al. 2015). Patients with MoM bearing couples
have been shown to have increased metal ions levels at long term follow-ups which are
known to be genotoxic (Engh, MacDonald et al. 2014). In-vitro analysis has shown the
potential for cobalt and chromium ions to induce DNA damage directly through
disruption at the level of the nucleus and indirectly through the formation of reactive

oxygen species (Raghunathan, Devey et al. 2013). A recall of the MoM bearing couple by
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DePuy Orthopaedics was issued in 2010 due to a high rate of revision in the registry data.
According to the National Joint Registry for England and Wales, it was found that there
was a revision rate of 13.6% for MoM bearing couples while general hip implants were
between 3.3% and 4.9% (Cohen 2011). Since the recall, the use of large femoral head

MoM bearing couples has sharply fallen from 20% in 2005 to <1% in 2021 (NJR 2022).

CoC bearing couples were developed in the early 1970s (Boutin, Christel et al. 1988) in
the form of an all alumina acetabular cup and an alumina ceramic femoral ball glued to a
cemented metal stem (Jenabzadeh, Pearce et al. 2012). The acetabular cup was
implanted either with cement or as a press-fit (Griss and Heimke 1981, Mittelmeier and
Heisel 1992). The fixation, however, proved to be insufficient with aseptic loosening
being the predominant cause of failure (Boutin, Christel et al. 1988, Garcia-Cimbrelo,
Martinez-Sayanes et al. 1996). High rates of fracture were also reported (Griss and
Heimke 1981) which was predominantly due to the material of large grain size, the
presence of inclusions and grain boundaries, and poor tolerances for taper designs which
mated ceramics to the implants (Jenabzadeh, Pearce et al. 2012). Advances in ceramic
materials have led to improved bearing design and taper designs providing excellent
biocompatibility, improved mechanical strength and superior wear characteristics
(Hannouche, Hamadouche et al. 2005, Tateiwa, Clarke et al. 2008, Greene, Malkani et al.

2009, Napier and Shimmin 2016).

e Wear between femoral head taper surface and femoral stem trunnion

Modular hip prosthesis was developed to have increased advantages such as adjustment
of the patient’s leg length during surgery, decreased inventory size, decreased cost,
simplified revision procedures (Lieberman, Rimnac et al. 1994, Hallab, Messina et al.
2004, Rieker, Schon et al. 2005, Witzleb, Ziegler et al. 2006, Paleochorlidis, Badras et al.
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2009). A significant problem of the modular hip prosthesis comes from the additional
contact interface between the femoral head and stem which may increase the amount of

wear within the prosthesis.

Trunnionosis is defined as the wear of the femoral head-stem interface and has been
acknowledged as a source of total hip prosthesis failure (Pastides, Dodd et al. 2013).
Previously, the determination of hip prosthesis wear has mainly focused on the bearing
surfaces between the femoral head and acetabular cup (Teoh 2003, Fialho, Fernandes et
al. 2007); however, trunnionosis was found to have a more profound effect as the wear
characteristics on the bearing surfaces improved. Trunnionosis is estimated to account for
up to 3% of all THA revision procedures (Porter, Urban et al. 2014, Drummond, Tran et al.

2015).

Adverse local tissue reactions have been found in patients with patients with MoP THRs
(Svensson, Mathiesen et al. 1988, Cooper, Della Valle et al. 2012, Mao, Tay et al. 2012,
Cook, Bolland et al. 2013, Scully and Teeny 2013, Shulman, Zywiel et al. 2015, Watanabe,
Takahashi et al. 2015). Cooper, Della Valle et al. (2012) previously reviewed ten retrieved
MoP THRs which had elevated serum cobalt and chromium levels within the patients and
found visible damage at the femoral head-stem taper junction associated with tissue
necrosis and lymphocytic infiltration. Kurtz, Kocagoz et al. (2013) and Dyrkacz, Brandt et
al. (2013) investigated a total of 124 MoP modular hip prostheses for fretting wear
damage at the femoral head-stem junction. They reported significant fretting wear and

corrosion were found.

It was previously thought that metallosis would only affect patients with MoM THRs,

however, these studies have indicated that damaging metallic debris can also be created
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at the taper junction between a metallic femoral head and stem even in MoP or CoC

prostheses.
2.5. Wear assessment

Wear rate measurements are routinely performed using standard or customized friction
and wear testing equipment by measuring the material loss from surfaces based on
contact forces, duration, and extent of the contact. The volume of material loss (V) per

sliding distance unit (L) can be obtained from Equation (1):

V= W, (1)
L
where W, is to the total volume of the material removed. The real area of contact of the

friction couple (4,) depends on the applied load (F,;) and hardness of the softer material

(H) between the surfaces and can be calculated using Equation (2):
Fy (2)
A, =—
" H

The wear ratio, or wear coefficient (k), can be defined as the ratio of the wear in units of
volume removed per unit sliding distance to the real interfacial area of contact. This is

expressed as a dimensionless coefficient and can be calculated by Equation (3):

W,

PR (3)
A, B
H

Since the wear coefficient (k) is the ratio of two areas, the worn area (4,,), and the real

contact area (4,), the wear coefficient can thus be interpreted as the fraction of the real
contact area (4,) removed by wear. Considering a tribological system where the contact
surfaces mate at N asperities, and n of those form wear debris, k can be further defined

as Equation (4):
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k:AW:

Zw (4)
Ay

n
N
This interpretation indicates that while all asperity contacts contribute to friction, only a
very small fraction of contacts result in wear. Furthermore, some asperities are only
plastically deformed on the surfaces, and not removed from the component. As the
guantity % has dimensions of volume, this represents the total volume of the plastically
deformed zone underneath the surface of a worn area (V},) following sliding by a distance
L. Hence, k also represents the proportion of the plastically deformed volume that is

removed by the wear process defined in Equation (5):

(5)

»
[l
SRS

2.5.1. Wear Laws

There are two main types of wear laws used for wear assessment, “Archard’s Wear Law”

or the “Dissipated Energy Wear Law”.

e Archard’s Wear Law —

The Archard’s wear law is the most frequently used wear law developed by Holm and
Archard in 1953 (Archard 1953). This wear law considers adhesive wear and assumes the
sliding spherical asperities to deform fully plastically in contact. The Archard’s wear
equation states that the volume of worn material is proportional to the normal force, the
sliding distance, and inversely proportional to the hardness of the material (Popov 2019).

The dimensionless Archard wear coefficient (K), from Equation (3), which contains the

hardness of the material (K = %) can usually be obtained with Equation (6).
W,
K =% (6)
F,s
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where s is the relative sliding distance or ‘slip’. As the wear coefficient is corelated to
material hardness, it has the units of Pa™!. Equation (6) was initially developed for
unidirectional sliding wearing processes but it has been widely adapted for other types of
wear as well. Archard’s wear law requires a gradual approach to obtaining the relative

sliding distance. This can be represented as

W,,=K2Fnsi (7)

where s; is the relative slip per stroke and ). E,s; is the sum of E,s products over the load

cycles.

Numerous studies have shown that for the same material combination, the Archard wear
coefficient (K), strongly depends on the wear mechanism, displacement amplitude,
contact geometry, loading conditions, and other parameters. Johnson (1995) and Kapoor
(1997) has stated that it is essential to consider the elastoplastic response of the structure
when predicting wear rates of metallic structures under fretting. Under normal loading
conditions, structures will maintain an elastic response, however when the loading occurs
above the critical cyclic stress state, the material will undergo accumulated plastic
dissipation. The shakedown boundary is a function of the Hertzian pressure and the
friction coefficient. Other studies have also confirmed this theory (Van and Maitournam
1994, Johnson 1995, Fouvry, Kapsa et al. 2001, Fouvry, Liskiewicz et al. 2003) and
demonstrated the limitation of the Archard model, which does not integrate the friction

coefficient in its’ formulation.

e Dissipated Energy Wear Law —

The energy wear law is dependent on the interfacial shear work (Fouvry, Kapsa et al.

2001, Teoh, Chan et al. 2002, Fouvry, Liskiewicz et al. 2003). This method relates the wear
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volume to the frictional energy dissipated through the interface which gives the wear
volume to be proportional to the sum of dissipated energy (3. E) as given by Equation (8),

where «a is the energy wear coefficient.

W,,=aZE (8)

The dissipated energy (E) can be found by the product of tangential force (Q) and slip (s)

given by Equation (9).
E =Qs (9)

The Dissipated Energy wear law approach displays a higher stability than Archard’s wear
law which also facilitates different wear mechanisms such as abrasive, corrosive and
fatigue wear. Similar to the Archard’s wear coefficient (K), the Dissipated energy wear
coefficient (a) is reliant on the material combination, sliding condition, and contact

geometry.
2.5.2. Wear Coefficient

Traditionally, material wear has been characterized by weight loss or wear rate, however,
studies have found that wear coefficient is more suitable to study wear characteristics
(Yang and Loh 1995, Yang 1999, Yang 2003). Wear coefficients take into account the wear
rate, applied load and the hardness of the materials. Wear coefficients are calculated in
laboratory studies involving pin-on-disk (POD) wear testing rigs or hip simulators via

gravimetric measurements.

POD wear testing rigs are an uncomplicated and inexpensive wear screening device which
provides information exclusively on the intrinsic characteristics of the biomaterial under
investigation. Atkinson, Dowson et al. (1985) determined wear coefficients based on the

volumetric wear loss from 25 retrieved hip replacements between CoCr femoral heads
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and UHMWPE bearing liners. The study found the average wear coefficient to be 2.90 x
10° MPa! with results ranging between 0.09 x 10° —=7.20 x 10° MPa. Santavirta,
Lappalainen et al. (1999) and Saikko and Kostamo (2013) determined the wear
coefficients via pin-on-disk testing using a UHMWPE pins which slides over a CoCr plate
either in a linear or randomised motion. The wear coefficients were found to be 3.50 x 10°
10 MPa! for Santavirta, Lappalainen et al. (1999) and 3.92 x 10° MPa™! for Saikko and
Kostamo (2013). Kang, Galvin et al. (2008) investigated the wear factors of 0 MRad and 10
MRad UHMWPE with different kinematical combinations and found a range of wear

coefficient between 1.03 x 10— 5.5 x 1019 MPa.

Although POD wear testing rigs provide valuable information, further testing is necessary
to evaluate the performance of actual hip prostheses in simulated physiological
conditions. This is accomplished through hip simulators. Several studies have been
performed on hip simulators to determine the wear coefficients from the biomaterials
under simulated walking conditions. Maxian, Brown et al. (1997) and Matsoukas, Willing
et al. (2009) determined the wear coefficient through a trial-and-error method using
computational wear simulation of experimental tests and compared the computed
volumetric wear with hip simulator experiments. The studies yielded a wear coefficient of
1.53 x 10° MPa! for UHMWPE and 5.32 x 101 MPa™* for XLPE. Galvin, Ingham et al.
(2006) investigated the wear of XLPE bearing liners in a hip simulator. The study used
28mm diameter femoral heads against XLPE bearing liners with volumetric wear
measurements taken every million cycles. Using the volumetric wear, a wear coefficient
of 2.00 x 101 MPa? was calculated for CoCr against XLPE. Other studies involving
different materials combinations have also been performed. Di Puccio and Mattei (2015)
proposed an approach to compute the wear coefficient on CoCr MoM THRs. The study

first utilised a hip simulator to obtain the wear rates and found that although the femoral
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head and cup had the same materials, the femoral head and cup exhibited different wear
rates. Using a numerical model, the study calculated the wear coefficients for both the
femoral head and cup separately and found the wear coefficient to be between 0.26 x 10

1-7.30x 10" MPa™.

A study by Zhang, Harrison et al. (2013) used POD with linear reciprocating motion to
determine the wear coefficients for two femoral head-stem material combinations (Co-
28Cr-6Mo/DMLS Ti-6Al-4V and Co-28Cr-6Mo/forged Ti-6Al-4V). The study used the
dissipated energy wear law approach to calculate the energy wear coefficients using the
volumetric wear loss obtained from the POD studies. Volumetric wear loss was obtained
through a scanning electron microscope (SEM) or a profilometer. For the Co-28Cr-
6Mo/DMLS Ti-6Al-4V material combination, with a 10N load on the pin, the wear
coefficient calculated was 5.35 x 108 MPaand 3.91 x 10° MPa! using SEM and
profilometry respectively. For the Co-28Cr-6Mo/forged Ti-6Al-4V material combination,
with a 10N load on the pin, the wear coefficient calculated was 10.6 x 108 MPatand 1.31
x 10 MPa using SEM and profilometry respectively. The differences in values are due to

the different measurement techniques used.

Calculations for fretting wear coefficients have also been investigated through fretting
wear rigs. Fouvry, Liskiewicz et al. (2003) investigated fretting wear behaviour of Ti-6Al-4V
through an electrodynamic fretting wear rig. The study covered a wide range of normal
force loadings between 50N and 500N with displacement amplitudes from 2 to 200um.
From the results of this study, the energy wear coefficient of 1.12 x 108 MPat is

determined.

Fridrici, Fouvry et al. (2001) also investigated Ti-6Al-4V fretting wear behaviour through a
fretting wear rig. A number of tests were conducted with different normal loading
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resulting in contact pressures of 525MPa and 830MPa respectively, with displacement
amplitudes between 5um and 50um. The tests were conducted in dry conditions with a
frequency of 5Hz up to a maximum of 1 million cycles. The wear is then measured
through profilometry, and the energy wear coefficient was then determined. For a
contact pressure of 830MPa, and a displacement amplitude of 50um up to 250,000

cycles, the energy wear coefficient was determined to be 2.90 x 10 MPa™.

Wear coefficients are fundamentally important to provide a valuable insight into wear
modelling in different systems. The wear coefficients obtained from the studies show a
wide range of values even for similar material combinations depending on the test
machine, component design, test configurations and test conditions (Cawley, Metcalf et
al. 2003). A summary of the wear coefficients obtained from the literature is shown in

Table 2-2.

The ratio between the dimensional Archard and dissipated energy wear coefficients is
found to be equal to the coefficient of friction (u), assuming that the Coulomb
relationship between friction and pressure holds (Leonard, Sadeghi et al. 2012), where

q = up, q is friction shear stress, p is normal force.

_ kK (10)
H= a
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Table 2-2: Values of wear coefficient for different material combinations of review wear models on bearing and taper surfaces

w W w ffici
Material Combination ear Method ear ear Coe_1|C|ent Reference
Law Measurement MPa
Bearing Surfaces
CoCr/UHMWPE Archard Retrievals Volume Loss 2.90 x 10° (Atkinson, Dowson et al. 1985)
. . 9 (Maxian, Brown et al. 1996, Maxian, Brown
CoCr/UHMWPE Archard Pin on Disk Volume loss 1.06 x 10 et al. 1996, Maxian, Brown et al. 1996)
CoCr/UHMWPE Archard Pin on Disk Volume loss 3.50 x 1010 (Santavirta, Lappalainen et al. 1999)
CoCr/UHMWPE Archard Pin on Disk Volume loss 1.03 x 101°-5.50x 1010 (Kang, Galvin et al. 2008)
CoCr/UHMWPE Archard Pin on Disk Volume loss 3.92 x 107 (Saikko and Kostamo 2013)
CoCr/UHMWPE Archard  Hip Simulator FEA 1.53 x 107 (Maxian, Brown et al. 1997)
CoCr/XLPE Archard  Hip Simulator FEA 5.32x107%0 (Matsoukas, Willing et al. 2009)
CoCr/XLPE Archard  Hip Simulator Volume loss 2.00 x 1010 (Galvin, Ingham et al. 2006)
CoCr/XLPE Archard Pin on Disk Volume loss 7.00 x 1010-8,70 x 1010 (Abdelgaied, Brockett et al. 2013)
CoCr/CoCr Archard  Hip Simulator Numerical 0.26 x10-7.30x 10! (Di Puccio and Mattei 2015)
CoCrMo/CoCrMo Archard  Hip Simulator SEM 0.95x 10°-1.24 x 10°® (Cawley, Metcalf et al. 2003)
Taper Surfaces

Co-28Cr-6Mo/DMLS Ti-6Al- . . 5.35 x 10°® (10N load)
av Energy Pin on Disk SEM 2.97 x 10 ( 6N load)

- - i-6Al- -8
Co-28Cr-6Mo/forged Ti-6Al Energy Pin on Disk SEM 10.6 x 10-3 (10N load)
av 9-18 10 ( 6N load) (Zhang, Harrison et al. 2013)
Co-28Cr-6Mo/DMLS Ti-6Al- Ener, Pin on Disk Profilometr 3.91 x 10 (10N load) & '
4V 8y Y 2.76 x 109 ( 6N load)
Co-28Cr-6Mo/forged Ti-6Al- . . . 1.31 x 10" (10N load)
av Energy Pin on Disk Profilometry 1.88 x 10% ( 6N load)

£ .
Ti-6Al-4V/ Ti-6Al-4V Energy  Clcctrodynamic SEM 1.12 x 108 (Fouvry, Liskiewicz et al. 2003)
fretting rig
Ti-6Al-4V/ Ti-6Al-4V Energy Fretting wearrig  Profilometry 2.90 x 108 (Fridrici, Fouvry et al. 2001)
From
Ti-6AI-4V/ High Strength Fretti
! / High Streng Archard (McColl, Ding et retting 2.75x 108 (Madge, Leen et al. 2007)

Steel

al. 2004)

fatigue test
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2.5.3. Wear Fraction

During the wearing process, the amount of material removed from both components may

be different due to differences in material properties such as hardness, wear resistance,

and surface roughness. The proportion of material removed from each contacting surface

is known as ‘wear fraction’. A wear fraction of 0.5:0.5 would remove an equal amount of

material on both contacting surfaces, while a wear fraction of 0.2:0.8 would remove 20%

of material on one contacting surface and 80% of the other.

Employing a wear fraction is crucial in wear modelling and should not be neglected. Two

such wear fractions have been applied in this study:

Between CoCr and Ti — A study by Bone, Sidaginamale et al. (2015) found a
median volumetric wear of 0.14mm3 from 28 retrieved DePuy Corail Titanium
stems trunnions. Langton, Sidaginamale et al. (2012) found a median volumetric
wear in excess of 2mm?3 from 111 retrieved cobalt-chrome MoM femoral heads.
The findings from their work indicate that the cobalt-chrome femoral head tapers
wear by around a factor of 10 more than the titanium alloy stem trunnion surface.
These findings are supported further by Bishop, Witt et al. (2013) and
comprehensively explained by Moharrami, Langton et al. (2013) as occurring due
to the preferential oxidation of titanium alloy over cobalt-chrome thus increasing
the hardness of the titanium trunnion which subsequently wears the un-oxidised
CoCr head taper surface.

Between CoCr and XLPE — There are a huge number of studies performed on the
wear rates on CoCr XLPE wear rates, however, most are focused on the wear at
the polyethylene liner and do not measure CoCr femoral head wear. There is a

large range of XLPE wear found in the current literature (1.5 — 33.09mm?3/yr). A
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study by Anissian, Stark et al. (1999) investigated and compared the hip simulator
wear between CoCr-XLPE THRs and found a wear rate of 0.021mm?3/Mc. Using
these findings, there is a range of wear fraction for the XLPE bearing liner which
can be extrapolated: between 0.064% - 1.38% of total wear will be found on the
CoCr femoral head. For this study, the wear fraction between CoCr and XLPE is
specified at 99% wear on the XLPE bearing liner and 1% of wear on the CoCr

femoral head.

2.5.4. Experimental Methods for measuring wear

In the process of developing newer designs and materials for total hip prosthesis,

aggressive testing and screening should be utilized to help more accurately predict the

success of hip prosthesis design. Currently, there are a few experimental methods to help

evaluate the wear performance of newer designs:

Radiography: Radiography imaging has been developed to measure polyethylene
wear, including both two- and three-dimensional techniques. This has been vital
to provide additional information on component orientation and enables
assessment of periprosthetic osteolysis, which is an important consequence of
polyethylene wear.

Retrievals: Retrieved components of prostheses either from failed components or
post-mortem are inspected visually for pitting, scratching and burnishing while a
shadowgraph technique or CMM may be used to measure the extent of the wear
(SYCHTERZ, MOON et al. 1996, JASTY, GOETZ et al. 1997, Choudhury, Ranusa et al.

2018).
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e Hip simulator testing: A mechanical instrument designed to mimic walking
through an application of dynamic motion and loading cycles. Using a hip
simulator, a hip prosthesis is subjected to long-duration tests (up to 10 million
cycles). It is able to simulate the movements acting in a hip joint in all three axes
while being submerged in a synovial fluid with similar properties to the pseudo-
synovial fluid acting in vivo after implantation. Hip simulators are useful in
replicating wear rates, wear patterns and wear debris observed clinically, in
controller laboratory conditions using actual hip prostheses (Affatato, Leardini et
al. 2006, Smith and Joyce 2017). An international standard has been established
for wear testing and wear rates (1ISO14242-1 2018). The standard established
covers the testing parameters such as dynamic loading, the applied motion,
frequency, and duration of testing. According to ISO 14242-1, the hip simulator
test must be conducted until one of the three conditions occur: completion of 5
million cycles, break-up or delamination of the bearing surfaces, failure of the hip

simulator to maintain the applied loading and rotational parameters.

Currently, as XLPE is a relatively new material for bearing use, many are still currently in
service and the in vivo wear rates are determined through radiography or hip simulators.
Devane, Horne et al. (2017), Haw, Battenberg et al. (2017), Atrey, Ward et al. (2017) and
Khoshbin, Wu et al. (2020) have used radiography to analyse a total of 247 primary MoM
THRs with XLPE bearing liners with CoCr femoral heads ranging between 28mm and
60mm. The wear rates determined from the studies have found a volumetric wear rate
between 1.5 — 57.6mm?3/yr. It is important to note that the patients’ activity has not been

accounted for in these studies which could impact the wear rates.
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Essner, Sutton et al. (2005) investigated and compared the wear rates between MoM,
CoC and CoP THRs. The study utilised two identical 12-station hip joint simulators with a
physiological loading pattern between 150N and 2450N and at 1Hz frequency up to 5
million cycles. Wear assessment was conducted periodically with fresh lubricant applied
after. The MoM THRs had a CoCrMo femoral head and acetabular cup, CoC THR had an
alumina femoral head and acetabular cup, and the CoP THR had an alumina femoral head
and a XLPE bearing liner. The study found the volumetric wear rates of the combined
bearing couple to be 6.3 mm?3/yr, <0.1mm3/yr, and 5.62 mm?3/yr for the MoM, CoC, and
CoP THRs. CoC bearing couples were found to have the least wear rate while the MoM

bearing couples had the most.

Galvin, Ingham et al. (2006) investigated the wear of 28mm CoCr femoral head against 4
different polyethylene liners. A non-crosslinked bearing liner was used as control while
the XLPE bearing liners were irradiated with 2.5MRad, 7.5MRad, and 10MRad. These
bearing couples were articulated in a Leeds ProSim hip joint simulator at 1 Hz frequency
up to 5 million cycles with wear assessment conducted every million cycles. Volume
changes were determined using a profilometer. The study found the average volumetric
wear rates of the non-crosslinked PE, 2.5MRad, 7.5MRad, and 10MRad XLPE bearing
liners to be 45.6mm?3/Mc, 46.9mm3/Mc, 15.04mm?3/Mc, and 8.7mm3/Mc respectively. The
study also noted the surface topography of the XLPE liners became smoother than the
non-crosslinked PE. This would benefit the XLPE materials in aiding lubrication and could

have contributed to the lower wear rates seen with these materials.

Fisher, Jennings et al. (2006) investigated the wear characteristics of five 36mm CoCr
femoral head and XLPE bearing liners. The study utilised a hip simulator with a

physiological walking cycle loading between 100N and 3000N at 1Hz frequency up to 7

59



million cycles. The volumetric wear loss of the XLPE bearing liner is determined
geometrically using a three-dimensional co-ordinate measuring machine to map the liner

surface. The study found the steady state wear rates to be between 9.2 —9.5mm?3/Mc.

Partridge, Tipper et al. (2018) evaluated a hip simulator method which assessed wear and
damage between 36mm diameter CoCr femoral head and XLPE bearing liners. The study
utilised a 10-station pneumatic hip simulator with a physiological walking cycle loading
between 300N and 3000N up to 5 million cycles. Wear measurements were conducted at
every million cycles through gravimetric and geometric measurements. The study found

an average XLPE volumetric wear rate of 8.7mm?3/Mc.

A summary of the experimental wear testing methods for bearing surfaces is compiled in
Table 2-3. These studies have focused on the bearing surfaces of the THR except for a
study by Bhalekar, Smith et al. (2020); other studies have not measured the wear of the
femoral head during hip simulator studies, assuming the femoral head does not wear due
to the difference in material properties between metal and polyethylene. It is vital to
investigate wear of the metallic femoral head as well, as even a slight increase in metallic

debris can lead to catastrophic issues for patients.

Langton, Sidaginamale et al. (2012) investigated the taper junction of 126 retrieved large-
diameter MoM THRs from a single manufacturer. The wear assessment was carried out
using coordinate measuring machines to calculate the volumetric wear rates of the
surfaces of the CoCrMo/Ti6Al4V taper junctions. The study reported a wear rate of
between 0.01 — 8.34mm3/year and found the primary factor leading to taper failure is the

increased lever arm acting on the taper junction in large-diameter MoM THRs.

Bishop, Witt et al. (2013) investigated the taper junction of five retrieved MoM THR

component sets. Wear measurements were measured using a coordinate measurement
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machine and wear was quantified by comparison with an assumed initial ggcometry. The
study found extensive wear of the femoral head taper surface with a volumetric wear rate
between 0.59 — 4.87mm3/yr. The study also found that the wear on the bearing surface

and femoral stem tapers were relatively low.

Kocagoz, Underwood et al. (2016) investigated the taper junction wear between ceramic
and CoCr femoral heads. The study utilised a roundness machine equipped with a
diamond stylus to measure the taper surface of 50 ceramic and 50 CoCr retrieved femoral
head-stem pairs. The profiles of the taper surfaces were then analysed, and the
volumetric material loss was estimated using a customized MATLAB script. The study
found a femoral head taper volumetric wear rate range between 0.00 — 8.67mm?3/yr and
0.00 — 0.04mm?3/yr for the CoCr cohort and ceramic cohort respectively and the femoral
stem volumetric wear rate range between 0.00 — 0.32mm?3/yr and 0.00 — 0.37mm?3/yr for
the CoCr cohort and ceramic cohort. The majority of material loss from the ceramic
cohort showed a reduction in the amount of metal released by an order of magnitude

compared with the CoCr cohort.

Langton, Sidaginamale et al. (2017) investigated whether CoCr femoral stem tapers wear
more than Ti alloy femoral stem tapers when used in large-diameter MoM THRs. The
study performed explant analysis to determine the volumetric material loss at the taper
surfaces of 28 Ti alloy femoral stems and 21 CoCr femoral stems. Material loss was
mapped using a coordinate measuring machine, profilometry and scanning electron
microscopy. The study found a range of wear rate between 0.01 — 2.16mm3/yr and 0.01 —
1.65mm?3/yr for Ti alloy femoral stems and CoCr femoral stems respectively. It was found
that the CoCr stem tapers were found to have significantly greater volumetric material

loss than the Ti alloy stems.
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Hothi, Kendoff et al. (2017) examined 94 retrieved MoP THRs for evidence of corrosion
and volumetric material loss at the taper junction using a macroscopic inspection,
microscopic analysis, and a roundness-measuring machine protocol. 87 of the THR
prosthesis were reported to have failed due to aseptic loosening of the components and 7
from infection. No adverse tissue reactions were reported. The study found the femoral
head taper volumetric material loss between a range of 0.00 — 0.24mm3/yr. The study
concluded that trunnionosis for MoP THRs may be clinically insignificant as the volumetric

wear rate found was notably less than that of previously reported MoM taper junctions.

Langton, Wells et al. (2018) investigated the volumetric material loss from tapers of MoP
THRs and compared the taper wear rates against MoM THRs. The study examined a total
of 95 MoP and 249 MoM THR protheses using a coordinate measuring machine. The
volumetric wear rates for the MoM and MoP groups were 0.01 — 8.34mm?3/yr and 0.00 —
3.84mm?3/yr respectively. The median volumetric loss from the MoM cohort was found to

be over four times larger than that from the MoP cohort (1.01 mm3 vs 0.23 mm3).

Hothi, Eskelinen et al. (2018) compared the effect of bearing type (MoM vs MoP) on taper
material loss in THRs for a single design. 30 retrieved MoM and 32 retrieved MoP THRs
were measured for the severity of corrosion and volumetric material loss at each femoral
head taper surface. The range of volumetric wear found for the MoM and MoP groups
were 0.01 — 3.45mm3/yr and 0 — 1.07mm?3/yr. MoP THR prostheses were found to have

lost significantly less material from their taper junctions than MoM THR prostheses.

Bhalekar, Smith et al. (2020) investigated the material loss, if any, at both the articulating
and taper-trunnion surface of five 32mm diameter CoCrMo femoral head against XLPE
bearing liner up to 5 million cycles. The study utilised a 6-station hip joint simulator with a
double peak loading between 400N and 2000N. Wear assessment was conducted every
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500,000 cycles through gravimetric and geometric measurements using an analytical
balance and a coordinate measuring machine respectively. The study found the wear
rates of the XLPE bearing liner and CoCrMo femoral head to be 2.74mm3/Mc and
0.057mm3/Mc for the respectively. The wear rates of the CoCrMo femoral head includes
both the wear at the articulating surface and at the taper surface as well. The study also
found the wear rates of the femoral head taper and femoral stem trunnion to be 0.021 —
0.069 mm?3/Mc and 0.041 — 0.047mm3/Mc. The study has confirmed the necessity of
measuring the taper-trunnion junction wear in MoP THRs as it was found that the
majority of wear at the CoCrMo femoral head was from the taper junction. To date, no
other long-term hip simulator tests have investigated wear from the taper-trunnion

junction of MoP THRs.

A summary of experimental wear testing methods for taper junctions is compiled in Table

2-4.
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Table 2-3: Volumetric wear for bearing surfaces in current literature

Authors Method THR Type Femoral head size Volumetric Wear Rate (mm3/yr) (range)
(mm) Femoral head Acetabular Cup
Devane, Horne et al. (2017) Radiography ~ MoP (CoCrMo/XLPE) 48 - 60 Not measured 1.5-18.9
Haw, Battenberg et al. (2017) Radiography ~ MoP (CoCrMo/XLPE) 36/40/44 Not measured 33.09 -48.39
Atrey, Ward et al. (2017) Radiography =~ MoP (CoCrMo/XLPE) 28 Not measured 29.29
Khoshbin, Wu et al. (2020) Radiography =~ MoP (CoCrMo/XLPE) 51-57 Not measured 7.58-29.6
Hip Simulator CoC (Alumina/Alumina) 32 < 0.1 (combined head and cup)
Essner, Sutton et al. (2005) Hip Simulator CoP (Alumina /XLPE) 32/36 5.62 (combined head and cup)
Hip Simulator !\:/IO%I\:IM(E())GMO/ 40 6.30 (combined head and cup)
Galvin, Ingham et al. (2006) Hip Simulator MoP (CoCrMo/XLPE) 28 Not measured 5.59 -56.3
Fisher, Jennings et al. (2006) Hip Simulator MoP (CoCrMo/XLPE) 36 Not measured 9.5
o g 200 Hpsimsor 5 CoTHONT) 0 o oon
Partridge, Tipper et al. (2018) Hip Simulator MoP (CoCrMo/XLPE) 36 Not measured 8.7

Bhalekar, Smith et al. (2020) Hip Simulator MoP (CoCrMo/XLPE) 32 0.037-0.077 2.00-3.48




Table 2-4: Volumetric wear for taper surfaces in current literature

Femoral head/stem

Volumetric Wear Rate (mm?3/yr)

Authors Method THR Type . .. Femoral head taper Femoral stem trunnion
material combination
(range) (range)
(Lzaglg;‘)’”' Sidaginamale et al. Retrievals ~ MoM CoCrMo/Ti6AI4V 0.01-8.34 Not measured
Bishop, Witt et al. (2013) Retrievals MoM CoCrMo/Ti6Al4V 0.60-4.90 0.005 -0.006
CoCrMo/CoCrMo and
Kocagoz, Underwood et al. . CoCrMo/Ti6Al4V 0.00-8.67 0.00-0.32
R [ MoP P
(2016) etrievals OP/CoP/CoC - amic/CoCrMo and Ceramic/Ti 0.00 - 0.04 0.00 - 0.37
alloy
Langton, Sidaginamale et al. Retrievals MoM CoCrMo/Ti6Al4V 0.01-2.16 0.01-0.12
(2017) CoCrMo/CoCrMo 0.01-1.65 0.03-0.53
Hothi, Kendoff et al. (2017) Retrievals MoP CoCrMo/CoCrMo 0.00-0.24 Not measured
. MoM CoCrMo/Ti6Al4V (MoM) 0.01-8.34

L Well l. (201 R I N

angton, Wells et al. (2018) etrievals MoP 55/55 (MoP) 0.00 - 3.84 ot measured

. . . MoM CoCrMo/Ti6Al4V (MoM) 0.01-3.45

Hothi, Eskel l. (201 R I . N

othi, Eskelinen et al. (2018) etrievals MoP CoCrMo/Ti6AIAV (MoP) 0.00 - 1.07 ot measured
Gascoyne, Turgeon et al. (2018) Retrievals MoM/MoP Not specified 0.00-3.46 Not measured

Hi

Bhalekar, Smith et al. (2020) Si':]ulator MoP CoCrMo/Ti6AI4V 0.021 - 0.069 0.041 - 0.047
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2.5.5. Computational method for predicting wear

Computational analysis is the process of simulating the behaviour of a part of an assembly
under given conditions. It uses numerical models to understand and quantify the effect of
real-world conditions. Computational analysis offers an alternative method which is
faster, and cheaper than experimental testing. It can be used in addition to experimental
testing to help decrease cost, and time consumed while improving the wear
characteristics of mechanical designs. When validated experimentally or in vivo, it could
be used to assess different gait cycles, functional performance of prosthetic devices and

refine critical points in design.

There is evidence that work has been successful in the prediction of wear within THRs. All
methods presented in the literature have been significantly simplified due to the
complexity of the prediction. A compilation of successful computational analysis is
summarized in Table 2-5 and Table 2-6. These methods in literature have only considered

either bearing surface wear or taper junction fretting wear separately.

Maxian, Brown et al. (1996) developed a whole-gait-cycle wear formulation that explicitly
coupled polyethylene contact stresses and sliding distances to estimate polyethylene
wear of three different femoral head sizes in THRs. Hip resultant loads from a validated
gait analysis were used in the ABAQUS FE model to determine contact stress distributions
on the PE bearing surface while sliding distances were obtained from obtained
kinematics. The wear rates were then calculated through Fortran using H = K, pS where
H is the wear depth, K,, is the wear coefficient, p is the contact stress and S is the sliding
distance. The wear coefficient employed in this study was 1.067 x 10° MPa™'. The femoral

head was assumed as rigid and did not have any wear losses. The numerical wear model
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modelled up to 1 million cycles of walking and calculated a volumetric wear rate between

13 — 18mm?3/Mc.

Teoh, Chan et al. (2002) developed a new computational model based on an elasto-plastic
finite element model for the assessment of wear. In this study, an elasto-plastic material
behaviour for the PE was proposed instead of purely elastic load stress characteristics.
The yield stress of UHMPWE was set to be 8MPa, approximately 20% lower than the
maximum vyield stress of the material. The model dictates that any stresses in excess of 8
MPa will be redistributed to its neighbour and an increased area of high stresses is
expected. Wear prediction utilised a form of Archard’s wear law which incorporated the
influences of contact stress, sliding distance and a surface wear coefficient. The wear
coefficient employed in this study was 1.067 x 10° MPal, same as the study by Maxian,
Brown et al. (1996). The new model proposed predicted significantly higher volumetric

wear rates of 57mm3/yr, however, it is well within the average reported clinical values.

Bevill, Bevill et al. (2005) investigated the effects of femoral head size, liner thickness, and
femoral head-liner clearance on linear and volumetric creep and wear in acetabular cups
during a gait cycle. A parametric FE model of a femoral head contacting a polyethylene
cup was modelled in ABAQUS v6.3 and creep and wear simulation was performed up to 1
million cycles. The femoral head was modelled as a rigid body; no wear will be applied
onto the femoral head. The study found that liner creep occurred quickly and increased
the predicted contact areas by up to 56%, subsequently reducing contact pressures by up
to 41%. Greater creep penetration was found with smaller heads, thicker liners, and
larger clearance. The volumetric wear rate of the PE liner was found to be between 12 —

19.5mm?3/yr for femoral head sizes between 22mm and 36mm.
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Kang, Galvin et al. (2006) developed a fully contact-coupled wear model based on the
simple constrained column model for the contact mechanics analysis and to perform
parametric studies on the clearance and the femoral head radius for both UHMWPE and
XLPE bearing liners in THRs. The wear model was based on the classical Archard—
Lancaster equation in common with all other studies reported in the literature. A wear
coefficient of 1.066 x 10° MPa! was employed and the model was simulated for up to 20
million walking cycle. The volumetric wear rate was found to be 4.26 — 7.02mm3/yr for

the XLPE bearing liner.

Queiroz, Oliveira et al. (2013) investigated the effects of lateral tilt on the wear of PE
liners in THRs. The study modelled the UHMWPE acetabular cup and CoCr femoral head
in ANSYS 12.0 with a 0.1mm clearance between the bearing surfaces. An adaptation of
the Archard equation was used to determine the abrasive wear of acetabular cups in
UHMWPE as a function of their lateral tilts in relation to the coronal plane. Numerical
simulations performed with acetabular cups at tilt angles of 30°, 45°, and 60° presented
respectively linear wear of 0.19 mm, 0.17 mm, and 0.26 mm per year, and volumetric
wear of 30.85 mm?3, 30.97 mm3, and 47.41 mm?3, for the same period. The result of the
study suggests that acetabular cups assembled at 45° present lower linear wear rates,
whereas a significant increase in the volumetric wear rate is obtained for sets positioned

at tilts above 45°.

Pakhaliuk, Polyakov et al. (2015) aimed to improve the method of wear simulation of the
THR bearing couple comprising of UHMWPE by taking into account the parametric
dependence of wear factor on the contact pressure that has not been studied before. The
study modelled the components within ANSYS v12.0 and subjected them to the loading

and angular motions based on the ISO 14242-1 demands. Wear calculation was based on
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the classical Archard-Lancaster equation with a variable wear coefficient. Two formulas
for the variable wear coefficients were proposed. The volumetric wear calculated from
the variable wear coefficients was then compared to volumetric wear rates with a fixed
wear coefficient. For the fixed wear coefficient of 1.066 x 10° MPa!, the volumetric wear
rate was found to be 24mm3/Mc while the variable wear coefficient calculated a wear

rate of 23.6mm3/Mc and 35.2mm?3/Mc.

Lin, Wu et al. (2016) investigated wear behaviours of THRs with various abduction angles.
A CoCr femoral head and 8mm UHMWPE bearing liner were modelled and subjected to
0.75 million gait cycles. A wear coefficient of 1.48 x 10° MPa! was employed to calculate
the linear and volumetric wear of the bearing liner. The results reveal that the THR with
larger abduction angles may produce deeper depth of wear but the volume of wear

presents an opposite tendency.

Uddin and Zhang (2013) aimed to obtain an in-depth understanding of the wear of hard-
on-hard bearing couples. A finite element hip model is established which considers a
complete 3D physiological gait loading and kinematic motions of normal walking. The
wear at the bearing surface in gait cycles was calculated based on the contact stress
variation from the finite element analysis and the sliding distance obtained from three-
dimensional hip gait motions. The geometry of the worn surface was updated considering
the average routine activities of a patient. Due to the same materials used on both
bearing surfaces, the wear fraction of 0.5:0.5 was employed. The volumetric wear of CoC

and MoM (CoCr/CoCr) were found to be 0.173mm?3/yr and 0.143mm?3/yr.

Peng, Arauz et al. (2019) investigated the variation of polyethylene wear among THR
patients and identified key kinematic and component orientation factors associated with
wear performance. The study used patient-specific data such as joint force, cup
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orientation, and patient range of motions to quantify PE wear. The patient-specific data
were extracted from patients performing treadmill walking at self-selected speed under
surveillance of validated DFIS technique. The FE model was created in ABAQUS v6.12
including the acetabular cup shell, PE liner, and CoCr femoral head. The patient-specific
gait kinematics (axial, sagittal and frontal rotations) and component orientations were
used to define the dynamic model, together with the scaled spatiotemporal force profile
applied on the femoral head centre. The wear rate was calculated using Archard’s
equation for 1 cycle only. The wear rates were then multiplied by a factor of 1 x 10° to
approximate 1 year of activity. Strong variations in volumetric wear rates (3.9 —
8.3mm?3/Mc) and locations across subjects were observed with increased axial range of
motion leading to accelerated wear rates. Acetabular component orientations are also

significant predictors to wear locations.

Wegrzyn, Antoniadis et al. (2022) compared PE wear between dual mobility cup and
conventional acetabular component between both UHMWPE and XLPE bearing liners. A
finite element model was developed in ABAQUS for each of the components, a dual
mobility cup with a 22.2-mm-diameter femoral head against UHMWPE or XLPE (DM22PE
or DM22XL), a conventional cup with a 22.2-mm-diameter femoral head against
UHMWPE (SD22PE) and a conventional cup with a 32-mm-diameter femoral head against
UHMWPE or XLPE (SD32PE or SD32XL). A patient-specific musculoskeletal model was
used to model the kinematics up 1 million cycles. Archard’s wear law was used to predict
PE wear from contact pressure and sliding distance, with wear coefficients for UHMWPE
and XLPE to be 1.066 x 10° MPa' and 2.13 x 101° MPa! respectively. It was found that
DM22PE produced 4.6 times and 5.1 times more volumetric wear than SD32XL and

DM22XL. However, even if significant, the differences in volumetric wear between
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DM22XL and SD32XL as well as between DM22PE and SD22PE or SD32PE were small and

could be therefore considered as clinically negligible.

In the following studies, the taper junction fretting wear has been modelled.

English, Ashkanfar et al. (2015) proposed a computational methodology utilising an
energy wear law and a 3D finite element model to predict fretting wear at the taper
junction. The study modelled a CoCrMo femoral head coupled with a Ti6Al4V femoral
stem in ABAQUS v6.13 up to 5 million walking cycles. Instead of the traditional Archard’s
wear law, the study proposed using an energy wear law which bases the calculation of
volumetric wear on the interfacial shear work being the predominant parameter
determining wear. The energy wear approach unifies prediction of wear across a wider
range of stroke than Archard and as such has a greater range of application. This study
has a novel method which simulates the weakening of the initial taper ‘fixation’ due to
wear from assembly impaction during surgery. A wear fraction was also employed to
remove wear based on the differences in material properties, which here is 0.9:0.1 for
CoCrMo: Ti6Al4V. The study found the volumetric wear rate range to be 0.329 —
0.603mm?3/yr and 0.024 — 0.065mm?3/yr for the CoCrMo femoral head and Ti6Al4V

femoral stem trunnion.

Using the same methodology, English, Ashkanfar et al. (2016) investigated the effect of
varying assembly forces on fretting wear at the taper junction over a 10 year period.
Assembly forces between 160N and 6000N were used to investigate the amount of
fretting wear seen. It is demonstrated that an increase in assembly force results in a
reduction in fretting wear and it is recommended that surgeons should apply an impact

force of at least 4000N to minimise wear rates.
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Ashkanfar, Langton et al. (2017) also investigated the manufacturing tolerances at the
taper junctions. The study investigated the effects of varying taper mismatches on the
volumetric wear rates and wear damage at this junction and determined the optimum
tolerances that could minimise wear rates. A 3D FE model of the femoral head and stem
was modelled in ABAQUS v6.14 with a perfectly matched taper and varying taper
mismatches. A wear algorithm was used to apply the wear onto the components. It was
found that a large taper mismatch (e.g. 9.12’) results in a high wear rate (2.960mm?3/Mc).
It is recommended that the cone angles of femoral head and femoral trunnion should be

manufactured to produce a taper mismatch of less than 6’ at the taper junction.

Another study by Ashkanfar, Langton et al. (2017) investigated the effect of different
trunnion designs on the wear rates at the taper junction. The study investigated whether
a micro-grooved trunnion surface finish would improve the fixation and the effect this
would have on the wear rates. A 3D FE model of the femoral head and femoral stem was
modelled in ABAQUS v6.14. The study first compared initial fixation of the taper surface
between a Ti micro-grooved trunnion and a smooth trunnion mated with a CoCr femoral
head with a smooth taper. The fixation at the taper junction was found to be better for
the smooth couplings. Secondly, the study investigated the wear evolution between the
models and found that over a 7 million load cycle analysis in-silico, the linear wear depth
and the total material loss was around 3.2 and 1.4 times higher for the femoral heads
mated with micro-grooved trunnions. The study concluded that the smooth taper and
trunnion surfaces will provide a better fixation at the taper junction and therefore reduce

the volumetric wear.

Norman, Denen et al. (2019) investigated the effect of increasing head size on the

trunnion stress using an FE analysis of a Ti femoral stem coupled with four CoCr femoral
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head sizes (28mm, 32mm, 36mm and 44mm). The FE models were then subjected to four
different loading cases, single legged stance, stumbling, average stairclimbing, and
maximum force stairclimbing. The study found that trunnion stresses increase as head
sizes increases, thus increasing the horizontal lever arm and trunnion load offset. The
findings suggest that the use of larger femoral heads should be avoided as it may results

in higher implant stresses under certain loading conditions.

Donaldson, Coburn et al. (2014) performed a stochastic investigation of key parameters
on the mechanics of femoral head-neck contact, specifically, the relative sensitivity of
mechanical fretting to a set of eight design variables. A CoCrMo femoral head and Ti
femoral stem trunnion was modelled in ANSYS 14. Four-hundred parameter sets were
simulated using realistic variations of design variables, material properties and loading
parameters to predict contact pressures, micromotions, and fretting work over cycles of
gait. Of the eight design variables investigated, results indicated that fretting work was
correlated with only three parameters: taper angular mismatch, centre offset and body
weight. Maximum contact pressure at the taper increased by 85MPa for every 0.1° of
angular mismatch. Maximum micromotion increased by 5 um per 10 mm additional head
offset and 1 um per 10 kg increased body weight. The study concluded that appropriate
limiting of angular mismatch and centre offset could minimize fretting, and hence its

contribution to corrosion, at modular connections.

A similar study performed by Dyrkacz, Brandt et al. (2015) also identified parameters
which influence micromotion at the femoral head-neck taper junction. An FE analysis was
performed with a 3D model of a Ti femoral stem trunnion mated onto CoCr femoral head
sizes of 28mm, 36mm, and 44mm. The study found that micromotion increased as the

head size, assembly force and taper size increased. Furthermore, the study found that
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micromotion increases when a mixed alloy material combination (CoCr/Ti6Al4V) was used

instead of an all-CoCr alloy prosthesis.

K'N, Ogulcan et al. (2020) investigated the wear rate on the head-trunnion taper junction
for both trapezoidal, and circular shaped stems. In this study, a circular and trapezoidal-
shaped stem implant is designed with a femoral head size of 28mm within ANSYS R19. At
the time of assembly of the femoral head into the stem, the stresses were found to be
increasing with an increase in the top surface radius of the neck taper junctions.
However, when the walking conditions are considered for wear estimation of implants,
the circular implants with the 12/14 mm taper exhibited the lesser linear wear rate of
0.003 mm/year. The trapezoidal implants with the 10/14 mm taper exhibited a lesser
linear wear rate of 0.032 mm/year. Overall, the circular implants exhibited lower wear

rate results over the trapezoidal-shaped stem implants.

Messellek, Ould Ouali et al. (2020) investigated the mechanical behaviour within a
modular taper junction subjected to cyclic loading. In this study, the fretting wear
simulation was performed within ABAQUS using a modified Archard’s wear law with the
implementation achieved using a user-defined subroutine UMESHMOTION provided
within the ABAQUS. A femoral stem with a Type 1 taper and its matching adaptor is
modelled within ABAQUS with Ti6Al4V as the material used. A 4000N load was applied to
assemble the taper adaptor onto the taper. The study found that a transition from a
partial slip regime to a large slip one, which is mainly controlled by the contact slip

amplitude, reduced the fatigue life and a critical slip value was identified.
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Table 2-5: Summary of computational analysis for bearing surfaces in THRs

Material

Volumetric Wear Rate (mm?3/yr)

Authors Method combination Loading Acetabular Femoral head
cup
. ABAQUS LC: 1 million
Maxian, Brown et al. (1996) v5.3+ FORTRAN CoCr/UHMWPE WE: 1:0 13-18 No wear
LC: 1 million
Teoh, Chan et al. (2002) ABAQUS v5.7 CoCr/UHMWPE WEF: 1:0 57 No wear
WC: 1.066 x 10° MPa*
LC: 1 million
Bevill, Bevill et al. (2005) ':BQCOI:S ve.3+ CoCr/UHMWPE WEF: 1:0 12-19.5 No wear
Y WC: 1.066 x 10 MPa
Numerical LC: 20 million
Kang, Galvin et al. (2006) stud CoCr/XLPE WF: 1:0 4.26-7.02 No wear
4 WC: 1.00 x 10° MPa’!
LC: 1 million
Queiroz, Oliveira et al. (2013) ANSYS v12.0 + CoCr/UHMWPE WC: 1.00 x 10™° MPa™* 30.85-47.41 No wear
MATLAB
WE: 1:0
LC: 2 million
WC: 2.00 x 10 MPa? (A|203/ A|203)
Al Al 17 i
Uddin and Zhang (2013) ANSYS C;(CJ:(AO/ZSSCrMo 5.00 x 10° MPa™ (CoCr/CoCr running in) 8 143 Not specified
1.50 x 101 MPa* (CoCr/CoCr steady state) '
WEF: 0.5:0.5
. LC: 3 million
Pakhaliuk, Polyakov et al. MATLAB CoCr/UHMWPE  WC: 1.48 x 10° MPa™® 24.0 No wear
(2015)
WE: 1:0
LC: 7.5 million (5 years)
Lin, Wu et al. (2016) Not specified CoCr/UHMWPE WC: 1.48 x 10° MPa™ 58.16 No wear

WEF: 1:0
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Peng, Arauz et al. (2019)

Wegrzyn, Antoniadis et al.
(2022)

ABAQUS v6.12
+ Numerical

ABAQUS

CoCr/XLPE

CoCr/XLPE

LC: Based on patient evaluated
SF: 1,000,000

WC: unspecified

WE: 1:0

LC: 1 million

WC: 2.13 x 101 MPa?

WEF: 1:0

3.9-83

3.8-5.7

No wear

No wear
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Table 2-6: Summary of computational analysis for taper surfaces in THRs

Authors Method Method Findings
. Used to determine taper wear patterns, wear damage
Study proposes a computational . . .
methodology utilising an enerey wear and wear rates which have been shown to be consistent with
English, Ashkanfar et al. &Y . g &Y those found from observation and measurement of retrieved
ABAQUS law and a 3D finite element model to . .
(2015) . . prostheses. The numerical method could be used to consider the
predict fretting wear at the taper . . .
unction effect of design changes and clinical technique on subsequent
J ’ fretting wear in modular prosthetic devices
This study investigates the effect of
. varying the magnitude of the assembly An increase in assembly force results in a reduction in fretting
English, Ashkanfar et al. . .
(2016) ABAQUS force on fretting wear at the taper overa  wear and it is recommended that surgeons should apply an
10-year period using a 3D finite element  impact force of at least 4kN to minimise wear rates.
model and wear algorithm
This study, 3D finite element (FE) models
of a commercial THR from a perfectl . . . .
. ! P 4 large taper mismatch (e.g., 9.12") results in a high wear rate
matched interface to large taper 3 . .
. . (2.960 mm? per million load cycles). It is recommended that the
Ashkanfar, Langton et mismatches and a wear algorithm were .
ABAQUS . . cone angles of femoral head and femoral trunnion should be
al. (2017) used to investigate the extent of wear . ,
. . manufactured to produce a taper mismatch of less than 6 at the
that could occur at this junction and taper iunction
identify the optimum tolerances to per) '
reduce the wear
3D finite element (FE) models of THRs to,
firstly, investigate the effect of initial . . .
Ashkanfar. Langton et f;xati\grll (;lf 3 égobalt-Chromium flerlnloral Concluded that smooth taper and trunnion surfaces will provide
! g ABAQUS better fixation at the taper junction and reduce the volumetric

al. (2017)

head with a smooth taper surface mated
with a Titanium (1) micro-grooved and
(2) smooth, trunnion surface finishes.

wear rates.
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Norman, Denen et al.
(2019)

Donaldson, Coburn et al.

(2014)

Dyrkacz, Brandt et al.
(2015)

K'N, Ogulcan et al.
(2020)

Messellek, Ould Ouali et
al. (2020)

ABAQUS

ANSYS 14

ABAQUS
v6.10

ANSYS R19

ABAQUS

Finite element stress analysis of CoCr/Ti
femoral head/stem subjected to sever
physiological loading conditions

Stochastic FE simulation of the taper
junction was performed to identify the
key parameters that influence the
contact mechanics between the taper
surfaces.

To identify parameters which influence
the micromotion at the femoral head
taper junction of modular THRs.

Investigated both trapezoidal, and
circular shaped stems on the wear rate
on femoral head-stem taper junction

improve the comprehension of
mechanical behaviour within a modular
taper junction subjected to cyclic loading.

Trunnion stress increases with increasing head size, increased
horizontal lever arm, and trunnion load offset.

Fretting work was correlated with angular mismatch, centre
offset and body weight. Uncorrelated parameters included
trunnion diameter, trunnion length and impaction forces

The micromotion increased as the head size, assembly force, and
taper size increased. CoCr/Ti6Al4V material combination also
increased micromotion instead of CoCr/CoCr.

Overall, the circular implants exhibited less wear rate results over
the trapezoidal-shaped stem implants. Due to the less linear
wear rate, the circular implant has a higher life over the
trapezoidal-shaped implant.

Presented a methodology based on the finite element approach
to study both fretting wear and fatigue, considering their
interaction in the modular taper. Archard’s law was employed to
compute wear depth and volume loss. UMESHMOTION
subroutine within ABAQUS used for geometry changes.
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2.6. Discussion and rationale

Total Hip Replacements have been successful in restoring mobility to patients when the
hip has become diseased or damaged, however, a number of these prostheses are known
to have failed prematurely with one of the main reasons being wear. Wear is known to be
one of the most significant and complicated mechanical failures that can occur. Within
hip prostheses, wear occurs between contacting surfaces, namely between the bearing
surface and femoral head, and between the femoral head taper surface and femoral stem
trunnion. Wear leads to the deformation of these mechanical components which can lead
to the loosening of these devices and ultimately, to THR failure. Furthermore, wear also
produces debris into the surrounding tissues causing a biological reaction to occur leading
to periprosthetic tissue destruction. This debris may also act as an abrasive within the
articulating surfaces and cause increased amounts of wear. As demonstrated in this
chapter, there is evidence that more investigation is needed to determine the cause of

failure within these implants.

The review presented in this chapter reveals possible gaps within the literature for

prediction of wear in THRs and wear modelling. These gaps are:

e Long term effects of current and new designs of THRs remain unknown. Currently,
for newer designs of THRs, there is no data on long term survivability as their long-
term behaviour in vivo would need to be in service for a period of time before
data can be established. Experimental simulations are able to provide an insight
into long term behaviour, however, these simulations are limited based on the
loading conditions, time needed and cost. Furthermore, only a limited number of
tests can be carried out for a specific design and therefore it cannot be used for all

the parameters that may affect the wear evolution at the contacting surfaces.
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e Variable wear coefficients. Wear coefficients are known to change as time
increases due to a number of variables such as surface characteristics, material
geometry, and lubrication. Accurate wear coefficients occurring within a THR
prosthesis are yet to be determined.

e Currently, a number of experimental and computational wear investigations have
been proposed, however, there is a lack of a user friendly, all in one,
computational wear approach reported in the literature.

e Lack of both bearing surface and taper junction wear investigation within the
same analysis. Many of the investigations into the wear of THRs only focus on
either the bearing surface or the taper junction.

e There is currently a lack of research into the survivability of prostheses under
different types of activities. For instance, the assessment of the activities allowed
post-THR is mostly based on the impact of the activity itself and is based on the

opinions of surgeons.

The overall aim of this research in this field is to develop longer lasting prostheses which
will be able to last the lifetime of patients without failures. Furthermore, patients
implanted with total hip or knee prostheses are advised to only perform low impact
activities such as swimming, walking, or golf which would not be satisfying for patients
who wish to continue with an active lifestyle. This aim is achievable by further research
and investigation to develop the design of these prostheses to increase the longevity with

better performance in service to provide higher functionality.

Increasing the longevity of such implants has both economic and surgical benefits as a hip
revision surgery is more costly than a primary hip replacement surgery and carries a

higher risk of multiple surgical risks as it has higher levels of complexity. Reducing the
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number of revisions will also help to minimise the input of resources such as equipment

and finance from relevant health authorities.

To increase the longevity of these implants, being able to predict the extent of wear
within these devices is vital to investigate the mechanisms behind their failures. The main
aim of this research is to introduce a new methodology to predict wear at the contacting
surfaces of a modular hip prosthesis using FE analyses. A comprehensive wear model is
proposed in Chapter 3 to bridge the gaps between experimental and computational
analysis to further streamline the design of these devices. The method is used in different
studies between Chapters 4 and 7 to investigate the long-term performance of hip
prosthesis implants in service considering different parameters affecting wear. The

following objectives are met in order to achieve this goal.

The method proposed in Chapter 3 could predict wear on two sets of contacting

surfaces within the same analysis.

e The method is user-friendly so that it may be used in different parametric studies.
Automation of the method is performed using a graphical user interface (GUI)
within the ABAQUS FE work package.

e The wear algorithm is capable of considering different activities concurrently
throughout the analysis.

e The method is capable of considering varying wear coefficients during the wear

analysis, for when there is data on the changing wear coefficients throughout the

lifespan of a THR prosthesis.
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2.7. Conclusion

This chapter has presented a description of the human hip joint and the disorders which
may arise followed by a detailed explanation on the need for total hip replacements. A
total hip replacement procedure is detailed along with different designs and material
combinations of a modular hip prosthesis. An overview of the reasons for THR failure is
described with wear being one of the main factors. A comprehensive review of wear
within THRs, including the different wear mechanisms and theoretical approaches was
discussed. A comprehensive review on the current experimental and computational

methods to predict and investigate wear proposed in the literature is presented.

Finally, a discussion on the gaps in current research, the overall aim of the present study
and the considerations of the proposed methodology were presented. This study
attempts to close these gaps by developing a wear model that is explained in Chapter 3,

with illustration of four different studies following in Chapters 4,5,6 and 7.
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Chapter 3

Computational method of wear prediction at

contacting surfaces in total hip replacements

3.1. Introduction

In this chapter, a 3D model of a commercial total hip prosthesis is used to demonstrate
the methodology and to highlight key features of a bespoke wear algorithm. The model,
together with the wear algorithm, can be used to effectively study certain aspects of hip
prosthesis design such as femoral head size, patient activity such as bicycling, and patient
variables, such as body weight. The method presented in this chapter can subsequently
be used to identify key factors leading to wear related failures at both bearing surfaces
and taper junction so that appropriate prosthesis design, clinical and surgical
recommendations can be made to improve the prosthesis lifespan. The method proposed
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is also independent of model geometry and can be used for any FE models (not only
prosthetic devices) to predict wear. The method and the FE models that are to be
explained in this chapter will be, unless stated otherwise, the main analysis

implementations for chapters that follow (Chapter 4,5, and 6).

3.2. Theoretical Wear Calculation

As discussed in section 2.5.1, the energy wear approach considers the interfacial shear
work as the main parameter controlling wear modelling. Current literature has
considered the energy wear approach to be superior to the Archard’s wear law due to its
ability to facilitate different wear mechanisms. Currently, this method is capable of
considering both approaches based on the analysis needs. The theoretical approach and
implementation for both the wear laws to the FE analysis are described within this

section.

3.2.1. Dissipated Energy Wear Law

The energy wear law equation, Equation (11), bases the calculation of volumetric wear on
the interfacial shear work being the predominant parameter of determining wear. It
shows that the total volumetric wear (W,,), is equal to the product of the energy wear

coefficient (a) and total local dissipated energy (E).

W, = aE (11)

Equation (12) shows that the total local dissipated energy (E), can be found by the
product of shear traction (Q) and the relative displacement (s) between the contacting

surfaces.

E =Qs (12)
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Substituting Equation (12) into Equation (11) gives:
W, = aQs (13)

By dividing both sides of the equation by a contact area, the linear wear depth (W), can

be calculated using Equation (14), where t is the contact surface shear stress.
W, = ats (14)

To accurately model the effect of wear during a dynamic loading cycle, it is necessary to
discretise the loading cycle into a number of time intervals (n). As such, the wear depth

for a single loading cycle (W), can be calculated using Equation (15), where t; and s; are
the surface contact shear stress and relative displacement respectively, at each time

interval, i.

n
We = Z aT;S; (15)

i=1
As the wear analysis would need to be performed over millions of cycles, a scaling factor
(B) needs to be introduced to make the execution of the analysis achievable in an
acceptable time. The scaling factor is used to multiply the wear calculated after a single
analysis (one walking step) to modify the surface geometry by a suitable amount to
facilitate acceptable run times. The total wear depth that is generated over a specified

total number of loading cycles, N, can be determined from Equation (16), where j

represents a specific ‘analysis stage’ reflecting the evolution of wear.

(N/B)
16
VVCZ Z ,B aTi,jSi,j ( )

n
] i=1

-
[

The scaling factor used can vary across a large range. A large scaling factor would result in

a faster computational run time but may affect the accuracy of the results. A small scaling
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factor would increase the computational run time but should provide a greater accuracy
of results. Hence, the scaling factor needs to be optimised to ensure the accuracy of the
results within an acceptable time frame. The optimal scaling factor has been investigated

and explained later in section 3.8.3.

3.2.2. Archard’s Wear Law

The Archard’s wear equation, Equation (17), is based on the calculation that volumetric
wear is proportional to the work done by frictional forces. It shows that the total
volumetric wear (W,), is equal to the product of the dimensional Archard wear coefficient

(K), contact force (F), and relative slip (s).

W, = KFs (17)

Linear wear depth can be calculated by dividing Equation (17) with the contacting area,

giving Equation (18), where P is the normal contact pressure.

W, = KPs (18)

Similar to the energy wear law, the cyclic wear depth (W) can be derived by discretising
the loading cycle into a number of time intervals (n), and by introducing a scaling factor
(B), the analysis would be achievable in an acceptable time. As such, the wear depth for a
single loading cycle (W,), can be calculated using Equation (19), where P; and s; are the
surface contact pressure and relative displacement respectively, at each time interval and

J represents a specific ‘analysis stage’ reflecting the evolution of wear.

N/B)  n

19

VVC = Z ﬁZKPi.jSi.j ( )
j=1 i=1

The Archard’s wear method is an option within the algorithm to be considered by the

user during the wear analysis by a graphical user interface (GUI) in ABAQUS.
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3.3. Wear implementation

The cyclic wear depth obtained from either Archard’s or Dissipated Energy wear law in
the form of Equation (16) and Equation (19) can be used in conjunction with the FE
analysis to predict wear depth. The FE analysis can produce the relative displacement,
contact shear stress and contact pressure, and when coupled with a suitable wear
coefficient, is able to calculate the cyclic wear depth at the contact surfaces of the FE

model.

Using the Dissipated Energy wear law in the form of Equation (19), the contact shear
stress will need to be extracted. Within the output database file, the surface contact
shear stress is calculated in the form of CSHEAR1 and CSHEAR?2 where they are the
relative contact shear stress in direction 1 and direction 2. The resultant contact shear

stress (7; ;) can be calculated by:

T, = JCSHEARliZ + CSHEAR2> (20)

where i and j represents the time interval and analysis stage respectively.

Using the Archard wear law in the form of Equation (16), the contact pressures needed
for the wear prediction will need to be extracted from the FE analysis. Within the output
database file, the surface contact pressure can be directly extracted from the FE analysis

in the form of CPRESS, P; -

For both the Archard and Dissipated energy wear laws equations, the relative
displacement will need to be obtained. The FE results file for nodal displacement is given
in the form of CSLIP1 and CSLIP2 where they are the relative tangential motion in
direction 1 and direction 2. The total nodal displacement for the time interval (s; ) can be

calculated by:
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s; = \/csumiz + CSLIP2;* (21)

As s; is the total nodal displacement, the relative displacement will need to be calculated.
To calculate the relative nodal displacement (s; ; ), the difference in s; values will need to

be calculated for the time interval of the analysis, where i is the current time interval.
Sij = Isiv1 — sil (22)

To apply the wear depth onto the respective surfaces, groups or pairs of nodes will need
to be created. This ‘pairing’ of nodes is achieved by determining which nodes on opposite
mating surfaces are closest to each other at each time interval. The pairing is achieved by
taking a node at the surface with the coarser mesh (Surface A) and determining which

nodes are closest on the opposing surface (Surface B) (see Figure 3-1 and Figure 3-2)

At the articulating surfaces, there is a relatively large displacement and as such, node
pairings between articulating surfaces will need to be paired to a cloud of nodes due to
different mesh densities (see Figure 3-1): A node from ‘Surface A’ needs to be paired to a
cloud of nodes on ‘Surface B’ due to different mesh densities on the surfaces. This will
avoid any nodes on ‘Surface B’ being ‘missed’” which would cause wear to not be applied
at the node and ultimately cause sharp areas on the surfaces of the components. At the
taper junction, as there is only a relatively small amount of displacement due to fretting

wear, a single node to node pairing is sufficient (see Figure 3-2).

This technique is novel as it addresses the different mesh densities on the interaction
surfaces to evenly apply wear across their respective surfaces. In this study, both options
for node pairings are available to the user within the wear implementation depending on

the analysis requirements.
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Acetabular Cup Surface
(Surface B)

BS B10
B2 B4 B6 B11
B5 B7
Bl . %o AS a7 B0, B2
A2 A4 A6
Example of node pairs r A8 AL0
Surface A Node: Surface B Node
2;: :;I :Z' zg Femoral Head Surface
Re Re (Surface A)
A5: B5, B6, B8

Figure 3-1: 1-to-3 node pairing implementation

Acetabular Cup Surface

(Surface B)
B2 B4 B6 B8 B10 B12
B1 B3 BS B7 B9 B11
A2 A4 A6 A8 A10 Al2

Example of node pairs Al A3 AS A% A ALl
Surface A Node: Surface B Node
Al: Bl
A2:B2 Femoral Head Surface
A3:B3 (Surface A)

Figure 3-2: 1-to-1 node pairing implementation
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3.4. Finite Element Implementation

3.4.1. Material Properties and Interaction Behaviour

For this study, a commercial THR is modelled consisting of a Titanium alloy (Ti) acetabular
cup, highly cross-linked polyethylene (XLPE) bearing liner, Cobalt-chromium alloy
(CoCrMo) femoral head and Titanium alloy femoral stem. The material properties of Ti,
CoCrMo and XLPE assigned to the individual components are shown in Table 3-1. All

components were modelled as deformable and linearly elastic in ABAQUS.

Table 3-1: Material Properties for THR

. Young’s Density Poisson’s
Material . Reference
Modulus (GPa)  (kg/m?3) ratio
Ti-6Al-4V 114 4430 0.34 Bhalekar, Smith et al. (2020)
Co-28Cr-6Mo 210 7800 0.3 Gao, Hua et al. (2018)
XLPE 1 963 0.4 Anissian, Stark et al. (1999)

The contact interaction between both the bearing surfaces and taper junction was
modelled as ‘finite sliding” using the ‘penalty’ contact formulation in ABAQUS. The
associated friction coefficient is dependent on several factors such as material
combination, surface finish and surface cleanliness. Values for the friction coefficient at
different total hip prosthesis bearing surfaces and modular taper have been documented
by Fessler and Fricker (1989) and Wang, Ge et al. (2010). For this study, a constant

isotropic coefficient of friction is defined on the FE models as shown in Table 3-2

Table 3-2: Friction coefficient based on contacting surfaces

Material Interaction Friction coefficient

Ti-6Al-4V — Co-28Cr-6Mo  0.21 (Fessler and Fricker 1989)
Co-28Cr-6Mo — XLPE 0.11 (Wang, Ge et al. 2010)

90



3.4.2. Wear Fraction

The wear methodology in this study can facilitate the proportion of wear based on the
different material combinations based on the contacting surfaces. As explained in section
2.5.3, a ‘wear fraction’ is specified to allow for proportional wearing of the materials. As
such, the wear depth removed from the component is calculated as the product of the
component’s ‘wear fraction” and the total wear cyclic wear depth. The wear fractions

associated with the individual contacting surfaces are specified in Table 3-3.
Table 3-3: Wear fraction specified for individual contacting surfaces

Material Interaction Wear Fraction

Ti-6Al-4V — Co-28Cr-6Mo  0.10 Ti : 0.90CoCr (English, Ashkanfar et al. 2015)
Co-28Cr-6Mo — XLPE 0.99 XLPE : 0.01 CoCr (Anissian, Stark et al. 1999)

3.4.3. Finite Element Models

3D FE models of a commercial MoP THR were modelled with a Ti acetabular cup, an XLPE
bearing liner, a CoCrMo femoral head and Ti femoral stem. The models have been
modelled and assembled as a perfect fit with no clearance at the bearing surface, and

zero taper mismatch angle at the taper junction.

Ti Backing

XLPE Liner

CoCr Femoral Head

Ti Femoral Stem

Figure 3-3: a) Assembled FE model b) Mesh assigned on 3D FE model
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The acetabular cup, femoral head and femoral stem is assembled independently and then
meshed in preparation for dynamic analysis in ABAQUS (2021 ABAQUS Inc, Providence,
Rhode Island) using eight-node linear brick, reduced integration hourglass controlled

elements (C3D8R).

3.4.4. Impaction Load

As previously explained in section 2.3.1, the femoral head and femoral stem are
assembled during surgery using impaction. The loadings applied onto the model included
an initial impact to simulate the assembly of the femoral head onto the femoral stem. A
study by English, Ashkanfar et al. (2016) investigated the optimum impaction load needed
to securely mate the femoral head onto the femoral stem and found that a minimum of
4kN of force was needed to ensure adequate mating between the two components. The
measured impact duration for a polymer tipper impactor with a metal “test” head was
measured as 0.7ms. The load-amplitude history obtained from the drop test are shown in
Figure 3-4. To simulate the initial impaction for the component assembly in the FE model,
the base of the femoral stem is fixed in all degrees-of-freedom and the impaction load is

applied to the femoral head.

llmpaction Load
4000 1

2000 A
Femoral Head

Impaction Load (N)

0 0.00035 0.0007
Time (s)

Femoral Stem
A A AA
00000

Figure 3-4: Impaction assembly load-time history
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3.4.5.

To replicate a physiological walking cycle, the in vivo 3-dimensional hip joint loadings

Loading and Boundary Conditions

(Anterior-Posterior, Medial-Lateral, Superior-Inferior) (see Figure 3-5) and 3-dimensional

hip rotations (Flexion-Extension, Internal-External, Adduction-Abduction) (see Figure 3-6)

have been well documented in the literature (Bergmann, Graichen et al. 1993, Saikko,
Ahlroos et al. 2001, Yoshida, Faust et al. 2006, Fialho, Fernandes et al. 2007, English,

Ashkanfar et al.
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o

2015).
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= = = Medial-Lateral
= — Superior-Inferior
/ ~
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/ ~ N
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/ A -
PR ~ ~ —_—
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[ ] o 0.24 0.36 5 .84 0.96 1.08 1.2
Time (s)

Figure 3-5: 3-dimensional hip joint loadings during a walking cycle

Flexion-Extension
= = =|nternal-External
= = Adduction-Abduction

Time (s)

Figure 3-6: 3-dimensional hip joint rotations during a walking cycle

The loadings and boundary conditions ascribed to the 3D FE model during a walking cycle

are shown in Figure 3-7. This includes both time variant rotations and loadings about the
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three global coordinate directions. To model the walking cycle onto the 3D FE model of
the hip prosthesis, the model replicates the conditions of a real hip prosthesis. The outer
surface of the acetabular cup is modelled to be fixed which does not allow for movement.
The loadings and rotations are applied to a point located at the centre of the femoral
stem trunnion, where this point is coupled to the outer surface of the trunnion. The
femoral head is allowed to move in all directions and rotations, with the femoral stem
applying the loading and rotation. As such, the applied loadings and rotations on the

femoral stem translate onto the femoral head.

a) Anterior-Posterior b)
4

Adduction-Abduction (M,)

S5

Flexion-Extension (M,)
4>

n

Internal-External (M,) \\//  Medial-Lateral

Superior-Inferior

Figure 3-7: Loading and boundary conditions assigned onto the 3D FE model

Schmalzried, Szuszczewicz et al. (1998) previously performed a quantitative assessment of
walking activity of 111 patients who have undergone various types of hip or knee
replacements. Digital pedometers were used which indicated that on average, 910,310
steps were taken per year. The study had a varied group of patients in terms of age,
activity and gender. For the purposes of this research, an average of 1 million walking
steps per year has been assumed based on the work by Schmalzried, Szuszczewicz et al.

(1998).
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The walking cycle has been discretised into 10 equal time intervals during the 1.2 second
walking cycle period. This number of time intervals has been investigated to be adequate

to simulate the load-history for this study accurately.

In the chapters to follow, the studies will include an initial impaction analysis to simulate
the assembly of the femoral head onto the femoral stem before applying the time-variant

loading and rotation cycles to simulate hip loadings during a walking cycle.

3.4.6. Applying wear onto the geometry

As the simulation progresses, the wear determined at each time interval is summed to
provide a ‘cyclic’ wear depth which itself is scaled by 3 then proportioned by the wear

fraction to provide the wear depth for the individual components.

The contact surface normal directions are then needed to apply the wear onto the
individual components. Within the FE results file, the nodal contact tangent direction can
be extracted in the form of CTANDIR1 and CTANDIR?2 which are the local tangent
directions of the node of the model. CTANDIR1 and CTANDIR?2 is expressed in the form
of a 3-dimensional vector. The resultant nodal vector (CTANDIR) of the node can be

calculated through a cross product:

= X (23)
CTANDIR CTANDIR1 CTANDIR?2

CTANDIR [x;,¥1,7; |

A

CTANDIR2| x5 , 2, 25 | CTANDIR [x3, ¥3, 23 |

Figure 3-8: Visualisation of resultant nodal vector
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Individual nodal wear of the components is then applied onto the components based on
the paired nodes (by updating their coordinate positions) to create a new geometry for
the analysis to resume. CTANDIR will need to be extracted for only the first time-interval
as the wear will be applied on the first time-interval and calculated with every geometry

update to account for changes during the wearing analysis.

Direction of applied wearl

—

Figure 3-9: Applied wear depth direction

3.5. Computational Framework

The method to predict wear at the contacting surfaces of the hip prosthesis is explained

in this section.

Initially, a model of the femoral head and femoral stem is assembled just into contact.
The model is then subjected to a dynamic impaction analysis as explained in section 3.4.4.
The average displacement of the individual parts is then extracted and imported into a

new FE input file.

The femoral head and femoral stem is then assembled with an overlap based on the
displacements from the impaction analysis. This creates an interference between the
components at the contact interface, which accurately models the locking effect onto the
taper junction. An implicit dynamic analysis is then defined with the walking loads and

rotations applied onto the 3D model as explained in section 3.4.5.

Using the results from the FE analysis, the nodal contact stress and displacement at the

contact surfaces is extracted and the wear depth can be calculated for a single walking
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cycle as explained in section 3.2. This cyclic wear depth is then scaled up by a scaling

factor, B, to provide a wear depth for the specific number of cycles and the wear is

applied onto the part geometry as explained in 3.5.

The wear depth is then added into the results file to visualise the wear pattern. A new

input file with the updated geometry is then created and the analysis repeats until the

desired number of cycles is reached.

A flowchart illustrating the wear method presented in this chapter is shown in Figure

3-10. Within the flowchart, Interaction 1 comprises of the bearing liner and femoral head

bearing surface, while interaction 2 comprises of the femoral head taper junction and

femoral stem taper surface.

Create new FE file based on displacement results
(Mesh overiapped in contact zone)

[Ensure all required outputs have been]

selected
!l Dynamic Implicit Analysis
'lr.Loaamgs and rotation applied to model)
Interaction 1 l Interaction 2

| }

|

Pair Nodes within contact
Calcuiate cyclic wear depth for each set of paired nodes

Qutput Contact Stress/Displacement/Volumetric material loss ] t Output: Contact Stress/Displacament/Volumetric material loss

Pair Nodes within contact
Calculate cyciic wear depth for each set of paired nodes

|

!

Apply wear onto geometry

!

Create a new input file based on updated
geometry

Attained number

of load cycies?

Figure 3-10: Flowchart illustrating method for wear prediction

Autormated Wear Algorthm
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3.6. Algorithms

Calculating wear for the paired nodes at the contacting surface and updating the
geometry manually is time consuming and difficult. Consequently, the wearing process
explained has been automated using a Python script linked within ABAQUS as a user plug-
in. This has helped to develop a generalized wear algorithm that can be used for different

studies and models.

The wear algorithm can be run straight from ABAQUS CAE (as a plug-in) after requesting
initial input data from the user. Figure 3-11 shows the graphical user interface of the
algorithm written in the ABAQUS Python environment to request input data from the

user.

% Combined Wear Algorithm =

Work Directory  Computer Spec  Recovery

i () Use Different Directory
Copy and paste Mew Work Directony:

Input Data

Interaction 1 Interaction 2

O1:1 Pairing 01:3 Pairing [ Turn on Interaction 2
Surface 1 Modes (Mone) [% Surface 1 Modes (Mone) [‘\‘1
Surface 2 Modes (Mone) [% Surface 2 Modes (Mone) [:3
Wear Coefficient: | 4.84E-09 Wear Coefficient: | 1.31E-08

Surface 1 Wear Fraction | 0.99 Surface 1 Wear Fraction | 0.1
Surface 2 Wear Fraction | 0.01 Surface 2 Wear Fraction | 0.9

Wear Equation: |Energy
Mumber of Updates: 51
Scaling Factor: 100000

Pair Modes Every -- Update: | 100

Run Cancel

Figure 3-11: Graphical user interface (GUI) of the wear algorithm
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After obtaining the input data from the user, the script initially checks through the initial
FE input file to ensure that the required output variables have been selected and ensures
that the input file has no errors. The initial FE input file is then submitted for analysis. At
the end of the analysis, the data required for the wear calculation is extracted from the
ABAQUS output database file (*.odb file), and the surface nodes are then paired to the
closest nodes on the opposite surface. Using the paired nodes and the data extracted, the
wear depth is then calculated and scaled up by the requested scaling factor. The normal
directions of all contacting nodes are then calculated, and the wear depth is applied to
the paired nodes by updating the coordinate positions to create the new geometry for
the analysis. The normal directions for the nodes need to be calculated for each geometry

update as they will change due to the wearing process.

The Python script contains a number of Python functions which are called through the

“Kernel” in a main script function. In this section, these functions are described in detail.
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Input requested from user

In order to run the wear algorithm within ABAQUS, the user will need to input initial data

for wear modelling. This data can be provided in the graphical user interface (GUI) shown

in Figure 3-11.

Function 1: inputRequest

WONOUAEWNE

WWWWWWWNNNNNNNNNNRRRRERRERRRR R
PNPWURNPOOLINDIINRINPLPOOLRNNITPWONELO

Input: ABAQUS Dialog box builder
Output: Initial Data from user

Requested Data:

WDIR: Work Directory
CSPEC: Computer Specification for number of threads
RECV: Recovery Option in the event of computer error
On: Continue analysis from specified Job input file
Off: Start Analysis from Job-1.inp

INT1: Interaction 1 to be specified by user
PT: Pairing Type
1:1 Pairing: Surface 1 nodes to be paired to closest Surface 2 node.
1:3 Pairing: Surface 1 nodes to be paired to closest 3 Surface 2 nodes.
SS: Surface Sets
INT1S1N: Nodes in contact for part 1
INT1S2N: Nodes in contact for part 2
INT1IWC: Archard or Energy Wear Coefficient for Interaction 1
WF1: Wear Fraction for Interaction 1
INTIWF1: Wear Fraction for INT1 SIN
INTIWF2: Wear Fraction for INT1 S2N

INT2: Interaction 2 to be specified by user
12A: Activating Interaction 2
SS: Surface Sets
INT2S1N: Nodes in contact for part 2
INT2S2N: Nodes in contact for part 3
INT2WC: Archard or Energy Wear Coefficient for Interaction 2
WF2: Wear Fraction for Interaction 2
INT2WF1: Wear Fraction for INT2 SIN
INT2WF2: Wear Fraction for INT2 S2N

WM: Wear law to be used
Archard: Archard Wear Equation
Energy: Dissipated Energy Wear Equation

UN: Number of update required
SF: Scaling Factor for analysis
PNU: Paired Nodes at every __ update

An ABAQUS input file, named ‘Job-1.inp’ (*.inp file), of the model will need to be

generated in ABAQUS CAE prior to commencement. The default work directory has been

set to the current ABAQUS work directory, the user may specify a different work directory

if needed. The computer specification will need to be specified in the number of threads
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required for analysis. A recovery option is embedded within the GUI which allows the
user to restart from a specified job in the event of an error, or to change parameters

within the study.

Parameters for the nodes in contact can be selected within the ABAQUS viewport in the
mesh assembly module. The pairing type, nodes in contact, wear coefficient and wear
fraction for the respective surfaces for both Interaction 1 and Interaction 2 (if activated)
must also be assigned. The wear law to be used, number of geometry updates, scaling
factor and number of times the nodes are to be paired will need to be specified for the

program to run. All input data will be saved as variables, as shown in Function 1.

3.6.2. Main Algorithm

The inputs requests from the user in section 3.6.1. are then passed through the main
algorithm which further refers and calls to functions within a “while” loop to execute the
wear algorithm. This main algorithm is called by the “Kernel” in ABAQUS. Function 2
shows the main algorithm in the “while” loop, and the functions within the algorithm are

further explained in later sections.

Function 2: MainAlgorithm

1 Input: WDIR, CSPEC, RECV, INT1PT, INTISIN, INTIS2N, INTIWC INTIWF1, INTIWF2, I2A, INT2S1N,
2. INT2S2N, INT2WF1, INT2WF2, WM, UN, SF, PNU

3. Output:

4.

5. Preprocessing

6. GetinteractionNodes

7. WearTotal

8. While update < UN:

9. Submit Job-[update] in ABAQUS

10. Extract Values

11. If update is 1 or specified pair nodes upate number:
12. PairingNodes

13. WearFunc

14. WriteODB

15. WriteINP

16. Else:

17. Abort all sequence and alert user to error.
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3.6.3. Pre-processing data

In order for the algorithm to proceed, the part names, translation matrix, rotation axis
and rotation angle, are extracted from the initial input file for each individual part. The
rotation values specified within the ABAQUS input file are in the form of axis-angle
representation where the rotation in three dimensions is defined by its axis (a vector
along this axis is unchanged by this rotation), and its angle (the amount of rotation about

that axis by the Euler rotation theorem in radians).

An overall rotation matrix for the individual parts in the model is then derived by
Equation (24) (Taylor and Kriegman 1994) where the rotation matrix (R) is rotated by
angle () around the unit vector axis u = (uy, Uy, u,). The overall rotation matrix is then
inversed so the initial positions of the model can be calculated at later stages of the

analysis.

cosf + u,* (1 —cosB)  wuuy,(1 —cos ) — u,sinf  uyu,(1 —cos )+ u,sinf

R = [uyu, (1 —cos §) + u,sin6 cosf + uy,? (1 — cos 0) uyu,(1 —cos @) — u,siné (24)

UUy(1 —cos @) — u,sinf  uu, (1l —cos ) + u,siné cosf + u,? (1 — cos 8)

The function then also checks the initial input file for all required output database (ODB)
field outputs for the program to run. If all required ODB field outputs are not selected,

add the required ODB field outputs within the input file and run the initial analysis.

Function 3: Preprocessing
Input: Job-1 input file
Output: PN1, PN2, PN3, R1, R2, R3

Search in the whole Job-1 input file
Extract part names. PN1, PN2, (PN3, if applicable)
Extract Translation matrix. T1,T2, (T3 if applicable)
Extract Rotation axis and angle of individual parts. ul,u2,061, 62, (u3 and 63 if applicable)

©oONDLAWNR

Derive overall rotation matrix for individual parts. R1, R2, (R3 if applicable)
Check input file for all required ODB outputs are included.
If input file does not have required ODB outputs included:

Add required ODB outputs and run Job-1

[
= o

[
N
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3.6.4. Getting initial surface nodes in contact

From the interacting surface chosen by the user in section 3.7.1 (INT1S1N, INT1S2N,
INT2S1N, INT252N), the nodal numbers are extracted into an array. The part names are
then assigned onto each interaction surface, such as INT1S1N: “Bearing Liner” and
INT1S2N: “Femoral head”. The rotation arrays extracted from section 3.7.2 are also

assigned the part names.

Function 4: GetinteractionNodes
Input: INTISIN, INT1S2N, INT2SIN, INT2S2N
Output:

For all nodes picked from user input:
Extract all nodal numbers into an array

Assign PN1, PN2, PN3 to the respective interaction surfaces (INT1SIN, INT1S2N, INT2S1IN, INT252N)
Assign PN1, PN2, PN3 to the respective rotation arrays (R1, R2, R3)

O NSOV AWNR

3.6.5. Extract data from ODB file

Results that are required by the wear algorithm are embedded within the ABAQUS results
database file (*.odb). A number of variables required by the wear algorithm are extracted
using Function 4. Firstly, the total number of frames present in the model and the step
names are extracted. Data from the odb file is then extracted from all frames from the

last step of the analysis.

The wear algorithm considers the chosen wear law in section 3.7.2, where if the Archard
wear law was chosen, the contact pressure for all nodes at the interaction surfaces is
extracted while the Dissipated energy wear law will extract CSHEAR1 and CSHEAR?2 for
all nodes at the interaction surfaces and calculate the resultant contact shear stress (z; ;)

using Equation (20) as explained in Section 3.3.

The relative nodal displacements are calculated from the extracted CSLIP1 and CSLIP2

and calculated using Equation (21) and Equation (22) as explained in Section 3.3. The 3-
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dimensional resultant nodal vector (CTANDIR) is calculated through the extracted values

of CTANDIR1 and CTANDIR?2 as explained in section 3.4.6.

Function 5: ExtractValues

1. Input: SSI, WM
2. Output: CPRESS, t; j, Sij, m
3.
4. Open ODB file
3. Extract Number of Frames (NF), Step Name (SN)
6. For all frames in NF:
7. If WM is Archard:
8. Extract K; J for INT1SIN, INT1S2N, INT2S1N, INT252N
9. else If WM is Energy:
ig Extract CSHEAR1 and CSHEAR?2 for INT1S1N, INT1S2N, INT2S1IN, INT2S2N
12. T = J CSHEAR1;* + CSHEAR2}*
13.
;Z Extract CSLIP1 and CSLIP2 for INT1S1IN, INT1S2N, INT2S1N, INT252N
16. s = \/CSLIPL-Z + CSLIP2;?
17.
S:: = |S‘ — S.l
18. i,j i+1 i
;g' Extract CTANDIR1, CTANDIR2
21. CTANDIR . CTANDIRL \ CTANDIR?

K; ;: Contact pressure at time interval i at analysis stage j
7;,; - Contact shear stress at time interval i at analysis stage j
s;j : Relative nodal displacement at time interval i at analysis stage j

——— : 3-dimensional resultant nodal vector
CTANDIR

3.6.6. Pairing nodes in contact

As explained in section 3.3, nodes in the contact area on one part will need to be paired
to nodes on the other part (either paired to the closest node, or closest three nodes
depending on the analysis requirements). This is facilitated by calculating the distances
between the nodes in contact. The coordinates of all nodes in contact are firstly
extracted, then the distance between the nodes on the other contact surface is
calculated. Function 5 illustrates the process and returns an array which contains all
paired nodes. After the nodes are paired, they are stored in the form of [FN, INT1S1N,
INT1S2N1, INT1S2N2, INT1S2N3, CWD] where INT1S1IN is the interaction 1 surface 1 node,
INT1S2N1, INT1S2N2, INT1S2N3 is the interaction 1 surface 2 node 1, 2, and 3

respectively, and CWD is the cyclic wear which will be calculated in section 3.6.7.
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Function 6: PairingNodes

1. Input: COORD

2. Output: PN

3.

4. Extract COORD for all INT1SIN, INT1S2N nodes

5.

6. For all frames in the last step of ODB:

7. If PT = "1:1 Pairing":

8. Foriin INT1ISIN:

9. for jin INT1S2N:

10. x= INTISIN[i]

11. y=INT1S2N[j]

12. distance= [ [y-x/||

13. if distance is smallest:

14. Pair node x with y

15. Store Paired node in the form of [FN, INT1S1N,
16. INT1S2N, 0, 0, CWD]

17. else If PT = "1:3 Pairing":

18. Foriin INT1ISIN:

19. forjin INTIS2N:

20. x= INTISIN[i]

21. y=INT1S2N[j]

22 distance= [ |y-x||

23. For the 3 smallest distance:

24. Pair node x with y

25. Store Paired node in the form of [FN, INT1S1N,
26. INT1S2N, INT1S2N, INT1S2N, CWD]

FN: Frame Number

INT1SIN: Interaction 1 Surface 1 node

INT1S2N: Interaction 1 Surface 2 node

CWD: Cyclic wear depth which will be calculated and stored in later stages.

Paired nodes are stored in form: [FN, INT1S1N, 15t closest INT1S2N, 2" closest INT1S2N, 3 closest INT1S2N, CWD]

3.6.7. Create a total wear

A total wear array is created to store all wear data from the extended analysis. This wear

array will be updated throughout the analysis to update the maximum wear depth.

Function 7: WearTotal

1. Input: -

2. Output: WT

3.

4 Create Arrays which will hold all Wear Data of extended analysis
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3.6.8. Wear depth calculation

The wear depth at the paired nodes can be calculated based on either the Archard or the
Dissipated Energy wear law as explained in section 3.2. Function 7 calculates the total

wear depth for a set of paired nodes.

To be able to perform the wear depth calculation, a number of variables will first need to
be calculated. From section 3.6.5, the node pair sets are in the form of: [FN, INT1S1N,

INT1S2N1, INT1S2N2, INT1S2N3, CWD].

The cyclic wear depth, CWD, is calculated using Equation (16) and Equation (19) based on
the wear law chosen by the user. For the “1:3 Pairing” option, the average relative
displacement, Sijave 1 1S taken from the 3 closest nodes from INT1S2N1, INT1S2N2,
INT152N3 in the paired node set, as shown in Equation (25). For the “1:1 Pairing” option,

the relative displacement is only taken from the 1% closest node, INT1S2N1.

s . _ Si,jsana + Si,jsanz + Si,jsang (25)
LJAVG 3

After extracting the relative displacement required for the wear equations, the cyclic
wear depth for each time interval, CW D;, is calculated using Equation (26) for the Archard

wear law, and Equation (27) for the dissipated energy wear law.
(26)

CWD; = INTIWC X K; j X Sij,c

CWD; = INTIWC X T; j X Sij,e 7

CWD,; is then appended to the last element for the paired nodes sets, completing the
population of the array. The total sum of all the CWD; for INT1S1N is then calculated
using Equation (28).

n

28
Total cyclic wear between the paired nodes = CWDL' ( )

i=1
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The wear depth for this stage of the analysis for surface 1, can then be calculated using
the wear fraction, INT1WF1, total cyclic wear, and scaling factor, § shown in Equation
(29).

& (29)
INT1S1IN WD = INT1WF1 X 2 CWD; x B
For the nodes on surface 2, as they may be paired mulltiSIe times for each frame number,
the average wear for the surface 2 node at each time interval is calculated, then the total
wear sum of the cyclic wear for the analysis stage is obtained as shown in Equation (30).
INT1S2N1 CWD, represents the average wear for the surface 2 node at each time
interval and INT1WF?2 is the wear fraction for surface 2, and £ is the scaling factor.

(30)

n
INT1S2N1 WD = INT1WF2 X EINTlSZNl CWD, x B

i=1

Function 8: WearFunc

1. Input: PT, WM, t; ;, s;;, INTIWC, INTIWF1, INTIWF2, INT1 Paired Nodes. INT2WC, INT2WF1,
2. INT2WF2, INT2 Paired Nodes
3. Output: INTISINWD, INT2SNIWD, INT2SN2WD, INT2SN3WD
4.
5. Create individual surface wear arrays
6.
7. PairedNodes format = [FN, INT1SIN, INT1S2N1, INT1S2N2, INT1S2N3, CWD]
8.
9. For each line in INT1 Paired Nodes:
10. if PT is "1:3 Pairing":
11. P Sijsana ™t Sijsanz T Sijsang
12. Ljave — 3
13. . . PR
14 else if PT is “1:1 Pairing”:
15. Sijave = Sijsana
16. ) )
17 if WM is Archard:
18 CWD1=INT1WC X Ki,j X si:jAVG
19. Append CW D; onto the last element for PN array
20.
21, else if WM is Energy:
22. CWDL=1NT1WC X Ti,j X Si'l'AVG
23. Append CWD; onto the last element for PN array
24.
25. For each line in INT1 Paired Nodes:
26. Calculate the sum of WD; for INT1SIN from the last element of PN array
27, Total cyclic wear between paired nodes = Y,i—; CWD;
28. INT1SIN WD = INT1WF1 x Y, CWD; X B
29.
30. For each line in INT1 Paired Nodes:
31 For each frame number within Paired Nodes:
32, INT1S2N1WD = INT1IWF2 x Y-, INT1S2N1CWD, x B
33 INT1S2N2 WD = INT1IWF2 x Y%, INT1S2N2 CWD, x B
34. INT1S2N3 WD = INT1IWF2 x Y™ INT1S2N2 CWD, x B
35.
36. For each line in INT2 Paired Nodes:
37 if PT is "1:3 Pairing":
ij +5Sij +5ij
;i Si,jAVG — Sijsang SJS;ZNZ Sijsang
40. else if PT is “1:1 Pairing”:
41. Stjave = Sijsana
42,
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43. if WM is Archard:

44. CWD; = INT2WC X K; j X S;},.

45. Append CW D; onto the last element for PN array

46.

47. else if WM is Energy:

48. CWD; = INT2WC X Tij X Sijiwe

49. Append CWD; onto the last element for PN array

50.

51 For each line in INT2 Paired Nodes:

52. Calculate the sum of WD, for INT2S1N from the last element of PN array
53. Total cyclic wear between paired nodes = Y., CWD;

54. INT2SIN WD = INT2WF1 x Y™, CWD; X f

55.

56. For each line in INT2 Paired Nodes:

57. For each frame number within Paired Nodes:

58. INT252N1 WD = INT2WF2 x Y[-,INT2S2N1CWD, x 8
59. INT252N2 WD = INT2WF2 X Y-, INT2S2N2 CWD, X B
60. INT252N3 WD = INT2WF2 X Y-, INT2S2N2 CWD, x B
61.

PT : Pairing type

WM : Wear method

T; ,j: Contact shear stress at time interval, i, at analysis stage, j
si j - Relative displacement at time interval, i, at analysis stage, j
INTIWC: Interaction 1 Wear Coefficient

INTIWF1: Interaction 1 Wear Fraction 1

INT1WF2: interaction 1 Wear Fraction 2

CWD : Cyclic wear depth

CWD,; : Cyclic wear depth at time interval, i

: CSLIP for S2N1

: CSLIP for S2N2

: CSLIP for S2N3

Sijave ‘- Average CSLIP value

K; ; : Contact pressure at time interval, i, at analysis stage, j

n : Total number of time intervals

INT1S2N1: Interaction 1 Surface 2 Node 1

INT1S2N?2: Interaction 1 Surface 2 Node 2

INT1S2N3: Interaction 1 Surface 2 Node 3

WD : Wear depth

Sijsana
Sijsanz

Sijsans

3.6.9. Writing results into the ABAQUS output databases (*.odb

format)

At the end of each analysis, the total wear depth is written into the ABAQUS odb file.

Function 8 illustrates the process of writing the results into the ABAQUS odb file. To write

the results into the odb file, the part node number and the wear value will need to be

defined for ABAQUS.

Function 9: writeOdb

1. Input: INT1SIW, INT1S2W, INT2S1W, INT252W
2. Output: OBD results

3.

4 Open current Job ODB file (not read only)

108



5 For INT1S1IW, INT1S2W, INT2S1W, INT2S2W:

6. Find the relative nodes in ODB

7. Write node number, and wear to part 1 in ODB

8 Write node number, and wear to part 2 in ODB

9 Write node number, and wear to part 3 in ODB (if applicable)

11. Close the ODB file.
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3.6.10. Updating the geometry

To apply the wear onto the individual surfaces and update the geometry, as explained in
section 3.5, Function 9 applies the wear depth onto the geometry. For each part, the
original coordinates from the initial input file are extracted, and the wear in the 3-
dimensional coordinates is applied onto the original coordinates which will then produce

the updated geometry for the next stage of the analysis.

Function 10: writelnp
Input: Current INP file
Output: New INP file with geometry updated

Open the current Job INP file (not read only)

For each part:
Find the corresponding node from INT1SIW, INT1S2W, INT2S1W, INT2S2W
Add wear in XYZ coordinates from original INP file.

Save INP file as Job-(x+1) INP file.

Close both INP files

O XRNDLUAWNR

3.6.11. Submitting the jobs

After updating the geometry, the input file with the updated geometry is submitted to
the ABAQUS solver for analysis. Function 11 is a simple script to submit the new input file

to the ABAQUS solver for analysis.

Function 11: Submit

1. Input:

2. Output:

3.

4. Submit Job based on Input Parameters from User
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3.6.12. Volumetric Wear

To calculate the volumetric wear loss from the gradual wearing process after completion
of the analysis, a volumetric wear function script has been set up to calculate the
volumetric wear loss. Function 12 illustrates the process of extracting the volumetric wear
loss. As wear removes material, the initial job chosen will have the largest volume. The
total volume of the individual parts is extracted through the sum of element volumes
(EVOL) found within the ABAQUS odb file. The volumetric wear loss is then recorded in

the form of a comma-separated file (*.csv) saved with the individual part names.

Function 12: VolumetricWear

1. Input: First job number, last job number

2. Output: Volumetric wear

3.

4. Open Job-1 ODB file

5. Extract part names for each individual parts

6. Extract volume of individual parts through the sum of element volume (EVOL)
7. Create array to store volumetric wear loss in form of: [Job number, volumetric wear loss]
8.

9. While current job is: first job number < current job < last job number:

10. Open current job ODB file

11. Extract current job individual part volumes

12. Volumetric wear loss = Job-1 part volume — current job part volume
13. Add current job number and volumetric wear loss into array

14.

15. Save volumetric wear loss array into excel format with individual part names.

3.7. Computational Cost

All analyses described in the chapters that follow were executed on a 64-bit windows 10
professional operating system with twin dual 12-core Intel Xeon central processing unit

platforms at 3.20GHz configured with 128GB of random-access memory.

The FE analysis and wear algorithm running time for each 3D model is approximately 8

hours for each single model update.
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3.8. Results Convergence

To ensure the accuracy of these studies, the mesh must be of suitable size and shape for
the results to converge. Initially, a mesh study is performed to determine the minimum
element size to achieve converged results. The mesh is then further refined to ensure a
smooth wear profile across the surfaces. A scaling factor convergence has also been

performed to ensure both accuracy and speed of the analysis.

3.8.1. Finite element mesh study

Initially, a uniform density mesh was generated and a mesh convergence study was
performed. The criterion for mesh convergence was based on the contact pressure at the
XLPE bearing liner and the taper junction. For the FE model used in this research, the
results converged at approximately 100,000 elements with an element size of
approximately 1.5mm at the bearing surface and approximately 8,000 elements with an

element size of approximately 0.7mm at the taper junction (Figure 3-12).
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Figure 3-12: Mesh independence study
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3.8.2. Mesh study for wear modelling

Alongside ensuring that the FE model has achieved convergence, a separate mesh study
for wear modelling is vital to ensure that a suitably refined mesh is generated to ensure

adequate wear results.

e Bearing surface —. Figure 3-13 shows the wear profiles for the XLPE bearing liner
for element sizes of 0.5mm, 1.0mm and 1.5mm. It was initially found that the
initially converged mesh of 1Imm was generating slightly uneven wear as the
analysis progressed This is attributed to the larger distance between the nodes
causing sharp points along the contacting surface. It is therefore important to
further refine the mesh in the contact zone so that the generated worn surface is
as smooth as possible. An element size of 1.0mm on the bearing liner was found
to be adequate which allowed a smooth wear pattern to develop on the model.

3.50E-03

3.00E-03
2.50E-03

2.00E-03

1.50E-03

Wear Depth (mm)

1.00E-03

5.00E-04 |/

0.00E+00

0 5 10 15 20
Distance from edge of cup (mm)

Figure 3-13: Wear modelling mesh convergence for bearing surface
e Taper junction — The same mesh study for wear modelling was performed for the

taper surface for element sizes between 0.4mm and 2.0mm. Figure 3-14 shows

the wear profile for the femoral stem trunnion surface for the different element
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sizes. It can be seen that the 2.0mm element size would produce a relative rough
wear profile which would generate an unevenly worn surface and can lead to
future solution convergence problems and an inaccurate wear depth. The 0.6mm
element size was found to adequately provide a smooth wear profile to develop

on the model as the solution progressed.
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Figure 3-14: Wear modelling mesh convergence for taper junction

3.8.3. Scaling factor

The scaling factor (B) used in this study has a major impact on simulation times, wear
evolution and accuracy. A large scaling factor will facilitate a relatively fast analysis,
however, it may detrimentally affect the accuracy of the final calculated wear. On the
other hand, a small scaling factor will increase solution times drastically, but will increase
the accuracy of the results and wear profile. Figure 3-15 demonstrates the effect of the
scaling factor on the average wear depth after 2 million load cycles when using scaling

factors ranging from 10,000 to 2 million.
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Figure 3-15: Effect of different scaling factors on simulation time and accuracy

Figure 3-16 shows the total cumulative wear and the wear that is applied at 2 million
cycles using different scaling factors of 25,000, 50,000 and 100,000. Although the total
cumulative wear at 2 million cycles remains similar, the wear that is being applied to the
geometry is not smoothly distributed. As the analysis progresses, this will cause a sharp
increase in wear depth at a certain contact area on the surfaces which would then lead to
inconsistencies on the wear pattern. To mitigate this effect and to reduce the
computational time, a node wear smoothing feature has been developed in the wear

algorithm.

In this node smoothing feature, the wear applied to each node is checked with a cloud of
surrounding nodes to ensure that the wear distribution is applied smoothly throughout
the analysis. Figure 3-16 shows the difference between the wear applied onto the
geometry with and without the node smoothing feature. As such, in this study, a scaling
factor of B = 10°> was found to be adequate to provide the accuracy required for the wear
depth. The scaling factor in the algorithm can be adjusted throughout the analysis to
optimise solution accuracy and run times. The following studies have used a scaling factor

of B = 10° as it shows a smooth and relatively uniform wear profile created on the models.
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Figure 3-16: Effect of scaling factor on the wear occurring in the analysis

3.9. Summary and Conclusions

A computational model to predict the extent of wear within total hip replacement
prostheses has been described within this chapter. This method has been automated
using a Python script to extract the required outputs from the FE analysis and apply the
wear onto the geometry to reflect the extent of wear that has occurred during the
analysis. The wear damage pattern, linear and volumetric wear rate can also be extracted

during the analysis to quantify the amount of wear.

This method has been applied to a 3D FE model of a THR prosthesis for a comprehensive
illustration of the wear model. It has been successfully used to accurately predict wear at
both the bearing surface and taper junction of the THR prosthesis during the expected
operational lifespan. This method can be used in design or applied to clinical practice to
help facilitate a reduction in wear by identifying key factors leading to the release of wear

debris.
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The method presented in this chapter can contribute to research in this area with the

following advancement over the current methods proposed within the literature:

- The method here is unique as it models both bearing and taper junction wear
within the same analysis.

- The method as able to consider two sets of activities within the same analysis.

- The method is able to modify the wear coefficient as the analysis progresses to
simulate the changing surface characteristics. If the variation of wear coefficient
during a wear analysis is known, the method will be able to incorporate the
variation.

- The method developed is user friendly in the form of a graphical user interface
(GUI) window within ABAQUS. A simple click and run process is only needed to run
the wear analysis.

- Due to the time required to run the simulation, a recovery option is built into the
GUl in the event of any failure. The user may continue the simulation and “pick
up” where the simulation failed. The recovery tab is shown in the GUl interface

and is attached in the appendix.

As with any proposed method and hypothesis, there are possible limitations which are as

follows:

- The assessment of wear in this method is solely based on mechanical wear as the
primary damage causing mechanism.

- The method is dependent on the wear coefficient employed within the analysis.
The significance of the wear coefficient will need to be considered due to its effect
on the wear depth calculated. This coefficient can only be obtained through
controlled experiments.
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Chapter 4

Technical Results and Validation of Methodology

4.1. Introduction

In the previous chapter, a new computational methodology has been proposed to predict
wear between the articulating bearing surfaces and the taper junction surfaces. In this
chapter, the proposed methodology will be used to demonstrate and discuss key features
and functionality of this method. A 3D FE model of a femoral head and acetabular cup of
a commercially available THR prothesis has been used for this chapter to investigate
predicted wear at the articulating bearing surface. This chapter will detail the wear
patterns obtained from the initial methodology explained in Chapter 3 with the
volumetric wear obtained from the wearing process. The results in this chapter are then
used to validate the methodology and further investigate principal parameters which are

critical for predicting wear accurately.
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4.2. Wear Analysis Input

This chapter has utilised the 3D FE model shown in Figure 3-3 with only the bearing
interaction selected. The material combination used in this study is highly crossed linked
polyethylene (XLPE) for the bearing liner and cobalt-chrome (CoCr) for the femoral head.
The wear analysis for this 3D model has been considered up to 5 million walking cycles. A

summary of the input parameters is shown in Table 4-1.

Table 4-1: Input parameters for wear analysis in chapter 4

Input Data
Model 3D FE Model (see Figure 3-3)
Interaction . .
S Bearing Liner and Femoral Head
Combination
Material Bearing Liner: XLPE
Combination Femoral Head: CoCr

Surface 1: XLPE surface

Surface Picked Surface 2: Femoral Head Bearing Surface

Node Pairing 1:3 Pairing

Walking load and Loads with relative rotations
Boundary Conditions (see Figure 3-5 and Figure 3-6)
Wear Law Dissipated Energy
Wear Coefficient 5.32 x 1010 MPat?
Wear Fraction XLPE:CoCr = 0.99:0.01
Scaling Factor 100,000

Number of load

5,000,000
cycles

The time taken for each analysis was approximately 17 hours for each 100,000 cycles on
the system specification stated in section 3.8. Therefore, this analysis of 5 million cycles (5

years) has a total run-time of around 850 hours.
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4.3. Results and discussion

Figure 4-1 shows the variation of contact shear stress (CSHEAR), distributed on the
femoral head, and relative displacement (CSLIP) on the bearing liner for one walking cycle
only. As explained in section 3.3, the nodes in contact are paired at each time interval of
the analysis. For each set of paired nodes, the CSLIP (Figure 4-1a) and CSHEAR (Figure
4-1b) were extracted. These values are then used to calculate the wear depth using Eq.
(7). The wear depth distribution after using a scaling factor of 100,000 is shown in Figure
4-1c. It is noticeable that at each time interval, the area of contact of the contact bearing
surfaces are similar. The maximum CSHEAR is 0.352MPa which occurs at 0.60s while the
maximum relative displacement of 10.9mm occurs at 0.24s over the walking cycle. As
expected, due to the wear fraction, the highest wear depth occurs on the bearing liner
with a wear depth of 4.25um and the maximum wear depth on the femoral head is

0.0460um which is around 99 times lower.
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Figure 4-1: a) Variation of contact shear stresses, b) Variation of relative displacement during a walking cycle, c) Wear depth values at the end of 100,000 cycles

121



The same procedure as explained section 3, has been carried out to complete up to 5
million cycles and the evolution of wear is shown in Figure 4-2 at every million cycles. The
maximum wear depth value reaches 192.5um and 2.20um after 5 million cycles for the
bearing liner and femoral head respectively (Figure 4-2a, Figure 4-2b). It can be seen from
Figure 4-2 that most of the wear occurs at a relatively small area compared to the rest of

the surface.
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Figure 4-2: Variation in wear depth over 5 million walking cycles

Figure 4-3 show the cumulative volumetric wear and the volumetric wear rate up to 5
million cycles for both femoral head and XLPE bearing liner. The volumetric wear was
determined at each 1 million cycles as the solution progressed based on the reduction of

element volume for all the elements of the different parts.

As can be expected, the material loss from the surfaces increases over the 5 million load
cycles as shown in Figure 4-3a. The cumulative volumetric loss at the end of 5 million
cycles is 169.2mm?3 and 1.75mm?3 for the XLPE bearing liner and CoCr femoral head due to
the material interaction properties. The total material loss from both bearing surfaces
after 5 million load cycles is 170.96mm?3. The volumetric wear rate at each million-load

cycle remains similar throughout the analysis between 33.6mm3/Mc and 34.1mm?3/Mc
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and 0.337mm?3/Mc to 0.362mm3/Mc for the bearing liner and femoral head respectively

(Figure 4-3b). This shows that the volumetric wear is increasing linearly throughout the

analysis.
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Figure 4-3: Variation in a) cumulative volumetric wear, b) volumetric wear rate with respect to nt" million cycles

Figure 4-4 shows the maximum linear wear and linear wear rate of the XLPE bearing liner.
The maximum linear wear was determined from the largest wear depth at the XLPE liner
at each 0.5 million cycles. The maximum linear wear is shown to have a linear increase
with a maximum of 0.192mm at 5 million cycles. The linear wear rate was initially higher
for the first million load cycles at 0.0418mm/Mc and then decreases to about 0.0375
mm/Mc subsequently. The higher initial linear wear rate of 0.0418mm/Mc in the first
million cycle (Figure 4-4b) may be due to an initial period of material deformation
(bedding-in) and then steady-state wear which would continue after the first million

cycles (Atrey, Ward et al. 2017).
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Figure 4-4: a) Maximum linear wear of XLPE liner at every million cycles, b) linear wear rate at each million load cycles

Th e contact pressures of the model during a gait cycle are found to be comparable to
contact pressure variations in current literature. A comparison of the contact pressure
evolution during a gait cycle at the first cycle and at the end of 5 million cycles is shown in
Figure 4-5. The overall maximum contact pressure was found to be 3.21MPa throughout
all 5 million cycles. These results are comparable to studies performed by Yoshida, Faust
et al. (2006) and Saikko (2020). For a peak load of 2.5kN, Yoshida reported a maximum

contact pressure of 3.2MPa while Saikko reported a maximum contact pressure of 3MPa.
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Figure 4-5: Variation of contact pressure (CPRESS) a) at the first gait cycle, b) at the end of 5 million cycle

The linear and volumetric wear rates shown in this study are comparable to several
studies with XLPE in the literature (see Table 4-2). Atrey, Ward et al. (2017) and Haw,
Battenberg et al. (2017) analysed a total of 32 and 48 primary total hip arthroplasties
respectively with a 36mm CoCr femoral head size coupled with XLPE liners on serial
radiographs. Atrey, Ward et al. (2017) showed a mean linear and volumetric wear rate of
0.07mm/yr and 29.29mm3/yr while Haw, Battenberg et al. (2017) showed a mean linear
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and volumetric wear rate of 0.052mm/yr and 33.09mm?3/yr. Khoshbin, Wu et al. (2020)
analysed a total of 40 primary THR of XLPE liners with CoCr femoral heads using
radiography. The results obtained showed a mean linear wear rate of 0.0387mm/yr and
31.51mm?3/yr. The range of linear and volumetric wear rate for the XLPE liners coupled
with a 36mm CoCr femoral head reported in the above studies (Atrey, Ward et al. 2017,
Haw, Battenberg et al. 2017, Khoshbin, Wu et al. 2020) was between 0.039 - 0.07mm/yr

and 29.29 - 33.09mm?3/yr.

Table 4-2: Linear and volumetric wear rates of XLPE and UHMWPE in literature.

Material Literature Method of wear Linear Wear rate Volumetric Wear rate
retrieval (mm/yr) (mm3/yr)

Atrey, Ward et al. (2017) Radiography 0.07 29.29

w Haw, Battenberg et al. (2017) Radiography 0.052 33.09

8 Khoshbin, Wu et al. (2020) Retrieved THR 0.0387 31.51

= Range - 0.039-0.07 29.3-33.1
Current study FEA 0.0375 33.8

w Ali, Al-Hajjar et al. (2016) Hip Simulator 0.24 12.2

o Trommer, Maru et al. (2015) Hip Simulator 0.8 56

§ Callaghan, Pedersen et al. (2003) Clinical database 0.08-0.12 32.71-89.27

I Fialho, Fernandes et al. (2007) Computational Method 0.09 18

> Literature range - 0.08-0.8 12.2-89.3

As XLPE liners are a relatively new material (around 15 years) compared to conventional
ultra-high-molecular-weight polyethylene (UHMWPE) (around 50 years), many of the
primary THRs conducted are still currently in service and the investigation on the wear
rate is mainly based on radiography as shown in the above literature. Radiography is
unable to show the wear pattern on the bearing surface which is paramount to
understanding the evolution of wear. The wear algorithm presented in this study can

show the wear pattern and highlight areas of concern.

To further understand and compare the wear evolution, the wear patterns of
conventional UHMWPE were compared with the results shown in this study (see Figure

4-6). The wear patterns from this study were found to be comparable to studies from
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current literature, although the linear and volumetric wear were much higher with the

conventional UHMWPE.

Fialho, Fernandes et al. (2007) used a computational method to predict the extent of
wear damage for a 28mm CoCr head size at 1 million load cycles. The study showed a
linear and volumetric wear rate of 0.09mm/Mc and 18mm3/Mc. Callaghan, Pedersen et
al. (2003) used a clinical database of more than 4,000 primary THRs with 22mm and
28mm femoral head sizes implanted by a surgeon to evaluate the wear mechanism
between 5 and 22 years. The range of linear and volumetric wear presented was 0.08 -
0.12mm/yr and 32.71 - 89.27mm?3/yr respectively. A study by Trommer, Maru et al.
(2015) and Ali, Al-Hajjar et al. (2016), which both used a commercial hip simulator to
evaluate the wear at 5 million load cycles, showed a linear and volumetric wear rate of
0.24mm/yr and 12.2mm?3/yr for a 36mm CoCr femoral head and 0.8mm/yr and 56mm?3/yr

for a 28mm CoCr femoral head.

At 5 million cycles At 1 million cycles At 1 million cycles At 5 million cycles At 5 million cycles At 10 million cycles
(1) (2) (3) (4) (5) (6)
1) This Study 4) (Trommer, Maru et al. 2015)
2) (Fialho, Fernandes et al. 2007) 5) (Ali, Al-Hajjar et al. 2016)
3) (Callaghan, Pedersen et al. 2003) 6) (Liu, Galvin et al. 2011)

Figure 4-6: Comparison of wear pattern between this study and conventional UHMWPE

The range of linear and volumetric wear presented for conventional UHMWPE liners in
the above studies (Callaghan, Pedersen et al. 2003, Fialho, Fernandes et al. 2007,
Trommer, Maru et al. 2015, Ali, Al-Hajjar et al. 2016) was between 0.08 — 0.24mm/Mc
and 12.2 — 89.27mm?3/yr respectively. Although the wear patterns in our study are
comparable to the wear pattern shown in conventional UHMWPE, the linear and

volumetric wear rates of conventional UHMWPE are higher than the values shown in
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XLPE as the overall amount of wear of XLPE may be up to 40% less (Ali, Al-Hajjar et al.

2016) than conventional UHMWPE (see Table 4-2).

The number of steps walked by a patient per year, undoubtedly influences the wear rate
per year however by considering an average of 1 million walking steps per year
(Schmalzried, Szuszczewicz et al. 1998), the linear and volumetric wear rate shown in our
study (0.0375mm/yr and 33.8mm?3/yr) are comparable to those found in the above
literature (see Table 4-2). It is noticeable that if a patient walks more than the assumed 1
million cycles per year, it will only hasten the wear and not affect the wear rate per
million cycles. There are many factors which can contribute to the wear damage, such as
variable wear and friction coefficients, surface roughness, manufacturing tolerances, and

the patient’s activity level, weight, and implant design.

Although in this study we have used zero tolerances between the femoral head and
bearing liner, defining tolerances for manufacturing is crucial. The tolerances may also
translate into bearing surface clearances which will affect the outcome of wear and
implant survivability. Surface roughness may also influence wear. There have been
studies which incorporate surface roughness into the wear coefficient to simulate the
actual wear (Pietrabissa, Raimondi et al. 1998, Raimondi, Santambrogio et al. 2001). The
algorithm developed in this study can be used to perform parametric studies to propose

the optimum tolerances for manufacturing and surface roughness.

A fixed friction coefficient and wear coefficient has been used in this study; however, they
can be continuously changed over the implant’s lifetime due to the changes in surface
roughness, lubrication and wear debris. The algorithm developed in this study can
investigate the effect of different friction and wear coefficients to improve the design and
material characteristics of the implant.
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4.4, Conclusion

A 3D FE model of a commercial THR prosthesis has been used to demonstrate the
methodology explained in Chapter 3 for predicting bearing surface wear. The wear
damage, rate and wear pattern are shown to be comparable with those found in current

literature.

The methodology and FE model demonstrates that a dynamic implicit analysis can model
the gait cycle effectively while the dissipated energy wear law and 3D FE model can
predict wear patterns, linear and volumetric wear rates when compared to typically
observed wear patterns from UHMWPE retrievals and XLPE in vivo wear rates. The results
show promise in predicting the evolution of wear and can be used to investigate different
parameters such as body weight, material properties, different implant size and design,

manufacturing tolerances, and different surgical techniques.

The accurate and smooth evolution of wear across the bearing surface is influenced by
the scaling factor and mesh size used. Using a courser mesh density and a large scaling
factor would reduce the computational time but will affect the accuracy of the results. A
smaller scaling factor would ensure that the wear is evenly distributed and will avoid
cyclic wear ‘hotspots’ being overly exaggerated. A fine mesh and a small scaling factor can
facilitate an accurate and smooth development of wear but with the cost of a much-
increased computational time. To help reduce the computational time, a node smoothing
feature was developed to be used so there is no sudden exaggeration in the node wear.
As such, a balance of mesh density and the scaling factor is needed to ensure accurate
results within a reasonable time. For example, the model presented in this study utilising
a scaling factor of 100,000 coupled with the node smoothing feature, was found to

provide a smooth wear evolution.

128



This chapter has only taken into account the bearing surface wear and not the taper
surface wear and as such, the following chapters will include both bearing surface and

taper junction wear within the same analysis.
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Chapter 5

Impact of the human body weight on THR
prosthesis wear

5.1. Introduction

As the current obesity epidemic grows, an increased number of obese patients
undergoing Total Hip Arthroplasty (THA) can be expected in the coming years. It is
understood that an increased body weight would increase the wear rates on the
prostheses, however, the extent of increased wear and the impact on the longevity of the
prosthesis is unclear. In this chapter, the computational methodology will be used to
investigate the effect of body weight on the wear of the contacting surfaces of THRs using
a 3D FE model. This chapter will investigate and compare the effect of varying body

weight (between 60kg and 140kg) on the extent of wear at the contacting surfaces of a
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THR prosthesis. The results obtained have been compared with wear damage of retrieved

prostheses in current literature.

5.2. Wear Analysis Input

For this chapter, the 3D FE model shown in Figure 3-3 is used with the realistic gait cycle
loading and rotation (see Figure 3-5 and Figure 3-6) applied over a 1.2 second duration.
The 3D FE model has considered both bearing surface and taper junction interactions
within the same analysis. The material chosen for the bearing liner was XLPE, the femoral
head was CoCr, and the femoral stem was Ti. The bearing surfaces were chosen to have
‘1:3 node pairings’ due to the relatively large displacement of the articulating surface, and
the taper junction was chosen to have ‘1:1 node pairing’ due to small relatively
displacements (micromotion). An impaction force of 4,000N has been chosen to simulate
the impaction during assembly of the femoral head onto the femoral stem in surgery. The
wear analysis for this 3D model has been considered up to 5 million load cycles. A

summary of the input parameters is shown in Table 5-1.
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Table 5-1: Input parameters for wear analysis in chapter 5

Input Data

Model
Loadings and Rotations

Wear Law
Scaling Factor

Number of load cycles

3D FE Model (see Figure 3-3)

Loads with relative rotations
(see Figure 3-5 and Figure 3-6)

Dissipated Energy
100,000
5,000,000

Interaction
Combination

Material Combination

Bearing Liner and Femoral Head

Bearing Liner: XLPE
Femoral Head: CoCr

|
.E . Surface 1: XLPE surface
B Surface Picked )
® Surface 2: Femoral Head Bearing Surface
Q
= Node Pairing 1:3 Pairing
Wear Coefficient 5.32x 10 MPa*
Wear Fraction XLPE:CoCr =0.99:0.01
Interaction
o Femoral Head and Femoral Stem
Combination
) o Femoral Head: CoCr
Material Combination o
Femoral Stem: Titanium
(@]
Surface 1: Femoral Stem
s Surface Picked
5 Surface 2: Femoral Head Taper Surface
(4]
E Node Pairing 1:1 Pairing
[y

Wear Coefficient
Wear Fraction

Impaction Force

1.31x 10® MPa
CoCr:Ti=0.9:0.1

4000N

The time taken for each analysis was approximately 6 hours for each 100,000 cycles on

the system specification stated in section 3.8. Therefore, this analysis of 5 million cycles (5

years) for 5 different body weights would have a total run-time of around 1,500 hours.
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5.3. Results and Discussion

The linear and volumetric wear rates at the bearing surfaces and taper junction of THA

shown in this section were presented at each million cycles as the solution progressed.

In order to investigate the effect of body weight on the wear evolution damage, the wear
patterns are only shown on the XLPE bearing liner (Figure 5-1) and head taper surfaces
(Figure 5-2). This is mainly because these surfaces carry 99% and 90% of the wear fraction

calculated respectively.

It can be seen in Figure 5-1 for the XLPE bearing liner, by increasing the body weight the
maximum linear wear increases also. For 60kg BW, the maximum linear wear was found
to be 0.083mm at the end of 5 million load cycles, while for 140kg BW it had increased by
2.7 times to 0.221mm. However, the maximum linear wear at the femoral taper surface

for all body weights is almost constant at approximately 0.004mm.
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Figure 5-1: Evolution of wear pattern on the XLPE bearing liner during wear analysis for different patient's weights
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Figure 5-3a shows the volumetric wear and volumetric wear rates over 5 million cycles at
the XLPE bearing liner. It can be seen in Figure 5-3a that the volumetric wear in all cases
increases linearly. The total volume loss for 60kg BW is 75mm?3 while for a 140kg BW, it
increases to 175mm?3. This linear behaviour is further highlighted in Figure 5-3b which
shows a constant volumetric wear rate of 15mm3/Mc for 60kg BW and increases to

35mm3/Mc for 140kg BW.

As shown in Figure 5-1, although the wear damage for all BWs has a similar pattern, the
linear wear for 140kg BW is 2.7 times higher than 60kg BW. It can be seen in Figure 5-3a,
increasing the BW from 60kg to 140kg in 20kg intervals, the volumetric wear of the XLPE

bearing liner increases linearly by 25mm?3 at each interval over a 5 million load cycle.
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Figure 5-3:XLPE liner a) total volumetric wear b) volumetric wear rates over 5 million cycles

Figure 5-4 shows the volumetric wear and volumetric wear rates over 5 million cycles at
the bearing surface of the femoral head. The total volume loss for 60kg BW is 0.7mm?3
while for 140kg BW, it increases to 1.65mm?. The linear behaviour of the volume loss is
further highlighted in Figure 5-4a which shows a constant volumetric wear rate of

0.14mm?3/Mc for 60kg BW which increases to 0.33mm3/Mc for 140kg BW.
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Figure 5-4: Femoral head bearing surface a) total volumetric wear, b) volumetric wear rates over 5 million cycles

Figure 5-5 shows the volumetric wear and volumetric wear rates over 5 million cycles at
the femoral head taper surface. The total volume loss over 5 million load cycles is similar
for body weights from 60kg to 100kg at 0.85mm?3. While this total volume loss increases
by 1.3 times to 1.12mm?3 for a body weight of 140kg. It can further be seen in Figure 5-5b
that the volumetric wear rate at the 15t million load cycle is approximately 0.34mm?3/Mc
for all cases regardless of the body weights while it decreases to 0.08mm?3/Mc and

0.19mm?3/Mc for 60kg and 140kg BW respectively over the 5 million load cycles.
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Figure 5-5: Femoral Head taper junction a) total volumetric wear, b) volumetric wear rates over 5 million cycles
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Figure 5-6 shows the volumetric wear and volumetric wear rates over 5 million cycles for
the femoral stem taper surface. The total volume loss evolution over 5 million load cycles
follows a similar trend for body weights from 60kg to 100kg at an approximate maximum
value of 0.08mm?3 while it increases to approximately 0.11mm?3 and 0.13mm?3 for 120kg

and 140kg BW respectively.

It can be further seen in Figure 5-6b that there is an initial higher volumetric wear rate of
0.046mm3/Mc on average which decreases to 0.015mm3/Mc at the end of the 2" million
cycle for a body weight of 60kg and further decreases to approximately 0.005mm3/Mc
between the 3™ and 5" million cycle. The decrease in volumetric wear rates between 1
and 2 million cycles can be attributed to the removal of the initial taper locking effect
which is explained further in depth by English, Ashkanfar et al. (2015). The same
exponentially decreasing trend is seen as the body weight increases to 100kg, where the
initial volumetric wear rate was 0.041mm?3/Mc and decreases to 0.021mm?3/Mc at the end
the 2" million cycle and further decreases to approximately 0.0088mm3/Mc between the
37 and 5™ million cycle. As the BW increases past 100kg, the volumetric wear loss for
140kg BW retains its initial high volumetric wear rate, however, the volumetric wear rate

remains similar at 0.022mm?3/Mc between the 2" million cycle and 5™ million cycle.
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Figure 5-6:Femoral stem a) total volumetric wear b) volumetric wear rates over 5 million cycles

Although the femoral head bearing surface accounts for 1% and the femoral head taper

surface accounts for 90% of the total wear between their respective surfaces, it can be

seen in Figure 5-7, for a 60kg BW, the taper surface accounts for 56% of the total

volumetric wear on the femoral ball and decreases to 40% for a 140kg BW. This highlights

the relatively high amount of wear at the bearing surface despite having a low wear

fraction.
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Figure 5-7: Percentage of wear between the bearing surface and taper surface at the femoral ball at 5 million cycles

Metallosis is the adverse reaction to metallic ions in the body which can lead to a variety

of complications such as, infection, dislocation, or even the death of the tissue

surrounding the prostheses (Pritchett 2012). Figure 5-8 shows the total metallic

volumetric loss of the components in this study from the femoral head bearing and taper
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surface, and the femoral stem taper. Approximately 95% of metallic wear loss is from the
femoral head for all different BWs. At lower BW’s, the main metallic wear loss is from the
femoral head taper surface at approximately 52%. However, as BW increases, this
metallic wear decreases to just 38% and the majority of wear shifts to the femoral head

bearing surface.
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B Head Taper Surface
DO Head Bearing Surface

r =95%
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Figure 5-8: Total metallic volumetric wear at 5 million cycles

There are a variety of manufacturing and surgical factors, such as a taper mismatch or
different assembly loads, which may affect the longevity of the prostheses in terms of
wear. Although in this study zero taper mismatch was assumed, previous investigations
showed an acceptable 6” taper mismatch did not significantly increase the wear rates
(Ashkanfar, Langton et al. 2017). Another factor which could affect the wear rates is the
effect of assembly loads during impaction of the modular head onto the femoral stem
trunnion. It was found that a minimum assembly load of 4kN was needed to minimise
wear rates. A lower assembly load below 4kN would severely increase the total

volumetric wear loss at the taper junction (English, Ashkanfar et al. 2016).
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5.4. Discussion

The results highlight that the body weight is directly proportional to the amount of
volumetric wear on the bearing contacting surfaces. The XLPE volumetric wear rates
reported in this study are closely comparable to results in the literature (Atrey, Ward et
al. 2017, Devane, Horne et al. 2017, Haw, Battenberg et al. 2017, Khoshbin, Wu et al.
2020) (see Table ). As XLPE liners are a relatively new material (around 15 years)
compared to conventional polyethylene (around 50 years), many of the primary hip
arthroplasties performed are still in service. Hence, the main method for analysing wear is
through radiography. Khoshbin, Wu et al. (2020) analysed a total of 40 primary THA of
XLPE liners with CoCr femoral heads and found the volumetric wear rate was between 7.8
—31.51mm3/yr. Devane, Horne et al. (2017) analysed a total of 57 primary THA of XLPE
liners with CoCr femoral heads and found the volumetric wear rate was between 1.5 —
18.9mm?3/yr. Haw, Battenberg et al. (2017) analysed a total of 48 primary THA of XLPE
liners with CoCr femoral heads and found the volumetric wear rate was between 19.2 -
46.9 mm3/yr. Atrey, Ward et al. (2017) analysed a total of 102 primary THA of XLPE liners
with CoCr femoral heads and found the volumetric wear rate was between 5.82 —

52.76mm?3/yr.

Table 5-2: Volumetric wear rates of XLPE liner in contact with CoCr femoral via radiography

Literature Volumetric Wear
(mm?/yr)
Khoshbin, Wu et al. (2020) 7.80-31.51
Devane, Horne et al. (2017) 1.50-18.90
Haw, Battenberg et al. (2017)  19.20-46.90
Atrey, Ward et al. (2017) 5.82-52.76

Range 1.5-57.6
Current Study 15-35
The volumetric wear rates reported in this study are closely comparable to results in the

literature (Langton, Sidaginamale et al. 2012, Ashkanfar, Langton et al. 2017) (see Table
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5-3). A co-ordinate measuring machine (CMM) has been previously used to measure the
volumetric wear at 54 retrieved femoral head tapers. It showed the mean volumetric
wear rate was 0.475mm?3/yr with a range between 0.021 — 1.860 mm?3/yr. Additionally, a
study by Langton, Sidaginamale et al. (2012) also used a CMM to measure the volumetric
wear rate at the taper surface of 48 retrieved hip prostheses and found the mean
volumetric wear rate to be 0.127mm?3/yr with a range between 0.01 — 3.15mm3/yr.
Considering different BWs in this study, the mean volumetric wear up to 5 million cycles
in this study was between 0.174 — 0.225mm?3/Mc for 60 — 140kg BWs which is within the
range in literature of 0.01 — 3.15mm?3/yr.

Table 5-3: Volumetric wear rates of femoral head taper surface in literature

Literature Mean Volumetric Wear
(mm?/yr) (range)

Ashkanfar, Langton et al. (2017) 0.475 (0.021 - 1.860)
Langton, Sidaginamale et al. (2012) 0.127 (0.01-3.15)
Range 0.01-3.15
Current Study 0.174-0.225

As there are many variables which could influence the wear rates, such as patient’s
activity level, weight, surgical techniques, and prostheses design variations, there is a
large range of volumetric wear rates as shown in the above studies. To further improve
the design and ultimately increase the longevity of THAs, it is crucial to understand the
evolution of wear throughout the lifespan of these devices. In this study, our previous
wear algorithms have been further developed to investigate the effect of different patient
weights on the evolution of wear at the contacting surfaces of the implants. The result of
this study showed that reducing the initial BW from 140kg to 100kg before THA would
decrease the metallic wear by 26% and polyethylene wear by 30%. This can significantly

improve the longevity of the prosthesis. As such losing weight down to 100kg before THA
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can be highly recommended, however, further research is required to investigate the

effect of losing weight on the longevity of these devices while in service.

5.5. Conclusion

In this chapter, a 3D FE model of a commercial THR prosthesis has been used to
investigate the effect of body weight on the evolution of wear at the contacting surfaces
of the prosthesis. Five different body weights between 60kg and 140kg in 20kg

increments were used to simulate up to 5 million walking cycles.

The methodology has demonstrated that the wear damage, rate and wear patterns were
comparable with current literature. The results of this chapter showed that that reducing
the initial BW from 140kg to 100kg before THA would decrease the metallic wear by 26%
and polyethylene wear by 30%. This can significantly improve the longevity of the
prosthesis. As such losing weight down to 100kg before THA can be highly recommended,
however, further research is required to investigate the effect of losing weight on the

longevity of these devices while in service.
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Chapter 6

Impact of different femoral head sizes on THR
wear

6.1. Introduction

Modular THR prostheses come in many different designs and sizes as explained in
Chapter 2. The differences in design may influence the amount of wear observed on the
contacting surfaces of a THR prosthesis. In this chapter, the effect of different femoral

head sizes on the wear of THR prostheses is investigated.

In this chapter, femoral head sizes of 22mm, 28mm, 32mm and 36mm were chosen,
based on the NJR report (NJR 2022), to simulate walking up to 10 million cycles using the
methodology described in Chapter 3. The wear depth, rate, and wear patterns obtained
were then compared with results seen in current literature of both retrieved and in vivo
prostheses. This study can be used for design recommendations to improve the lifespan

of these THR prostheses.
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6.2. Wear Analysis Input

For this chapter, four different 3D FE models were modelled to study the effects of
different head sizes on the THR prosthesis contacting surfaces. The femoral head size
increased from 22mm to 36mm while the taper dimensions did not change. The
acetabular cup size was increased to accommodate the different femoral head sizes. The

XLPE bearing liner remained at a 6mm thickness throughout.

The 3D FE models were then subjected to the realistic gait loading and rotation (see Figure
3-5 and Figure 3-6) which is applied over a 1.2 second duration. The analysis then

continued until 10 million cycles of walking was completed.
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Table 6-1: Input parameters for wear analysis in chapter 8

Input Data

Model

Loadings and Rotations

Wear Law

Scaling Factor

Number of load cycles

3D FE Model (see Figure 3-3)

Loads with relative rotations
(see Figure 3-5 and Figure 3-6)

Dissipated Energy
100,000
10,000,000

Interaction
Combination

Material Combination

Bearing Liner and Femoral Head

Bearing Liner: XLPE
Femoral Head: CoCr

|
.E . Surface 1: XLPE surface
B Surface Picked )
® Surface 2: Femoral Head Bearing Surface
Q
= Node Pairing 1:3 Pairing
Wear Coefficient 5.32 x 101 MPa?
Wear Fraction XLPE:CoCr =0.99:0.01
Interaction
L Femoral Head and Femoral Stem
Combination
) L Femoral Head: CoCr
Material Combination o
Femoral Stem: Titanium
(@]
Surface 1: Femoral Stem
s Surface Picked
5 Surface 2: Femoral Head Taper Surface
(]
E Node Pairing 1:1 Pairing
[y

Wear Coefficient
Wear Fraction

Impaction Force

1.06 x 107 MPa™*

CoCr:Ti=0.9:0.1

4000N
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6.3. Results

The wear evolution and volumetric wear rates at the bearing surfaces and the taper
junction of the hip prosthesis are shown in this section at each 2 million cycles as the
solution progressed. The study has modelled walking up to 10 million cycles (1 million
steps per year). The wear pattern evolution of the XLPE bearing liner and CoCr femoral

head taper surface is shown in Figure 6-1 and Figure 6-2 respectively.

As can be seen in Figure 6-1, the XLPE bearing liner maximum wear depth decreases as
the femoral head diameter increase. The XLPE bearing liner of the 22mm femoral head is
shown to have a maximum linear wear of 0.37mm while the 36mm femoral head only
showed a maximum linear wear of 0.22mm. The overall observed wear pattern remains

similar throughout the analysis.

Figure 6-2 shows the wear pattern evolution over 10 years at the femoral head taper
surface. As the femoral head size increased, the maximum wear depths were observed to
be similar, approximately between 0.027 and 0.032mm. The 36mm femoral head taper
surface was observed to have more wear towards the centre of the taper when compared

to the 22mm femoral head taper surface.
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Figure 6-3 shows the cumulative volumetric wear and volumetric wear rates of the XLPE

bearing liner, femoral head, and femoral stem.

In Figure 6-3a, it is shown that the cumulative volumetric wear for the XLPE bearing liner
increases as the femoral head diameter increases. It can be seen that the maximum XLPE
volumetric wear for a 22mm femoral head increases to 98.6mm?3 while a 36mm femoral
head increases to 159.5mm? at the end of 10 years. The XLPE volumetric wear rate was
found to be constant for each of the femoral head sizes. For a 22mm femoral head, the
volumetric wear rate was 10.4mm?3/yr while the 36mm femoral head showed a

volumetric wear rate of 15.9mm?3/yr.

Figure 6-3b shows the cumulative volumetric wear and volumetric wear rate for the
femoral head bearing surface. It can be seen that the maximum volumetric wear for a
22mm femoral head increases to 1.01mm3 while a 36mm femoral head increases to
1.64mm?3 at the end of 10 years. The cumulative volumetric wear follows the same
general trend as the XLPE bearing liner, and the wear corresponds to the wear fraction
applied to the model. For the 22mm femoral head, the volumetric wear rate was
0.11mm3/yr and the 36mm femoral head showed a volumetric wear rate of 0.16mm?3/yr

throughout the study.

Figure 6-3c shows the cumulative volumetric wear and volumetric wear rate for the
femoral head taper surface. For a 22mm femoral head, the maximum volumetric wear
increases to 4.18mm?3 while the 36mm femoral head increases to 4.95mm3. It can be seen
that there is a similar trend for different femoral head sizes, where it increases at a lower
volumetric wear rate and around 7 million cycles, it increases to a higher stable wear rate.
For the 22mm femoral head, the initial volumetric wear rate of the taper surface was
0.34mm3/yr which increases to a stable wear rate of 0.92mm?3/yr after 7 years. For the
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36mm femoral head, the initial volumetric wear rate for the taper surface was
0.35mm?3/yr and increases to the stable wear rate of 1.08mm?3/yr after approximately 7
years. The increase in volumetric wear rate can be attributed to the initial taper locking

reducing as explained previously (English, Ashkanfar et al. 2015)

Figure 6-3d shows the cumulative volumetric wear and volumetric wear rate for the
femoral stem. For a 22mm femoral head, the femoral stem showed a cumulative
volumetric wear of 0.36mm?3 while for the 36mm femoral head, the femoral stem shows a
cumulative volumetric wear of 0.44mm?3. The different femoral heads showed similar
trends to the femoral stem wear with the wear increasing to a stable wear rate after 7
years. For the 22mm femoral head, the initial volumetric wear rate for the femoral stem
was 0.028mm?3/yr and increases to 0.080mm?3/yr after 7 years. For a 36mm femoral head,
the femoral stem showed an initial volumetric wear rate of 0.035mm?3/yr which increases

to 0.097mm?3/yr after 7 years.
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Figure 6-3: Cumulative Volumetric Wear and Volumetric Wear Rate of a) XLPE bearing liner, b) Femoral head bearing

surface, c) Femoral head taper surface, d) Femoral stem trunnion
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Figure 6-4 shows the evolution of maximum liner wear and linear wear rate at the XLPE
bearing liner for the various femoral head sizes. As the femoral head size increases, the
maximum linear wear decreases; a 22mm femoral head has a maximum linear wear of
0.37mm while the 36mm femoral head has a maximum linear wear of 0.22mm. There is a
steady linear wear rate as the simulation progresses for the different femoral head sizes.
For the 22mm femoral head, the maximum linear wear rate was approximately
0.04mm/yr while the 36mm was approximately 0.02mm/yr. Although there is varying
XLPE maximum linear wear, the average linear wear was found to be approximately

0.1mm for all femoral head sizes at the end of 10 years.
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Figure 6-4: Evolution of maximum linear wear and linear wear rate at the XLPE bearing liner
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6.4. Discussion

Table 6-2 compares the volumetric wear rates obtained in this study with those available
in the current literature. Khoshbin, Wu et al. (2020), Devane, Horne et al. (2017), Haw,
Battenberg et al. (2017) and Atrey, Ward et al. (2017) investigated XLPE volumetric wear
rates for a total of 247 primary THA prosthesis through radiograph analysis. The studies
have observed a range of wear between 1.5 — 33.09mm?3/yr. The large range of XLPE
volumetric wear is attributed to the many factors which affect wear rates such as patient-
specific factors, different prosthesis designs and surgical factors. The XLPE wear rates in
this study ranged between 9.4 — 15.9mm3/yr which are within the range seen in the

current literature.

Although there is a range of XLPE volumetric wear rate for different femoral head sizes,
the average linear wear was found to be similar throughout at approximately 0.1mm. A
study by Lachiewicz, Soileau et al. (2016) investigating the effect of femoral head sizes on
the XLPE bearing liner wear at between 10 and 14 years, through radiography, have also
found that femoral head sizes did not have an impact on the linear wear; however, larger

femoral heads were associated with higher volumetric wear.

For the femoral head taper surface, the volumetric wear rates of 0.15 — 1.09mm?3/yr from
this study are comparable to current literature which shows a range between 0.05 —
1.04mm3/yr. From current literature, Ashkanfar, Langton et al. (2017), Langton,
Sidaginamale et al. (2012), Langton, Wells et al. (2018), and Gascoyne, Turgeon et al.
(2018) measured the amount of wear using a coordinate-measuring-machine (CMM) from
a total of 308 retrieved prostheses. Bhalekar, Smith et al. (2020) investigated the femoral
head taper volumetric wear through a 6-station hip simulator. Although the results from

this study are within the range seen in current literature, there are other factors which
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can influence the amount of wear seen at the taper junction such as taper mismatch
(Ashkanfar, Langton et al. 2017), surgical positioning (English, Ashkanfar et al. 2016) or
the patients’ activity (Toh, Ashkanfar et al. 2022).

Table 6-2: Volumetric wear rates of XLPE liner in current study vs literature

Volumetric wear rate (mm?3/yr)
Current Study | Literature \ Reference

Part

(Atrey, Ward et al. 2017, Devane, Horne et
XLPE liner 9.4-15.9 1.5-33.09 al. 2017, Haw, Battenberg et al. 2017,
Khoshbin, Wu et al. 2020)

(Langton, Sidaginamale et al. 2012, English,

Femoral Head Ashkanfar et al. 2016, Ashkanfar, Langton
15-1. .05-1.04

Taper Surface 0.15 09 0.05 0 et al. 2017, Gascoyne, Turgeon et al. 2018,

Langton, Wells et al. 2018)

The volumetric wear at the taper junction was observed to increase as the femoral head
size increased. The increase in femoral head size from 22mm to 36mm showed an increase
in cumulative volumetric wear by 21%. This is comparable to a previous study conducted
by Langton, Sidaginamale et al. (2012) which showed that there was increased taper wear

for larger femoral head sizes.

A study conducted by Valente, Lanting et al. (2019) investigated a total of 79 retrieved
femoral head taper junctions between 28mm and 32mm femoral head diameters with the
same taper design. The study also accounted for similar age, gender, BMI, and implantation
time. The study concluded that there was no statistical difference in the mean linear wear
at the femoral head taper surface against femoral head size. Another study by Langton,
Wells et al. (2018) investigated the material loss at the femoral head taper from a retrieval
database of Exeter V40 and Universal MoP THAs through use of a coordinate-measuring
machine (CMM). The results showed a 4-fold increase in median volumetric wear rate
between femoral head sizes of 28mm and 32mm. Upon inspection of the tapers, it was

found that the V40 system was designed with a larger taper than trunnion angle, resulting
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in a preferential engagement at the trunnion tip. The reverse is true with the Universal
system, which engages at the base of the trunnion. A study by Ashkanfar, Langton et al.
(2017) showed that a taper mismatch of 9.12" increased the wear by up to 4 times. The
study has also found that a slight reduction in the taper mismatch would significantly
reduce the magnitude of the wear rates. The findings from these studies and this study can
suggest that taper and trunnion design and their tolerances are more likely to play an
important role in taper wear rather than femoral head size. This is mainly due to the
horizontal lever arm distance which does not change significantly by increasing the femoral
head size (Langton, Sidaginamale et al. 2012, Langton, Sidaginamale et al. 2017, Langton,

Wells et al. 2018, Norman, Denen et al. 2019).

Wear is an important factor to consider due to the potential release of wear particles into
the body (Varnum 2017, Gascoyne, Turgeon et al. 2018). The ideal hip prosthesis would
have low wear, low revision risk, and have no adverse reactions with the body. The
stability and range of motion of the hip prosthesis can be changed by the femoral head
diameter; a smaller femoral head would reduce the range of motion. Burroughs,
Hallstrom et al. (2005) evaluated the effect of different femoral heads between 28mm
and 44mm diameter on the range of motion of the joint. The study found a significant
increase in both flexion before dislocation and displacement between the femoral head
and acetabulum for femoral heads greater than 32mm diameter. Matsushita, Nakashima
et al. (2009) found that the range of motion improved as the femoral head size increased
primarily due to the increased distance required for impingement of the femoral head to

occur.

Data from both the Australian Orthopaedic Association National Joint Replacement

Registry and Danish Hip Arthroplasty Register analysed the risk factors for dislocations of
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different femoral head diameters between 28mm and 36mm (Hermansen, Viberg et al.
2021, Hoskins, Rainbird et al. 2022). Both studies found the 36mm femoral head to have
lower dislocation rates than the 28mm and 32mm femoral heads. Further data from the
Finnish Arthroplasty Register, found that femoral heads greater than 32mm were
associated with a lower risk of dislocation when compared to 28mm femoral heads
(Kostensalo, Junnila et al. 2013). These studies highlighted the use of large femoral heads
due to the high stability and lower dislocation rates, however the Swedish Hip
Arthroplasty Registry have reported no statistically significant difference between 28mm,
32mm and 36mm femoral heads using 28 mm as a reference (Hailer, Weiss et al. 2012). A
study by de Steiger (2017) from the Australian Orthopaedic Association National Joint
Replacement Registry, investigated late dislocations after primary THR performed with
28mm, 32mm and 36mm of MoP, CoP and CoC bearings. The authors concluded that the
36mm MoP THR had a higher risk of revision due to late dislocation when compared to
36mm CoP and CoC. Moreover, they suggested that this difference was due to the effect
of the 36mm metal head on taper corrosion rather than the effect of the 36mm head on
XLPE wear. The results suggest caution when 36mm MoXLPE hips are used as their long-
term survival could be compromised by late dislocation despite the initial short-to-

medium-term stabilizing benefits of 36mm femoral heads.

Hall, Unsworth et al. (1996) previously suggested a cumulative volumetric wear of
500mm?3, on average, was necessary for a polyethylene wear related failure of a THR.
Based on this assumption, it can be concluded that the 22mm femoral head and the
36mm femoral head in this study would have a lifespan of 53 years and 31 years
respectively based on polyethylene wear failures. Other failures such as infection,

metallosis, or adverse reaction to particulate debris may drastically reduce the lifespan.
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The results from this study are largely dependent on the wear coefficient and amount of
activity by the patient. Currently, the simulation only accounts for up to 1 million walking
cycles per year and no other activities to be performed by a patient. If a patient is to walk
more than 1 million cycles a year, the wear would clearly increase. Increasing the amount
of activity and including other activities such as cycling would also further increase the
amount of wear observed in the hip prosthesis (Toh, Ashkanfar et al. 2022). It is also
noted that a fixed wear coefficient was employed throughout the analysis which does not
account for surface roughness changes, but it can show the effect of the head size on the

wear evolution parametrically.

6.5. Conclusion

In this study, the 3D FE model coupled with an advanced wear algorithm has been used to
investigate the effect of different femoral head diameters on the wear rates on the
contacting surfaces of the THR. At the bearing contacting surface, the results show that as
the femoral head size increased from 22mm to 36mm, the volumetric wear increased
from 98.6mm3 to 159.5mm?3 and increased from 1.01mm?3 to 1.64mm?3 for the XLPE
bearing liner and femoral head bearing surface respectively at the end of 10 years. At the
taper junction, the results show that as the femoral head size increased from 22mm to
36mm, the volumetric wear increased from 4.18mm?3 to 4.95mm?3 and 0.36mm? to
0.44mm? for the femoral head taper surface and femoral stem trunnion respectively at
the end of 10 years. Wear is an important factor to consider due to the potential release
of wear particles into the body. If wear was the only factor in prosthesis design, the
22mm femoral head would be best suited, however, there are other factors to consider,
such as dislocation risk arising from using a smaller femoral head. This study has provided

an insight into the amount of increased wear by increasing the femoral head diameter.
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Chapter 7

Impact of bicycling on the wear of THR prostheses

7.1. Introduction

As the number of young and active individuals undergoing Total Hip Arthroplasty (THA) is
increasing yearly, there is a need for hip prostheses to have increased longevity. Current
investigations into the longevity of these prostheses only include walking as the patient’s
activity as there is limited data on the amount and intensity of other activity performed
by the patient. To further understand the evolution of wear and increase the longevity of
these implants, the impact of different activities on the hip prosthesis needs to be
investigated. This chapter will investigate the effect of an additional activity, bicycling,
alongside walking, on the wear damage evolution on the contact surfaces of a THR

prosthesis using the methodology described in Chapter 3.
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The following section will utilise the computational methodology presented in Chapter 3
with additional methodology introduced to allow for the automatic transition between
walking and bicycling on the 3D FE model. A detailed explanation of the updated

methodology will follow in this chapter.

7.2. Methodology

In this chapter, the computational wear algorithm has been further developed to include
the effect of bicycling on the wear of the hip prosthesis. A finite element (FE) model of the
hip prothesis was created to simulate the loadings and rotations of both walking and
bicycling for up to 5 years of activity. In the simulations it has been assumed that a person
post THA, walks 15.5 km per week, equivalent to 1 million cycles a year (Schmalzried,
Szuszczewicz et al. 1998), and rides a bicycle 80 km a week, equivalent to 400,000 hip

rotations per year (Dickinson, Kingham et al. 2003).

To replicate a walking and bicycling cycle, the femoral head has been assembled towards
the orientation for the respective activities as shown in Figure 7-1a and Figure 7-1c. The
respective loadings and rotations for both walking and bicycling are shown in Figure 7-1b

and Figure 7-1d.
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7.3. Wear Analysis Input

For this chapter, the 3D FE model shown in Figure 3-3 is used to model both walking and
bicycling activities. The starting positions of the FE model for walking and bicycling is
shown in Figure 7-1a and Figure 7-1c respectively. The realistic gait and bicycling cycles
time-varied loadings and rotations applied over 1.2s for both walking and bicycling is
shown in Figure 7-1b and Figure 7-1d. The FE model in this chapter has also accounted for

both bearing surface and taper junction interactions within the same analysis.

A summary of the input parameters for the wear analysis is shown in Table 7-1.
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Table 7-1: Input parameters for wear analysis in chapter 7

Input Data

Model
Loadings and Rotations
Wear Law
Scaling Factor

Number of load cycles

3D FE Model (see Figure 3-3)
Loads with relative rotations
(see Figure 7-1b and Figure 7-1d)
Dissipated Energy
Walking: 100,000
Cycling: 40,000
5,000,000 Walking + 2,000,000 Cycling

Interactions

Bearing Liner and Femoral Head

Bearing Liner: XLPE

Materials
— Femoral Head: CoCr
_5 Surface 1: XLPE surface
B Surfaces )
© Surface 2: Femoral Head Bearing Surface
]
c Node Pairing 1:3 Pairing
Wear Coefficient 5.32 x 10 MPa?
Wear Fraction XLPE:CoCr =0.99:0.01
Interactions Femoral Head and Femoral Stem
) Femoral Head: CoCr
Materials .
Femoral Stem: Titanium
< Surface 1: Femoral Stem
S Surfaces
> Surface 2: Femoral Head Taper Surface
©
:GE Node Pairing 1:1 Pairing
[

Wear Coefficient
Wear Fraction

Impaction Force

1.31x 10® MPa™
CoCr:Ti=0.9:0.1

4000N
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7.4. Results and Discussion

Initially, a study was performed for bicycling only to better understand the wear pattern
observed on the XLPE bearing liner due to the difference in range of motion. Figure 7-3
compares the wear pattern observed from walking only and bicycling only up to 5 years of
activity. The difference in wear area highlights that, different activities may have

considerable impact on the evolution of wear rate and the lifespan of the prosthesis.

Walking Only Bicycling
Figure 7-3: Comparison of wear patterns between walking and bicycling up to 5 years of XLPE liner

Figure 7-4 shows the wear pattern of the contacting surfaces of the hip prostheses up to 5
years of walking and bicycling. At the bearing surfaces, the XLPE liner had a maximum linear
wear of 0.28mm while the femoral head had a maximum linear wear of 0.0018mm at the
end of 5 years. At the taper junction, the femoral head taper surface had a maximum linear
wear of 0.0065mm while the femoral stem had a maximum linear wear of 0.0007mm. The
results are consistent with the wear fraction applied onto the model: 99% wear on the XLPE
liner and 1% wear on the femoral head bearing surface, 90% wear on the femoral head

taper surface and 10% wear on the femoral stem.
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Figure 7-4: Evolution of wear patterns of the XLPE bearing liner, femoral head bearing surface, femoral head taper
surface, femoral stem surface for walking and bicycling up to 5 years

Figure 7-5a shows the total volumetric wear and volumetric wear rates over 5 years of
walking and bicycling at the XLPE bearing liner, femoral head, and femoral stem. Figure
7-5a shows that the XLPE bearing liner has a total volume loss of 166mm?3 at the end of 5
years, and the volumetric wear rate is maintained at approximately 33mm?3/yr throughout

the analysis.

Figure 7-5b shows the total metallic volumetric wear and volumetric wear rate of the
femoral head which includes both the wear from the taper junction and the bearing surface.
It also shows the proportion of wear distributed between the taper junction and bearing
surface. As the analysis progresses, the total volumetric wear increases to approximately
2.06mm?, and the volumetric wear rate has an initially high wear rate of 0.63mm?3/yr and

decreases to a stable volumetric wear rate of 0.3mm3/yr approximately after 3 years of
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activity. It can be also seen that the taper junction initially contributes to the higher

amounts of wear but decreases as the analysis progresses.

Figure 7-5c shows the total volumetric loss and volumetric wear rate at the femoral stem
taper. The total volumetric loss increases to approximately 0.088mm? at the end of 5 years
of activity. The volumetric wear rate for the femoral stem has an initially high wear rate,
approximately 0.053mm?3/yr at the end of the first year which quickly decreases to

approximately 0.006mm3/yr.
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Figure 7-5: Total volumetric wear and volumetric wear rates for a) XLPE bearing liner, b) Femoral head, c) Femoral stem

The volumetric wear rates observed in this study are comparable to previous studies in the
literature as shown in Table 7-2. As XLPE is a relatively new material (15 years) used in THRs
compared to conventional polyethylene (>50 years), many of the prostheses using XLPE
bearing liners are still currently in service. Hence, radiography has been used to estimate
the volumetric wear loss of the XLPE bearing liner. The use of XLPE has risen quickly as it

has better wear characteristics than conventional polyethylene allowing for lower amounts
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of wear. Khoshbin, Wu et al. (2020), Devane, Horne et al. (2017), Haw, Battenberg et al.
(2017) and Atrey, Ward et al. (2017) have used radiography to analyse a total of 247
primary THA with XLPE bearing liners with CoCr femoral heads and found that the
volumetric wear rate ranged between 1.5 — 57.6mm?3/yr. The results in this study of

33mm?3/yr XLPE volumetric wear rate was within the range obtained from the literature.

A co-ordinate measuring machine (CMM) has been previously used to measure the
volumetric wear of 54 retrieved femoral stems which reported a mean volumetric wear
rate of 0.55mm?3/yr with a range between 0.02 — 2.241mm?3/yr (Ashkanfar, Langton et al.
2017). Additionally, a study by Langton, Sidaginamale et al. (2012) also used a CMM to
measure the volumetric wear rate at the taper surface of 48 retrieved hip prostheses and
found the mean volumetric wear rate to be 0.127mm?3/yr with a range between 0.01 —
3.15mm3/yr. The results in this study of between 0.1 — 0.39mm?3/yr are within agreement

with those in the literature of 0.01 — 3.15mm?3/yr.

It is important to note that the results obtained from previous literature do not account for
the patients’ activity as the amount of activity performed by an individual is unknown.
Furthermore, a variety of distinct factors can influence prostheses wear such as patient
activity, weight, prostheses design, or surgical positioning of components.

Table 7-2: Volumetric wear rates of XLPE liner in current study vs literature

Volumetric wear rate (mm?3/yr)

Part Current Literature Reference
Study
(Atrey, Ward et al. 2017, Devane,
XLPE liner 33 1.5-57.6 Horne et al. 2017, Haw, Battenberg et
al. 2017, Khoshbin, Wu et al. 2020)
Femoral (Langton, Sidaginamale et al. 2012,
0.1-0.39 0.01-3.15
Stem Ashkanfar, Langton et al. 2017)
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Table 7-3 highlights the increased amount of volumetric wear rate induced by additional
bicycling of 80km per week for 5 years (over walking alone). It can be seen that the mean
volumetric wear increases by 67% for XLPE and 11% for metallic wear. Previously, a study
by Hall, Unsworth et al. (1996) examined over 100 explanted Charnley UHMWPE sockets
and found that the median volume of wear at revision to be 508mm?3. If UHMWPE and XLPE
debris is assumed to have the same effect on the human body, a life span of 25.7 years can
be calculated with walking only, compared to 15.4 years with walking and bicycling. Given
that the average age of the recipient of an artificial hip joint in the UK is 69 (NJR 2021), the
benefits of exercise such as bicycling over a 15 year period will likely outweigh the
drawback of additional polyethylene wear (Oja, Titze et al. 2011). It is also important to
note that the amount of bicycling simulated in this study was the higher end of activity by
the patient. Furthermore, Haw, Battenberg et al. (2017) identified hips with risk of
osteolysis to have wear above 80mm3/yr. The walking and bicycling wear rate of

33mm?3/year is less than half of the osteolysis wear rate offered by Haw, Battenberg et al.

(2017).
Table 7-3: Volumetric wear rate between walking and bicycling up to 5 years
Mean Volumetric Wear Rate (mm?3/yr)
Part . Walking and % Increase
Walking L
Bicycling
XLPE bearing liner 19.8 33.0 67%
Metallic Wear 0.365 0.406 11%

Walking and bicycling are currently two of the most performed activities by patients. The
hip joint forces during a normal walking cycle were found to be between 2.9 — 4.7 times
body weight (Kuster 2002) while it was found that during bicycling, the hip joint forces are
between 0.5 — 1.4 times body weight (Ericson and Nisell 1986, Damm, Dymke et al. 2017).

To lower the amount of loading the prosthesis experiences during bicycling, THA patients
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may consider utilising an electric bicycle to reduce the impact on the hip prosthesis
especially during uphill bicycling. This will further reduce the wear rates and help patients
be active post-surgery, which will in turn improve the long-term outcomes and lifespan of

the hip prosthesis.

In this study, the upper limit of 80km per week for bicycling activity was used to simulate a
patient’s activity and as such, the findings of this study show the wear of a hip prosthesis
higher than what could be seen in patients. This study also has not considered for other

activities performed by patients which could be paramount to the wear pattern shown.

7.5. Conclusion

As a number of THA patients are increasingly active, it isimportant to investigate the impact
of different sports on the wear of the hip prosthesis. In this study, an FE model coupled
with an advanced wear algorithm has been used to investigate the impact of bicycling up
to 80km a week on the wear of the contacting surfaces of a hip prosthesis over a period of
5 years. The results have shown that the XLPE bearing liner undergoes steady volumetric
wear rate of 33mm3/yr, the femoral head undergoes a decreasing volumetric wear rate
from 0.54mm?3/yr to 0.26mm?3/yr at the end of 5 years, while the femoral stem showed an
initial volumetric wear of 0.073mm?3/yr which reduces to a steady volumetric wear rate of
0.009mm?3/yr. It was found that by adding bicycling up to 80km per week, the volumetric
wear rate increases up to 67% on the XLPE bearing liner, 11% on the femoral head and 12.5%
on the femoral stem when compared to just walking up to 5 years. If XLPE and UHMWPE
wear debris is assumed to have the same effect on the body, the THA lifespan can be
calculated as 25.7 years for walking only compared to 15.4 years with walking and bicycling.
The findings of this study have considered the upper limit of a patient’s activity and as such,

may show higher wear than what could be seen in patients. There are also other health
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benefits such as improved cardiovascular health, weight loss, and general fitness

improvement.
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Chapter 8

Conclusion and future work

8.1. Conclusion

A theoretical approach into predicting wear aided with computational capability and
experimental variables can be used to increase the longevity of total hip prostheses in
service. Furthermore, this can be used to predict long term behaviour of these devices

without requiring experimental testing.

Experimental wear testing for a hip prosthesis is time consuming, expensive, and
complicated. Computational wear modelling has been found to be an alternative method
to predict wear for its relatively low cost, faster speeds, with complete and detailed
solutions available. These combined, will allow for a fast assessment of designs and
performance in service to determine functionality of the prosthesis device and validate
existing or new designs. It could also provide guidelines for clinical practice to

recommend patients for activity post total hip replacement.
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The aim of this research was to develop a computational methodology to predict wear at
both the bearing surfaces (between the XLPE bearing liner and femoral head) and taper

surfaces (between the femoral head and femoral stem).

Based on the wear model presented in this research, the main contributions of this

research can be summarised as follows:

e The methodology can simulate both the bearing surface wear and taper junction
wear within the same analysis with individual wear parameters.

e The results obtained using the 3D FE model of the hip prosthesis have been
compared against observation of retrieved prostheses and wear measurements
found in literature. From these comparisons, the computational results show
considerable promise, but are clearly dependent on the wear coefficient used for
the study.

e The wear method presented has been generalized which can be used for different
designs of hip prostheses and for other applications such as other prosthetic
devices.

e The method has been used to investigate different patient body weights.

e The method can consider different material combinations and specific wear
fractions for different hip prosthesis designs to predict wear at the contacting
surfaces.

e The method can vary the wear coefficient throughout the analysis. The variation
of wear coefficient can be obtained from controlled wear tests.

e The method can vary the activity performed by the model concurrently. This can
be used to investigate the impact of multiple activities on the longevity of the hip

prosthesis to improve the patient’s quality of life.
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e The method can use either the Archard’s or Dissipated energy wear law.

The wear methodology and algorithm in this research can be used for further
investigations in the future, which could indeed help designers, physicians, and surgeons
to minimise the effects of hip prosthesis wear, surface damage and increase the longevity

of the designs in operation.

8.2. Future work

Wear is a complicated process to predict computationally. The research presented within
this research is a step towards predicting wear between contacting surfaces while under
load. As discussed in Chapter 2, a review of literature has highlighted areas which need
further investigations. This present research has completed a computational approach to
predicting wear in total hip prosthesis which still warrants further research. Future

research can be listed as below:

e |t is apparent that the wear predicted throughout this study is critically dependent
on the wear coefficient used. Currently, the values for wear coefficient vary largely
due to the materials and surface characteristics. Furthermore, the wear coefficient
changes throughout the wearing process and as such, an investigation into the
variation of wear coefficients throughout a wear analysis could be studied which
could be applied into the computational method presented here.

e The effects of corrosion and material creep has not been considered in this study.
Further research into corrosion and material creep can be beneficial to
incorporate other methods of damage into the computational method presented

here.
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Friction plays a crucial role in the wearing process due to the changes in the
magnitude of relative slip. The effect of a varied friction coefficient on the wear of
the hip prosthesis could be investigated.

The computational method here is currently generalized, and as such,
investigations into using this computational method for other orthopaedic
applications such as knee or shoulder prosthesis to predict wear and ultimately

increase their longevities through design, material, or surgical methods.
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Appendix I: Graphical user interface of the wear algorithm

5 Combined Wear Algorithm *

Work Directory  Computer 5pec Recovery
Mumber of Threads: | 12

Input Data

Interaction 1 Interaction 2

(2 1:1Pairing @ 1:3Pairing [ Turn on Interaction 2
Surface 1 Nodes (Moneg) [33 Surface 1 Nodes (Mone) [33
Surface 2 Modes (Mone) [}g Surface 2 Modes (Mone) [}g
Wear Coefficient: | 4.84E-09 Wear Coefficient: | 1.31E-08

Surface 1 Wear Fraction | 0,99 Surface 1 Wear Fraction | 0.1

Surface 2 Wear Fraction | 0.01 Surface 2 Wear Fraction | 0.9

Wear Equation: |Energy
Mumber of Updates: 5
Scaling Factor: 100000

Pair Modes Every -- Update: | 100

Run Cancel

Graphical user interface of the wear algorithm (1st tab)
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1} Combined Wear Algorithm
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Pair Modes Every -- Update: | 100

Fun Cancel

Graphical user interface of the wear algorithm (2nd tab)
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Total hip replacement (THR) is a revolutionary treatment when a hip joint becomes severely damaged. Wear is
known as one of the main reasons for THR failure. Current experimental techniques to investigate the wear at the
bearing surfaces of THRs are time-consuming, complicated and expensive. In this study, an in-house fretting wear
algorithm has been further developed to investigate the wear damage that occurs on bearing surfaces of THRs
and its consequence on the longevity of the implants. A 3D finite element model has been created with a 36 mm
diameter Cobalt-Chromium femoral head and a 4 mm thick cross-linked polyethylene bearing liner. A gait
loading cycle was used to simulate walking for up to 5 million cycles (Mc). The wear algorithm extracts relative
displacements and contact shear stresses from the finite element package to predict the linear and volumetric
wear rates. This method is shown to have modelled the evolution of wear effectively and found it to be similar to
those from experimental analyses. The linear and volumetric wear per million cycles predicted in this study were
0.0375mm/Me and 33.6mm®/Mc which are comparable to those measured in-vivo THRs. The wear patterns
obtained from this study are also comparable to the wear patterns shown on available conventional polyethylene
liners. This method can be used to further aid in the design and clinical technique to reduce wear rate in THRs.

1. Introduction Kingdom using arthroplasty in 2018 with over a million THR's per-

formed since 2003 (NJR 2019). Further statistics from the NJR in 2019,

A hip joint is one of the most important joints in our body. It bears
our body weight in static and dynamic postures and plays an important
role in retaining body balance; however, it may lose its functionality due
to diseases such as osteoarthritis which causes pain and also in extreme
cases, loss of mobility (Holcomb et al., 2012; Kumar et al., 2017). When
the joint has been severely damaged and physiotherapy, steroid in-
jections or other treatments have not helped to improve mobility, the
damaged joint may be removed and replaced with a prosthesis. Ac-
cording to the NJR’s report in 2019, 82.6% of patients who received a
total hip replacement (THR) had been suffering from osteoarthritis (NJR
2019). THR has become a revolutionary treatment (Nambiarbib Nam-
biar et _al 2017bib_Nambiar et al 2017 et al., 2017) over the last de-
cades (Towheed and Hochberg 1996; Learmonth et al., 2007; Ashman
etal., 2016). A THR usually consists of four parts, an acetabular cup, a
bearing liner, a femoral head and a femoral stem (Fig. 1). (Ali et al.,
2016a; Varnum 2017).

Data from the National Joint Registry (NJR) shows there were
approximately 92,000 THR procedures performed in the United

* Corresponding author.

also shows that there is an average of 11.5% increase every year in the
number of patients under 55 years old undergoing THR which suggests
that more young active patients will undergo THR in the coming years.
The longevity of these implants will need to be increased, as the current
average lifespan of a THR implant is at 15 years (Evans et al., 2019).
Furthermore, nearly 8% of cases had failed prematurely, less than 15
years in service, and needed a revision surgery (NJR 2019). Wear is one
of the main reasons for premature failure in THRs (Kar-
achaliosbib_Karachalios_et_al 2018bib_Karachalios et al 2018 et al.,
2018) and can cause a multitude of failure such as aseptic loosening,
dislocation, infection or metallosis (Karachaliosbib_Kar-
achalios_et_al 2018bib_Karachalios et_al 2018 et al., 2018; Neil G.
Burke 2018; Sipek et al., 2018). Aseptic loosening accounts for
approximately 45% of hip revisions (Bulybib Buly et al 1992bib Bu
ly et al 1992 et al., 1992; Neil G. Burke 2018; Sipek et al., 2018; NJR
2019).

Current experimental techniques to investigate the wear damage in
THRs, such as radiography, tribo-testing, and hip joint simulators, are
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Acetabular Cup

<4—Bearing Liner
<4— Femoral Head

<+—Femoral Stem

Fig. 1. The four main parts of a total hip replacement (THR).

time-consuming, complicated and expensive (Hallan et al., 2006; Hua
et al.,, 2019; Ramesh et al., 2019). Computational analysis has several
benefits when d to experi I testing such as lower cost,
lower run time, and having detailed solutions which can be an alter-
native to experimental techniques. With these added benefits, current
computational analysis has led to the understanding of different design
and material variations, (Shen et al., 2011; Ashkanfar et al., 2017; Gao
et al., 2018; Ruggiero et al., 2018), manufacturing tolerances (Kluess
etal., 2007; Affatato et al., 2018b; Ashkanfar et al., 2017b), and surgical
techniques (English et al., 2016).

Recently, studies by Ruggiero et al. (2020) have used an in-silico
approach to link experimental investigations to computational investi-
gation to predict wear in the implant over millions of cycles. The main
purpose of their study was to propose a wear prediction approach which
would reproduce the classical in-vitro wear testing of total hip re-
placements accounting for unsteady synovial lubrication effects be-
tween the femoral head and the acetabular liner (Ruggiero and Sicilia
2020; Ruggiero et al., 2020). Understanding the wear pattern, damage
and the wear rates are crucial to identify the different key factors in
prosthesis design, materials, tolerances and surgical methods which
would minimise the wear rates and increase overall longevity.

Previously, an in-house fretting wear algorithm (English et al., 2015)
was developed using a 3D finite element model and a Python script
within the Abaqus environment. The algorithm has led to the further

Femoral Head
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understanding of different design and material variations (Ashkanfar
et al., 2017a), manufacturing tolerances (Ashkanfar et al., 2017b) and
surgical techniques (English et al., 2016). The fretting wear algorithm
was only able to predict wear due to micromotion at the taper junction
of the THRs. In this study, a new wear algorithm has been developed to
predict wear at the bearing surfaces for the larger movement of the
femoral head.

2. Methodology
2.1. Finite element model

A model of the acetabular cup and femoral head with a liner insert
was created in the finite element package (ABAQUS, 2019) (Fig. 2). In
this model, the acetabular cup has a 4 mm thick liner with a 3 mm thick
metal backing (Fig. 2b) (Shen et al., 2011). The materials used in this
analysis are Cobalt-Chromium (CoCr) for both the femoral head and
acetabular cup and cross-linked polyethylene (XLPE) for the liner. XLPE
has been widely used since the 2000s for its low wear by improving wear
resistance and oxidative degradation while ining its’ hanical
properties (Affatato et al., 2018; Hu and Yoon 2018; Carli et al., 2020).
The material properties are listed in Table 1 (Innocentibib_Inno-
centi_et_al 2014bib_Innocenti_et_al 2014 et al., 2014). The cup and head
were meshed in preparation for analysis using the eight-node bilinear
hexahedral reduced integration elements (C3D8R).

To replicate a walking cycle, the rotations and loadings occurring on
a typical hip joint were applied onto the model (Fig. 3a). The acetabular
cup was fixed on its outer surface whereas the femoral head was free to
rotate based on the rotation and loading cycles specified. The walking
loads and rotations (following their amplitude (Fig. 4)) are both applied
to the centre of the femoral head (Fig. 3b and c). These conditions
simulate the acetabular cup as being cemented into the hip while the
femoral head transfers the walking and rotation loads onto the inner
surface of the acetabular cup. A friction coefficient of 0.11 (Wang et al.,
2010) has been applied between the contacting surfaces using the pen-
alty method in Abaqus.

2.2. Computational wear analysis

There are two main types of wear law, ‘Archard’s’ and the ‘Dissipated
Energy’ wear law (Zmitrowicz 2006; Abdo 2015). The Dissipated Energy
wear law is used throughout this study as it predicts wear across a wider
range of motion with a greater range of application than Archard’s wear
law (Fouvrybib_Fouvry_et_al 2003bib_Fouvry_et al 2003 et al., 2003;

Table 1
Material properties for THR.

Material Young's Modulus (GPa) Density (kg/m®) Poisson’s ration
CoCr 210 7800 0.3
XLPE 1 963 0.4

b

Fig. 2. FE Model (a) Mesh of the FE model, (b) Partitions showing material assignments.
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Fixed Area

Walking Load and
Z rotation applied
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b

Point for rotation
coupling

Point for loading
coupling

Fig. 3. FE model: (a) showing boundary conditions on FE model, (b) area of rotation boundary applied, ¢) area of loading boundary applied.
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Fig. 4. (a) Time variant loading cycle, (b) Time variant rotation walking gait cycle.

Abdo 2015). As elaborated previously by English et al. (2015), the wear
depth (Wd) can be calculated using Eq. (1), where a is the energy wear
coefficient, 7 is the contact shear stress and s is the relative displacement
between bearing surfaces.

W, =arts (1)

As the wear analysis would need to be performed for over millions of
cycles, a scaling factor (B) needs to be introduced to make the execution
of the analysis achievable in acceptable time. The scaling factor is used
to multiply the wear calculated after a single analysis (one walking step)
so as to create a wear value that can be used to modify the surface ge-
ometry by a suitable amount to facilitate acceptable run times. The
scaling factor used can vary across a large range (25,000 to 2 million). A
large scaling factor would result in a faster computational run time but
may affect the accuracy of the results. A small scaling factor would in-
crease the computational run time but should provide a greater accuracy
of results. Hence, the scaling factor needs to be optimised to ensure the
accuracy of the results within an acceptable time frame. The wear for a
single cycle of loading of a node can be calculated using Eq. (2), where ti

and si are the surface contact shear stress and relative displacement
respectively, at each time interval.

We = ats, @

The calculation of wear at the contact surfaces requires creating sets
of “node pairs”. The pairing is achieved by taking a node at the surface
with the coarser mesh (Surface A) and determining which nodes are
closest on the opposing surface (Surface B). In the previously developed
fretting wear algorithm (English et al., 2015), as fretting wear does not
involve any large displacements, a single node-to-node pairing method
was sufficient to ensure that all the nodes would have wear depth
applied. For the larger relative displacement, in this study, a node from
‘Surface A’ needs to be paired to a cloud of nodes on ‘Surface B’ due to
different mesh densities on the surfaces. This will avoid any nodes on
‘Surface B’ to be left unpaired which may cause wear to not be applied at
the node and subsequently cause sharp points in the geometry of the
model. This has been optimised for each node from ‘Surface A’ to be
paired to three to nine nodes on ‘Surface B’ (Fig. 5). This depends on the
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Acetabular Cup Surface
(Surface B)

B8 B10 B11

BS B7 B9
A5 A7 A9 B12

A2 A4 A6 3

Femoral Head Surface
(Surface A)

Example of node pairs A10

Surface A Node: Surface B Node
Al:B1,B2,B4
A3: B3, B4, B6
A5: BS5, B6, B8

Fig. 5. Node pairs diagram.

difference in the mesh density on the coupling surfaces. The pairing
procedure needs to be undertaken at each time interval of the walking
cycle. The contact stress and relative displacement are extracted for all

FE Model
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Fig. 6. Flowchart outlining python script.

Fig. 7. Graphical user interface of the wear algorithm.
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Fig. 12. Effect of scaling factor on the wear occurring in the analysis.

elements of the different parts. As can be expected, the material loss
from the surfaces increases over the 5 million load cycles as shown in
Fig. 10a. The cumulative volumetric loss at the end of 5 million cycles is
169.2 mm® and 1.75 mm® for the XLPE bearing liner and CoCr femoral
head due to the material interaction properties. The total material loss
from both bearing surfaces after 5 million load cycles is 170.96 mm?®.
The volumetric wear rate at each million load cycle remains similar
throughout the analysis between 33.6mm®/Mc to 34.1mm®/Mc and
0.337mm®/Mec to 0.362mm>/Mc for the bearing liner and femoral head
respectively (Fig. 10b). This shows that the volumetric wear is
increasing linearly throughout the analysis.

The maximum linear wear was determined from the largest wear
depth at the XLPE liner at each 0.5 million cycles (Fig. 11). The
maximum linear wear is shown to have a linear increase with a
maximum of 0.192 mm at 5 million cycles. The linear wear rate was
initially higher for the first million load cycles at 0.0418mm/Mc and
then decreases to about 0.0375 mm/Mc subsequently. The higher initial
linear wear rate of 0.0418mm/Mc in the first million cycle (Fig. 11b)
may be due to an initial period of material deformation (bedding-in) and
then steady-state wear which would continue after the first million cycle

0.00s

0.24s

0.12s 0.36s
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Table 2
Linear and volumetric wear rates of XLPE and UHMWPE in literature.
Material Literature Method of wear Linear Wear Volumetric
retrieval rate (mm/yr) Wear rate
(uuua/yr)
XLPE Atrey et al. Radiography 0.07 29.29
(2017)
Haw et al. Radiography 0.052 33.09
(2017)
Khoshbin Retrieved THR 0.0387 31.51
et al. (2020)
Range - 0.039-0.07 29.3-33.1
Current FEA 0.0375 33.8
study
UHMWPE Ali et al Hip Simulator 0.24 12.2
(2016b)
Trommer Hip Simulator 0.8 56
et al. (2015)
Callaghan Clinical database  0.08-0.12 32.71-89.27
et al. (2003)
Fialho et al Computational 0.09 18
(2007) Method
Literature - 0.08-0.8 12.2-89.3
range

(Atrey et al., 2017).

4. Discussion

The scaling factor used in the analysis has a major impact on the
solution time, wear evolution, and solution accuracy. Fig. 12 shows the
total cumulative wear and the wear that is applied at 2 million cycles
using different scaling factors of 25,000, 50,000 and 100,000. Although
the total cumulative wear at 2 million cycles remains similar, the wear
that is being applied to the geometry is not smoothly distributed
(Fig. 12). As the analysis progresses, this will cause a sharp increase in
wear depth at a certain contact area on the surfaces which would then
lead to inconsistencies on the wear pattern. To mitigate this effect and to
reduce the computational time, a node wear smoothing feature has been
developed in the wear algorithm. In this node smoothing feature, the
wear applied to each node is checked with a cloud of surrounding nodes
to ensure that the wear distribution is applied smoothly throughout the
analysis.

The maximum contact pressure variation over the first gait cycle is
shown to be 3.21 MPa (Fig. 13a). At the end of 5 million cycles, the
variation in contact pressure remains similar to the variation at the first
gait cycle. These results are comparable to studies performed by Yoshida
et al. (2006) and Saikko (2020). For a peak load of 2.5 kN, Yoshida
reported a maximum contact pressure of 3.2 MPa while Saikko reported
a maximum contact pressure of 3 MPa.

The linear and volumetric wear rates shown in this study are com-
parable to several studies with XLPE in the literature (see Table 2). Atrey
etal. (2017) and Haw et al. (2017) analysed a total of 32 and 48 primary
total hip arthroplasties respectively with a 36 mm CoCr femoral head
size coupled with XLPE liners on serial radiographs.Atrey et al. (2017)
showed a mean linear and volumetric wear rate of 0.07 mm/yr and
29.29 mm®/yr while Haw, Battenberg et al. (2017) showed a mean

’ . B

1
1
1
1
0

1.08s 1.20s

Fig. 13. Variation of contact pressure (CPRESS) a) at the first gait cycle, b) at the end of 5 million cycles.
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Energy’ wear law, the algorithm can utilise both ‘Archard’ and ‘Dissi-
pated Energy’ wear laws for calculations.

The graphical user interface of the current wear algorithm is shown
inFig. 7. All the necessary variable inputs are taken from the user such as
the wear coefficient («), wear fraction, wear equation to be used, the
total number of updates and scaling factor. In addition to calculating the
wear depth, the volumetric wear can also be determined with the al-
gorithm by extracting the reduction of element volume for all elements
throughout the entire part and calculated at each defined time interval.

All analyses were executed on a 64-bit Windows 10 professional
operating system with a four-core processor Intel central processing unit
platform at 3.8 GHz which had a total run time of 850 h.

3. Results

3.1. Variation of contact shear and relative displacement during a gait
cycle

Fig. 8 shows the contact shear stress (CSHEAR), distributed on the
femoral head, and relative displacement (CSLIP) on the bearing liner. It
is noticeable that at each time interval, the CSHEAR and CSLIP at each
point of the contact bearing surfaces are similar. The maximum CSHEAR
is 0.352 MPa which occurs at 0.60s while the maximum relative

0.2
0.175
0.15

0.125

o
-

0.075
0.05
0.025

Maximum Linear wear (mm)

0 1 2 3 4 5
Number of cycles (millions)

ric wear rate with respect to nth million cycles.

displacement of 10.9 mm occurs at 0.24s over the walking cycle.

As explained earlier, the nodes in contact are paired at each time
interval of the analysis. For each set of paired nodes, the CSLIP (Fig. 8a)
and CSHEAR (Fig. 8b) were extracted. These values are then used to
calculate the wear depth using Eq. (2). The wear depth distribution after
using a scaling factor of 100,000 is shown in Fig. Sc. As expected, due to
the wear fraction, the highest wear depth occurs on the bearing liner
with a wear depth of 4.25 pm and the maximum wear depth on the
femoral head is 0.0460 pm which is around 99 times lower.

3.2. Predicted wear damage over 5 million cycles

The same procedure as explained in 3.1 has been carried out to
complete up to 5 million cycles and the evolution of wear is shown in
Fig. 9 at every million cycles. The maximum wear depth value reaches
192.5 pm and 2.20 pm after 5 million cycles for the bearing liner and
femoral head respectively (Fig. 9a and b). It can be seen from Fig. 9 that
most of the wear occurs at a relatively small area.

3.3. Volumetric wear and linear wear of XLPE liner

The volumetric wear was determined at each 1 million cycles as the
solution progressed based on the reduction of element volume for all the

0.045
0.04

0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
1 2 3 4 5

At each millions of load cycle

Linear wear rate (mm/Mc)

Fig. 11. a) Maximum linear wear of XLPE liner at every million cycles, b) linear wear rate at each million of load cycles.
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Fig. 8. a) Variation of shear stresses, b) relative displacement during a walking cycle and the wear from the first 10,000 cycles, ¢) Wear depth values at the end of

100,000 cycles.

paired nodes at each time interval as illustrated in Fig. 6

Using Eq. (2), the wear depth for each set of paired nodes is calcu-
lated using an energy wear coefficient of 5.32(10 w)mmﬂ/Nmm (Mat-
soukas et al., 2009). A fraction of the wear depth calculated for each
paired node is used to update the nodal coordinates. This fraction de-
pends on the contact surface interaction properties of the materials in
contact. The algorithm applies a fraction of the wear depth calculated on
each contacting surface to each paired node. The wear fraction intro-
duced is 0.99:0.01 for the interaction of XLPE with CoCr respectively
(Anissian et al., 1999). Although the wear present in the CoCr is rela-
tively small compared to XLPE, small amounts of metal present in the
body can lead to a metallosis. The wear fraction is used to highlight the
amount of metal particles that would be released into the body.

To be able to translate wear depth into normal coordinates to update
the geometry, the normal direction vectors of the nodes are obtained

a)

3 million

2 million

1 million

0.14437
0.12833
0.11229
0.09625
0.08021

1 million 2 million 3 million

from the initial position of the model. The geometry is then updated
based on the defined coordinates and a new input file is generated. The
analysis is then continued until the number of cycles has been reached.

The scaling factor () used in the analysis has a great impact on
computational time and wear accuracy. A larger scaling factor would
result in a quicker analysis but may greatly impact the accuracy of the
results. A smaller scaling factor would increase the computational effort.
An optimum scaling factor of p = 10° was used in this study as previously
investigated by (English et al., 2015).

The method to calculate the wear depth for hundreds of thousands of
paired nodes needs to be automated. As such a Python script has been
written within the Python Development Environment (PDE) in Abaqus
to automate the procedure. An outline of the python script is shown in
Fig. 6. The python script is then converted into an Abaqus plug-in.
Although the methodology here presented is using the ‘Dissipated

TotalWear DepU\( mm),

4 million 5 million

0.00018
0.00000

TotalWearDepth(mm),

4 million 5 million

0.00000

Fig. 9. Variation in wear depth over 5 million walking cycles.
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linear and volumetric wear rate of 0.052 mm/yr and 33.09 mm®/yr.
Khoshbin, Wu et al. (2020) analysed a total of 40 primary THR of XLPE
liners with CoCr femoral heads using radiography. The results obtained
showed a mean linear wear rate of 0.0387 mm/yr and 31.51 mmB/yr.

The range of linear and volumetric wear rate for the XLPE liners
coupled with a 36 mm CoCr femoral head reported in the above studies
(Atrey et al., 2017; Haw et al., 2017; Khoshbin et al., 2020) was between
0.039 and 0.07 mm/yr and 29.29-33.09 mm®/yr. The number of steps
walked by a patient per year, undoubtedly influences the wear rate per
year however by considering an average of 1 million walking steps per
year (Schmalzried et al., 1998), the linear and volumetric wear rate
shown in our study (0.0375 mm/yr and 33.8 mm>/yr) are comparable to
those found in the above literature (see Table 2). It is noticeable that if a
patient walks more than the assumed 1 million cycles per year, it will
only hasten the wear and not affect the wear rate per million cycles.
There are many factors which can contribute to the wear damage, such
as variable wear and friction coefficients, surface roughness,
manufacturing tolerances, and the patient’s activity level, weight, and
implant design.

As XLPE liners are a relatively new material (around 15 years)
compared to conventional ultra-high-molecular-weight polyethylene
(UHMWPE) (around 50 years), many of the primary THR conducted are
still currently in service and the investigation on the wear rate is mainly
based on radiography as shown in the above literature. Radiography is
unable to show the wear pattern on the bearing surface which is para-
mount to understanding the evolution of wear. The wear algorithm
presented in this study can show the wear pattern and highlight areas of
concern.

To further understand and compare the wear evolution, the wear
patterns of conventional UHMWPE were compared with the results
shown in this study (see Table 2). A study by Ali et al. (2016b) and
Trommer et al. (2015) which both used a commercial hip simulator to
evaluate the wear at 5 million load cycles showed a linear and volu-
metric wear rate of 0.24 mm/yr and 12.2 mm®/yr for a 36 mm CoCr
femoral head and 0.8 mm/yr and 56 mm®/yr for a 28 mm CoCr femoral
head. Callaghan, Pedersen et al. (2003) used a clinical database of more
than 4000 primary THRs with 22 mm and 28 mm femoral head sizes
implanted by a surgeon to evaluate the wear mechanism between 5 and
22 years. The range of linear and volumetric wear presented was
0.08-0.12 mm/yr and 32.71-89.27 mm®/yr respectively. Fialho, Fer-
nandes et al. (2007) used a computational method to predict the extent
of wear damage for a 28 mm CoCr head size at 1 million load cycles. The
study showed a linear and volumetric wear rate of 0.09mm/Mc and
18mm®/Mc.

The range of linear and volumetric wear presented for conventional
UHMWPE liners in the above studies (Callaghan et al., 2003; Fialho
et al., 2007; Trommer et al., 2015; Ali et al., 2016b) was between 0.08
and 0.24mm/Mec and 12.2-89.27 mm®/yr respectively. Although the
wear patterns in our study are comparable to the wear pattern shown in
conventional UHMWPE, the linear and volumetric wear rates of con-
ventional UHMWPE are higher than the values shown in XLPE as the
overall amount of wear of XLPE may be up to 40% less (Ali et al., 2016b)
than conventional UHMWPE (see Table 2).

Although in this study we have used zero tolerances between the
femoral head and bearing liner, defining tolerances for manufacturing is
crucial. The tolerances may also translate into bearing surface clear-
ances which will affect the outcome of wear and implant survivability.
Surface roughness may also influence wear. There have been studies
which incorporate surface roughness into the wear coefficient to simu-
late the actual wear (Pietrabissa et al., 1998; Raimondi et al., 2001). The
algorithm developed in this study can be used to perform parametric
studies to propose the optimum tolerances for manufacturing and sur-
face roughness.

A fixed friction coefficient and wear coefficient has been used in this
study; however, they can be continuously changed over the implant’s
lifetime due to the changes in surface roughness, lubrication and wear
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debris. The algorithm developed in this study can investigate the effect
of different friction and wear coefficients to improve the design and

material characteristics of the implant.
5. Conclusion

The combination of using a wear algorithm written in the PDE and a
3D FE model presented in this study can be used to predict the extent of
bearing surface wear damage for millions of load cycles. The algorithm
developed can be applied to clinical practice such as determining
appropriate bearing size, bearing liner thickness, implantation angle,
and to improve the design of the prosthesis to increase its longevity.

The methodology demonstrates that a dynamic implicit analysis can
model the gait cycle effectively. The total dissipated energy wear law
and the FE model described can predict wear patterns, linear and
volumetric wear rates when compared to typically observed wear pat-
terns from UHMWPE retrievals and XLPE in-vivo wear rates. These re-
sults have been validated with literature and show promise in predicting
the evolution of wear and can be used to investigate different parameters
such as body weight, material properties, different implant size and
design, manufacturing tolerances and different surgical techniques.

The accurate and smooth evolution of wear across the bearing sur-
face are influenced by the scaling factor and mesh size used. Using a
courser mesh density and a large scaling factor would reduce the
computational time but will affect the accuracy of the results. A smaller
scaling factor (Fig. 12) would ensure that the wear is evenly distributed
and will avoid cyclic wear ‘hotspots’ being overly exaggerated. A fine
mesh and a small scaling factor can facilitate an accurate and smooth
development of wear but with the cost of a much-increased computa-
tional time. To help reduce the computational time, a node smoothing
feature was developed to be used so there is no sudden exaggeration in
the node wear. As such, a balance of mesh density and the scaling factor
is needed to ensure accurate results within a reasonable time. For
example, the model presented in this study has utilised a scaling factor of
100,000 coupled with the node smoothing feature was found to provide
a smooth wear evolution.

The wear methodology can be utilised generically in the analysis of
other prosthetic devices such as knee and shoulder implants. Also, the
method can be generalised to involve parts in contact subject to cyclic
loadings.
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As the current obesity epidemic grows, an increased number of obese patients undergoing Total Hip Arthroplasty
(THA) can be expected in the coming years. The National Health Service of the UK (NHS) recommends that an
obese patient should undergo weight loss before THA. It is understood that an increased body weight would
increase the wear rates on the prostheses, however, the extent of increased wear and the impact on the longevity
of the prosthesis is unclear. The NHS found that 45% of THA failures in 2019 were caused by wear which led to a
multitude of failures such as infection, aseptic loosening and dislocation such that a revision surgery is then
needed. In this study, a finite element model was created to model a walking cycle and a newly developed wear
algorithm was used to perform a series of computational wear analyses to investigate the effect of different
patient weights on the evolution of wear in THAs up to 5 million cycles. The wear rates shown in this study are
closely comparable to previous literature. The XLPE volumetric wear rates were found to be between 15 and 35
mm?®/yr (range: 1.5-57 .6mm®/yr) and femoral head taper surface volumetric wear rates were between 0.174
and 0.225 mm®/yr (range: 0.01-3.15 mm®/yr). The results also showed that an increased weight of 140 kg can
increase the metallic wear by 26% and polyethylene wear by 30% when compared to 100 kg body weight. As
increased wear can lead to a multitude of failure such as aseptic loosening, dislocation and metallosis, from this
study, it is recommended that obese patients undergo recommended weight loss and maintain this lesser weight
to reduce wear and prolong the life of the THA.

1. Introduction total hip arthroplasty (THA) will also increase in the coming years. It

was found that the mean age of a THA recipient was 10 years younger for

In recent years, there have been arise in obesity in adults and is now
being described as reaching epidemic proportions [1]. Generally,
obesity is measured based on the body mass index (BMI) which divides
the body weight in kilograms by the square of the body height in meters.
According to the National Health Service, UK (NHS), the classification
for an overweight person is someone with a BMI over 25, an obese
person has a BMI over 30, and a morbidly obese person has a BMI over
40. Between 1993 and 2019, the Health Survey for England (HSE)
showed an increase of 11% of adults who are either overweight or obese
[2]. It can also be seen that, during the COVID-19 pandemic, approxi-
mately 27% of the 7,753 participants in a study have had an increase in
their body weight [3].

It is projected that just under 5 million people across the UK will be
classed as morbidly obese by the year 2035 which is a 165% increase
from 1.9 million in 2015 [4]. With increasing numbers of people being
obese, it is also expected that the number of obese patient’s receiving

* Corresponding author.
E-mail address: s.nm.toh@2016.1jmu.ac.uk (S.M.S. Toh).
https://doi.org/10.1016/j.cmpbup.2022.100060

Available online 23 May 2022

morbidly obese patients when compared to those with a normal BMI [5].
Morbidly obese patients would normally be advised to undergo weight
loss before a THA is performed, however, it may depend on the cir-
cumstances [6]. Several studies in the literature have examined the
impact of obesity on the longevity of THAs, which all found that there
was no significant difference in the rates of complication or revision
surgery between obese and non-obese patients [7-11]. Although, it has
also been shown that obese patients would have a lower satisfaction and
range of movement when compared to non-obese patients, arthroplasty
would still be advised [11,12].

Traina, Bordini [13] investigated the revision rates of THAs with the
BMI and body weight as the main categories. The BMI category was
subdivided into normal, overweight, obese, and morbidly obese while
the body weight category was subdivided into less than 80 kg and above
80 kg. The statistics showed that BMI had no effect on the revision rates,
however, the revision rates were higher for patients above 80 kg. This

2666-9900/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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showed that weight rather than BMI influences the survival of hip
prostheses. Other studies have also suggested that BMI should not be an
indicator of hip arthroplasty risk, but rather their weight as the loading
applied to an implant depends on the weight of the patients [7,9-11,
13-191.

A THA prosthesis normally consists of 4 components, acetabular cup,
acetabular bearing liner, femoral head, and femoral stem with 2 con-
tacting surfaces. Wear is known to be the main cause of premature
failures in THAs and can cause a multitude of failures such as aseptic
loosening, dislocation, infection or metallosis. The sites of wear can be
found at the contacting surfaces between the femoral head and bearing
liner, and the contacting surfaces at the taper junction between the
femoral head and stem. There are many factors which can influence the
longevity on the implant. Current literature on the impact of body
weight on the wear rates of a THA is unknown. In this study, the effect of
body weight in THAs is investigated to provide a clearer understanding
on evolution of wear damage and wear patterns up to 5 million cycles at
both the bearing surfaces and taper junction. This equates to approxi-
mately 5 years as it is estimated that 1 million cycles are walked by a
patient in one year [20].

2. Methodology
2.1. Finite element model

A finite element model of the acetabular cup with an liner insert,
femoral head and femoral stem was created in a finite element package
(ABAQUS 2019) (Fig. 1a). In this study, a THA prosthesis with a 36 mm
femoral head was considered for this study. The acetabular cup was
modelled to include a 4 mm thick liner and a 3 mm thick metal backing
[21]. The materials used in this analysis are Cobalt-Chromium (CoCr)
for the femoral head, highly cross-linked polyethylene (XLPE) for the
bearing liner and Titanium (Ti) for the femoral stem and acetabular cup

Computer Methods and Programs in Biomedicine Update 2 (2022) 100060

metal backing. The material and interaction properties are shown in
Table 1 . A body weight of 60 kg is then applied to the model and the
analysis was completed to 5 million walking cycles. An average of 1
million walking cycles per year has been assumed in this study [20] to
compare the results of the study to results from literature. The body
weight applied on the model was then changed to 80 kg and further
increased in increments of 20 kg up to 140 kg.

The computational model has also modelled the initial impaction to
simulate the assembly of the head onto the stem. In a previous study
[23], a 4kN initial assembly force was found to be optimal and as such,
used for all the models subsequently (see Fig. 1a). Toreplicate a walking
cycle, the walking loadings and rotations following their amplitude for a
gait cycle is shown in Fig. 1b and Fig. 1c respectively [24]. The models
were then meshed using eight-node bilinear hexahedral reduced inte-
gration elements (C3D8R). The model is then submitted as a dynamic
implicit analysis and the analysis time is discretised into 10 equal time
intervals over 1.2 s period. A mesh convergence analysis has been per-
formed with an approximate element size of 0.8 mm for both acetabular
liner and femoral head, and 0.4 mm for the femoral stem.

2.2. Wear law

The “Dissipated Energy” wear law predicts wear across a wide range
of motion and has been used in this study [31,32]. This law considers the
interfacial shear work and relative motion as predominant parameters to
calculate the volumetric wear. Its” implementation and methodology
into the finite element analysis model has been explained previously by
Toh, Ashkanfar [33] and English, Ashkanfar [27]. Briefly, according to
the “Dissipated Energy” wear law, the total wear depth (W) for
walking cycles can be determined using Eq. (1), where f is the scaling
factor used, a is the energy wear coefficient, 7; and s; are the surface
contact shear stress, and relative displacement respectively, over the
total time interval, n, and specified time interval i. As the simulation
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Figure 1. a) FE model with mesh, b) Point of loadings and rotations applied associated with a gait cycle c) Impaction load, d) Loadings of a gait cycle, ) Rotations of

a gait cycle
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Table 1
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Material Properties for THA with interaction properties, Friction Coefficient (FC), Wear coefficient (WC) and Wear Fractions (WF)

Material  Young's Modulus (GPa) ~ Density (kg/m®)  Poisson’s Ratio Interaction properties
Ti 114 4430 0.34 Ti - CoCr FC: 0.21 [25] =
CoCr 210 7800 0.3 WC: 1.31 x 10°°MPa~' [26]  XLPE - CoCr FC: 0.11 [28]
WF: 0.9 CoCr: 0.1 Ti [27] WC: 4.84 x 107° MPa ™! [29]
XLPE 1 963 0.4 - WF: 0.99 XLPE: 0.01 CoCr [30]

would be performed for up to 5 million cycles, a scaling factor is
introduced to execute the analysis which can vary across a largerange. A
previous study on the effect of /f on the calculation of wear demonstrated
that # = 10° modelled the evolution of wear accurately and smoothly
within an acceptable amount of time [27].

n
Wy = ﬂz ans;
-

As the wear depth is the total wear on both the interacting surfaces, a
wear fraction is introduced as different fractions of wear would be
removed from the individual parts. The wear fraction is dependent on
the material interaction properties. The wear fractions and wear co-
efficients used in this study are shown in Table 1.

In previous studies, an in-house Python algorithm was developed to
simulate micromotion wear (fretting wear) [27]. Utilising the frame-
work of the fretting wear algorithm, a new algorithm was developed to
simulate wear at the bearing surfaces of the prostheses [33]. This al-
gorithm was validated against over 50 clinical retrievals. The algorithm
was used to investigate different factors which contribute to fretting
wear such as manufacturing tolerances resulting from taper mismatch
[34], surgical techniques during assembly of the prostheses [23], and
different surface roughness [35]. In this study, we have further devel-
oped the wear algorithm to combine both fretting and the bearing

m

120kg 100kg 80kg 60kg

140kg

.
1 million

N P

2 million 3 million

surface wear within the same analysis. Further add-ons have also been
developed for this wear algorithm in order to calculate the total volu-
metric material loss and volumetric wear rate for each individual part to
investigate and compare the material loss individually at each surface

pairs.
3. Results

The linear and volumetric wear rates at the bearing surfaces and
taper junction of THA shown in this section were presented at each
million cycles as the solution progressed. In order to investigate the
effect of body weight on the wear evolution damage, the wear patterns
are only shown on the XLPE bearing liner (Fig. 2) and head taper sur-
faces (Fig. 3). This is mainly because these surfaces carry 99% and 90%
of the wear fraction calculated respectively.

It can be seen in Fig. 2 for the XLPE bearing liner, by increasing the
body weight the maximum linear wear increases also. For 60 kg BW, the
maximum linear wear was found to be 0.083 mm at the end of 5 million
load cycles, while for 140 kg BW it had increased by 2.7 times to 0.221
mm. However, the maximum linear wear at the femoral taper surface for
all body weights is almost constant at approximately 0.004 mm as seen
in Fig. 3.

Fig. 4 shows the volumetric wear and volumetric wear rates over 5

Max:0.083mm

Max: 0.139mm

Max: 0.166mm

WearDepthTOTAL(mm)
22100

0.055250
0.036833
0.018417
0.000000

5 million

4 million

Figure 2. Evolution of wear pattern on the XLPE bearing liner during wear analysis for different patient’s weights
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Figure 3. Evolution of wear pattern on the femoral head taper surface during wear analysis for different patient’s weight
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Figure 4. :XLPE liner a) total volumetric wear b) volumetric wear rates over 5 million cycles

million cycles at the XLPE bearing liner. It can be seen in Fig. 4a that the
volumetric wear in all cases increases linearly. The total volume loss for
60 kg BW is 75 mm® while for a 140 kg BW, it increases to 175 mm?. This
linear behaviour is further highlighted in Fig. 4b which shows a constant
volumetric wear rate of 15 mm®/Mec for 60 kg BW and increases to 35
mm?®/Me for 140 kg BW.

As shown in Fig. 2, although the wear damage for all BWs has a
similar pattern, the linear wear for 140 kg BW is 2.7 times higher than 60
kg BW. It can be seen in Fig. 4a, increasing the BW from 60 kg to 140 kg
in 20 kg intervals, the volumetric wear of the XLPE bearing liner in-
creases linearly by 25 mm® at each interval over a 5 million load cycle.

Fig. 5 shows the volumetric wear and volumetric wear rates over 5
million cycles at the bearing surface of the femoral head. The total
volume loss for 60 kg BW is 0.7 mm®> while for 140 kg BW, it increases to
1.65 mm°. The linear behaviour of the volume loss is further highlighted

in Fig. 5b which shows a constant volumetric wear rate of 0.14 mm>/Mec
for 60 kg BW which increases to 0.33 mm®/Mc for 140 kg BW.

Fig. 6 shows the volumetric wear and volumetric wear rates over 5
million cycles at the femoral head taper surface. The total volume loss
over 5 million load cycles is similar for body weights from 60 kg to 10
okg at 0.85 mm®. While this total volume loss increases by 1.3 times to
1.12 mm?® for a body weight of 140 kg. It can further be seen in Fig. 6b
that the volumetric wear rate at the 1st million load cycle is equal to 0.34
mm® /M for all cases regardless of the body weights. While it decreases
to 0.08 mm®/Mec and 0.19 mm®/Mc for 60 kg and 140 kg BW respec-
tively over the 5 million load cycles.

Fig. 7 shows the volumetric wear and volumetric wear rates over 5
million cycles for the femoral stem taper surface. The total volume loss
evolution over 5 million load cycles follows a similar trend for body
weights from 60 kg to 100 kg at an approximate maximum value of 0.08
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Figure 7. :Femoral stem a) total volumetric wear b) volumetric wear rates over 5 million cycles

mm? while it increases to approximately 0.11 mm® and 0.13 mm® for
120 kg and 140 kg BW respectively.

It can be further seen in Fig. 7b that there is an initial higher volu-
metric wear rate of 0.046 mm>/Mec on average which decreases to 0.015
mm>/Me at the end of the 2nd million cycle for a body weight of 60 kg
and further decreases to approximately 0.005 mm>/Mc between the 3rd
and 5th million cycle. The decrease in volumetric wear rates between 1
and 2 million cycle can be attributed to the removal of the initial taper
locking effect which is explained further in depth by English, Ashkanfar
[27]. The same exponentially decreasing trend is seen as the body
weight increases to 100 kg, where the initial volumetric wear rate was
0.041 mm®/Mc and decreases to 0.021 mm?®/Mc at the end the 2nd

million cycle and further decreases to approximately 0.0088 mm®/Mc
between the 3rd and 5th million cycle. As the BW increases past 100 kg,
the volumetric wear loss for 140 kg BW retains its initial high volumetric
wear rate, however, the volumetric wear rate remains similar at 0.022
mm?®/Mc between the 2nd million cycle and 5th million cycle.

4. Discussion

The FE wear model and results presented in this study has clearly
shown that heavier body weight increases the wear damage at con-
tacting surfaces. Due to the Data Protection Act it is not possible to ac-
cess any details about patient’s weight and prostheses from the studies
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performed on retrievals [34,36-40], however, the results obtained in this
study are within range of published literature on retrievals as shown in
Tables 2 and 3 and highlights the amount of increased wear based on
different body weights.

The results highlight that the body weight is directly proportional to
the amount of volumetric wear on the bearing contacting surfaces. The
XLPE volumetric wear rates reported in this study are closely compa-
rable to results in the literature [36-39] (see Table 2). As XLPE liners are
a relatively new material (around 15 years) compared to conventional
polyethylene (around 50 years), many of the primary hip arthroplasty
performed are still in service. Hence, the main method for analysing
wear is through radiography. Khoshbin, Wu [36] analysed a total of 40
primary THA of XLPE liners with CoCr femoral heads and found the
volumetric wear rate was between 7.8 and 31.51 mms/yr. Devane,
Homme [37] analysed a total of 57 primary THA of XLPE liners with CoCr
femoral heads and found the volumetric wear rate was between 1.5 and
18.9 mm®/yr. Haw, Battenberg [35] analysed a total of 48 primary THA
of XLPE liners with CoCr femoral heads and found the volumetric wear
rate was between 19.2 and 46.9 mm’/yr. Atrey, [39] analysed a total of
102 primary THA of XLPE liners with CoCr femoral heads and found the
volumetric wear rate was between 5.82 and 52.76 mm®/yr.

The volumetric wear rates reported in this study are closely com-
parable to results in the literature [34,40] (see Table 3). A co-ordinate
measuring machine (CMM) has been previously used to measure the
volumetric wear at 54 retrieved femoral head tapers. It showed the mean
volumetric wear rate was 0.475 mm>/yr with a range between 0.021
and 1.860 mm°/yr. Additionally, a study by Langton et al. [40] also used
a CMM to measure the volumetric wear rate at the taper surface of 48
retrieved hip prostheses and found the mean volumetric wear rate to be
0.127 mm®/yr with a range between 0.01 and 3.15 mm?/yr. Considering
different BWs in this study, the mean volumetric wear up to 5 million
cycles in this study was between 0.174 and 0.225 mm®/Me for 60-140
kg BWs which is within the range in literature of 0.01-3.15 mma/yr.

As there are many variables which could influence the wear rates,
such as patient’s activity level, weight, surgical techniques, and pros-
theses design variations, there is a large range of volumetric wear rates
as shown in the above studies.

Although the femoral head bearing surface accounts for 1% and the
femoral head taper surface accounts for 90% of the total wear between
their respective surfaces, it can be seen in Fig. 8, for a 60 kg BW, the
taper surface accounts for 56% of the total volumetric wear on the
femoral ball and decreases to 40% for a 140 kg BW. This highlights the
relative high amount of wear at the bearing surface despite having a
lower wear fraction.

Metallosis is the adverse reaction to metallic ions in the body which
can lead to a variety of complications such as, infection, dislocation, or
even the death of the tissue surrounding the prostheses [41]. Fig. 9
shows the total metallic volumetric loss of the components in this study
from the femoral head bearing and taper surface, and the femoral stem
taper. It can be seen that approximately 95% of metallic wear loss is
from the femoral head for all different BWs. At lower BW's, the main
metallic wear loss is from the femoral head taper surface at approxi-
mately 52%. However, as BW increases, this metallic wear decreases to
just 38% and the majority of wear shifts to the femoral head bearing
surface.

Table 2
Volumetric wear rates of XLPE liner in contact with CoCr femoral via
radiography

Literature Volumetric Wear (mm®/yr)
Khoshbin, Wu [36] 7.8-31.51
Devane, Horne [37] 1.5-18.9
Haw, Battenberg [38] 19.2-46.9
Atrey, E. [39] 5.82-52.76
Range 1.5-57.6
Current Study 15-35
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Table 3
Volumetric wear rates of femoral head taper surface in literature

Mean Volumetric Wear
(mms/yr) (range)
0.475 (0.021-1.860)

Literature

Ashkanfar, Langton [34]

J.,R. [40] 0.127 (0.01-3.15)
Range 0.01-3.15
Current Study 0.174-0.225
m Bearing Surface ~ ® Taper Surface
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Figure 8. Percentage of wear between the bearing surface and taper surface at
the femoral ball at 5 million cycles
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Figure 9. Total metallic volumetric wear at 5 million cycles

There are a variety of manufacturing and surgical factors, such as a
taper mismatch or different assembly loads, which may affect the
longevity of the prostheses in terms of wear. Although in this study zero
taper mismatch was assumed, previous investigations showed an
acceptable 6" taper mismatch did not significantly increase the wear
rates [34]. Another factor which could affect the wear rates is the effect
of assembly loads during impaction of the modular head onto the
femoral stem trunnion. It was found that a minimum assembly load of
4kN was needed to minimise wear rates. A lower assembly load below
4kN would severely increase the total volumetric wear loss at the taper
junction [23].

5. Conclusion

To further improve the design and ultimately increase the longevity
of THAs, it is crucial to understand the evolution of wear throughout the
lifespan of these devices. In this study, our previous wear algorithms
have been further developed to investigate the effect of different patient
weights on the evolution of wear at the contacting surfaces of the im-
plants. The result of this study showed that reducing the initial BW from
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140 kg to 100 kg before THA would decrease the metallic wear by 26%
and polyethylene wear by 30%. This can significantly improve the
longevity of the prosthesis. As such losing weight down to 100 kg before
THA can be highly ded, h , further his

to investigate the effect of losing weight on the longevity of these devxces
while in service.
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Abstract. The number of people receiving Total Hip Replacement (THR) are increasing every year at around
3.5% while the average age of the recipients is decreasing. The current average life of a THR is between 15 to 20
years which is not adequate for young active patients. Wear is known to be one of the main factors affecting the
longevity of these implants which can lead to infection or loosening of the prosthesis. Computational analysis can
improve the design and increase the longevity of the implants by investigating different parameters including
design variations and surgical techniques. A previously developed in-house fretting wear algorithm has been
shown to model effectively the evolution of wear at the taper junction of THRs which exhibit short relative
displacements as validated against retrievals. The overall aim of this study is to develop a general wear algorithm
to simulate the wear rate at the taper junction and the bearing surfaces (which are subject to much larger relative
displacements). As such, in this study, the in-house fretting wear algorithm which uses a Python program in the
Abaqus environment has been generalized to fucilitate the analysis for wear and material loss at the taper junction
of THR. It has been shown that the generalized fi-etting wear algorithm can predict the evolution of wear at the
taper junction of any design of THRs and can be used to investigate design variations on wear rates.

Keywords: Total hip replacement (THR), Finite Element Analysis (FEA), Wear analysis, Taper junction, Python
programming, Wear modelling.

1. Introduction

The hip joint is one of the most important joints in our body. It bears our body’s weight and is one of the most
flexible joints. However, it can be damaged to the extent that it loses mobility and experiences pain even when
resting (Holcomb, Miller, and Rubley 2012). A total hip replacement (THR) is one of the alternatives when other
treatments such as physiotherapy or steroid injections have not helped in relieving the pain or improved mobility.
A THR typically consists of a femoral head, femoral stem and a metal acetabular cup (Figure 1). There currently
are four bearing surface material types of hip prosthesis available in the UK which are metal-on-polyethylene,
metal-on-metal, ceramic-on-polyethylene, and ceramic-on-metal (16 Annual Report 2019, NJR for England,
Wales and Northern Ireland, 2019). The type of hip prosthesis chosen, is based on the patients age, sex, pain level
and level of activity(Crawford and Murray 1997).
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Acetabular Cup

Femoral head

Taper

Trunnion

Femoral stem

Figure 1: Components of THR

Recent data from the National Joint Registry (NJR) shows that there were approximately 92,000 THR procedures
performed in the UK using arthroplasty in 2018 with over a million THRs performed since 2003 (NJR, 2019).
Overall, 2.9% of the primary THR needed an associated first revision with the aseptic loosening, infection and
dislocation cited as the most common indications for revisions. Approximately 75% of all current THRs last
between 15 to 20 years with around 8% of cases requiring a revision before the expected 15 years. Although 75%
of THRs last between 15 to 20 years, 58% of THRs have lasted up to 25 years (Evans et al. 2019). According to
the NJR, there is an average of 11.5% increase in the number of patients under 55 years old undergoing THR
which suggests that more young active patients will undergo THR in the coming years. As such, the longevity of
these implants needs to be increased.

Wear is known as one of the most influencing factors for THR longevity (Sipek, Lyvers, and Mathew 2018;
Ashkanfar, Langton, and Joyce 2017). Wear debris can cause side effects such as bone loss which leads to aseptic
loosening (Buly et al. 1992), dislocation and metallosis which is inflammation caused by immunological responses
(Man et al. 2017; Salem et al. 2019). As wear rate is the amount of material removed as time progresses, one of
the requirements to increase the operating life of the components it to minimise the wear rates. Current
experimental techniques to investigate the wear rates in THRs such as radiography, tribotesting, and hip joint
simulator are time-consuming, complicated and expensive(Hallan, Lie, and Havelin 2006; Ramesh, van
Kuilenburg, and Wits 2019; Hua et al. 2019). Computational analysis can be used to further aid in improving and
investigating different parameters such as design and material variations(Brock et al. 2015), manufacturing
tolerances (Ashkanfar, Langton, and Joyce 2017) and surgical techniques (Teoh 2003; English, Ashkanfar, and
Rothwell 2015) to improve the longevity of the implants.

The in-house fretting wear algorithm(English, Ashkanfar, and Rothwell 2015) has been further developed in the
Python Development Environment(PDE) of ABAQUS, which is capable of predicting the evolution of fretting
wear at the taper junction of THRs, shown in Figure 1. The method has been validated against the measurement
of wear rate at retrieved THRs (Ashkanfar, Langton, and Joyce 2017). -The overall aim is to develop a general
wear algorithm to simulate the evolution of fretting wear at the taper junction of THRs. A generalised wear
algorithm could help to increase the operating life of the implants by investigating the different parameters such
as different femoral head sizes in design variations(Langton et al. 2010; Affatato et al. 2007), manufacturing
tolerances (Ashkanfar, Langton, and Joyce 2017), surface topography (English, Ashkanfar, and Rothwell 2015)
and trunnion length at the tapers (Brock et al. 2015).
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2. Methodology
2.1. Computational Analysis

A model of the femoral head and femoral stem taper was created in ABAQUS as shown in Figure 2. The head
and stem tapers were meshed in preparation for analysis using the eight-node bilinear hexahedral reduced
integration elements (C3D8R). The materials used in this analysis are cobalt-chrome for the femoral head and
titanium for the femoral stem (NJR 2019). The material properties of the materials are listed in Table 1.

Table 1:Material properties for THR

Material Young’s Modulus (GPa) Density (kg/m?) Poisson’s ratio
Cobalt-chrome 210 7800 03
Titanium 119 4400 0.29

t"“‘l“.“'.‘.‘i'

X

&
A
O
X
%
e

Femoral Head

I
%
RS
SRS
\t“‘:::“‘
SO
R
O
c““
!
ke
\\\\\z\nt‘
\3‘\\\\
ay

R
!
R

5
(o
PSS
ok R
RS
! Ay
s R
“‘,\\3“1‘\‘\:‘“
RS
BRI

T
W
‘\‘
m\\‘““
W
S

R
Lo
e )
‘\m\“‘“
o
1\
\\\\\\““‘

X 3!
Sus

\\e‘\\‘\‘v\““

AW

Xy

S
e
S
“‘“\‘\m
!
A
O

25
2
3
=
%
=
7
=
=
X

%
st
X
st
A
Xy
\\\%\““‘“

1%
A0
\

%
%z
Z
E
s
2
%
2

ey

18

!
)
an
\\“x"“\\n

!
LA

!
i
i
e
o
3
(Y

15

Femoral Stem

Figure 2: Mesh of FE model

A mesh convergence study was conducted and it was found that there was an effect of element sizes, and wear
evolution. The mesh of the contact zone was refined so that the variations in values extracted across an individual
element were kept to a minimum. An element size of 0.2mm in the contact zone was used to achieve a smooth
wear pattern which has been investigated by English, Ashkanfar, and Rothwell (2015). For the nodes in the contact
area, each node between the femoral head and taper is paired to determine the wear depth. There are two main

wear laws, the Archard Wear law and the Dissipated Energy Wear law (Zmitrowicz 2006; Abdo 2015). This study

utilises the Dissipated energy wear law as it predicts wear across a wider range of motion than the Archard wear
law and has a greater range of application (Abdo 2015; Fouvry et al. 2003).

In order to simulate the effect of impaction onto the stem and the subsequent walking cycles. The head and stem
were assembled so that they just come into contact. This is to keep the effect of the initial impaction during the
assembly of the THR. A dynamic implicit step is then defined, and the rotations and loading associated with a
hip walking cycle are added. On completion, the extent of fretting wear at the taper junction can be determined
as wear depth at each of the paired nodes of the model. The coordinates of the paired nodes are updated to
reflect the wear that has occurred at each stage of the analysis. The analysis is then continued until the number
of cycles is reached.
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The wear fraction is the proportion of wear that is removed from each of the contacting parts. A wear fraction
0.9:0.1 is introduced here for the femoral head and femoral stem respectively (English, Ashkanfar, and Rothwell
2015). Cobalt-chrome head tapers wears by around a factor of 10 more than the titanium alloy stem(Langton et
al. 2012). The reason for this occurring is due to the preferential oxidation of the titanium alloy stem over the
cobalt-chrome surface which increases the hardness of the titanium surface and subsequently wears the
unoxidized cobalt-chrome surface (Moharrami et al. 2013).

In order to automate the procedure in determining the wear at each paired node set at the contact interface, a
Python script linked within ABAQUS as a user plug-in was developed. The script automates the process by
submitting the FE input file to the ABAQUS solver which then pairs the nodes at the contact zone prior to hip
loading. On completion of each analysis, the script extracts the data from output databases such as shear stress
and relative displacements for all the paired nodes. The algorithm has been further developed to calculate the
volumetric material loss. Wear is then applied to the paired nodes by updating the coordinate positions from the
displacements in the opposite direction of the nodal normal in order to create a new geometry for execution in the
next FE analysis. At the end of each analysis, the nodal wear depth, volumetric wear and volumetric element loss
is written to the output database of ABAQUS for each contacting node to plot the wear depth pattern. An outline
of the procedure is shown in Figure 3

Head-Stem Assembly|
Create a new FE input file
Dynamic Implicit step

Output: Contact Stress/DisplacementAolumetric material loss ’

-Pair nodes in contact
-Caleulate cyclic wear depth for each paired node

¥

~Create a new Input file
-Update paired coordinates to reflect new geometry

Number of cycles
reached?

Figure 3: Flowchart outlining procedure

2.2. Experimental Methodology

To validate the FE wear results, a method to measure the surface roughness and surface profile is needed. To
measure for the surface profiles, a contour and surface finish measurement equipment shown in Figure 4 (Talysurf
i-Series 1; Taylor Hobson, Leicester, England) is used. A retrieved femoral head taper, shown in Figure 1, was
measured for its surface profile. The stylus was traversed across the surface and the pickup converted its vertical
movements into an electrical signal and used to operate a recorder. The surface profile is then used to determine
the average surface roughness and estimate the volumetric material loss from the surface.
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G

Form Talysurf i-Series

Figure 4: Talysurf by Taylor Hobson

For this study, a retrieved femoral head taper was used for measurements. Surface profile measurements were
performed at the trough of the taper junction using a diamond conisphere inductive recess styli. The measuring
accuracy for the Talysurf is 68nm. The femoral head taper was first cleaned using compressed air to ensure all
unwanted particles were removed. The femoral head was then fixed and the Talysurf was calibrated to ensure the
stylus matched the profile of the taper angle. Two sets of measurements were taken, one in as a linear surface
profile and another in 3D on a section of the taper (Figure 5) using 3D contact measurement methods. Three sets
of data were recorded and an average of the data plots were used to further analyse the results. The 2D surface
profile was then processed using the Ultra software by Taylor Hobson and the 3D surface texture was processed
using Talymap Universal software.

Figure 5: Top view of taper
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3. Results and Discussion

A computational and experimental methodology has been presented to outline the steps to generalise the in-
house algorithm. The predicted volumetric material wear against hip loading cycles is shown in Figure 6. Due to
the wear fraction, 90% of the total volumetric material loss is at the femoral head while only 10% is at the
femoral stem. The curve suggests that as time increases, the wear rate of the implant decreases.

Volumetric material wear

~a— Total Volume Loss
~-o-— Stem Volume Loss

~o-— Head Volume Loss

Volumetric material wear (mm3)

& Py o & Py

& . ® . . s . 4 9
0 2,000,000 4,000,000 6,000,000  8000,000 10,000,000 12,000,000
Hip loading cycles

Figure 6: Volumetric material wear vs hip loading cycles

A wear contour map was produced to show the evolution of wear depth as time progresses and is shown in
Figure 7. The data and wear pattern is similar to the wear pattern measured using a coordinate measuring
machine (CMM) shown by Ashkanfar, Langton, and Joyce (2017) which has been compared with 54 retrieved
samples. The wear depth pattern shows that the wear starts to develop from the bottom of the taper and
slowly move towards the middle as the time progresses.
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Figure 7: Wear contour map on taper surface as hip loading cycles increases
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The 2D surface profile taken from the taper is shown in Figure 8b. The results show one major drop in surface
profile. This can be seen from Figure 8a where there is a distinct groove in the taper. According to the data, the
groove is approximately 20um deep. This groove may be due to damage while retrieving the implant. The graph
is also shown to be slightly skewed downwards. This may be due to the limitations of the Talyswf as it is only
able to adjust its tilt angle by 0.1°. After removing the form and correcting the tilt angle using Ultra, the average
roughness graph is plotted and shown in Figure 8c. The average roughness of the taper is shown to be

0.3859pum.
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The 3D surface profile taken from the taper is shown in Figure 9. Figure 9a show the 2D profile of the taper
section. The deep groove is shown in Figure 9a and the depth of the groove is shown to be around 20um.
The groove is shown to be at 20pum evenly throughout the taper. Figure 9b shows a zoomed in 3D profile of
the groove. Figure 9¢ shows a simulated surface texture of the taper according to the data collected from the
Talysurf.

3
(3]

COZABRHERAAZEER

Figure 9: 3D contact measurement of femoral head taper

4. Conclusion

The current computational analysis on fretting wear at the taper junction has been compared with results from a
CMM. To further validate the FE results, a compressive machine (Instron, Buckinghamshire, UK) will be used

to load the taper and the Talysurf used to validate the results. Developing an algorithm to measure wear at all
contact surfaces can help to understand the evolution of wear throughout the implant as different taper designs
may affect the bearing surface wear (Nassif et al. 2014; Brock et al. 2015). Wear at bearing surfaces are as

critical as they may also release wear debris which would lead to metallosis (Bergiers et al. 2019; Sharplin et al.

2018). Computational analysis can help to improve and increase the longevity of the implants by investigating
different parameters of the implant such as design, surgical techniques and materials as it is less expensive and
time-consuming.
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Prediction in Total Hip Replacements

Abstract

Atotal hip replacement (THR) is a revolutionary
treatment when a hip joint becomes severely damaged.
Wear is known as one of the main reasons for THR
failure. In this study, an in-house fretting wear algorithm
has been further developed to investigate the wear
damage that occurs on bearing surfaces of THRs. The
proposed method utilises an energy wear law and a 3D
finite element model to predict bearing surface wear of
THRs and determine linear and volumetric wear rates
that could occur over time. The results obtained are
consistent with those found in previous literature and
the wear patterns shown are comparable to available
conventional polyethylene liners. This method can be
used to further aid in the design and clinical technique
to reduce wear rate in THRs.

Introduction

THR is a revolutionary treatment over the last
decades for people who have lost their natural hip
functionality due to diseases such as osteoarthritis. A
THR normally consists of 4 parts: acetabular cup,
bearing liner, femoral head and femoral steT.
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Wear is one of the main reasons for premature failure in
THRs and can cause a multitude of failures such as
aseptic loosening, dislocation, infection or metallosis.
Aseptic loosening itself accounts for ~45% of revisions

urrent experimental techniques to investigate wear \
damage in THRs:

/ Time consuming
/ Complicated
/ Expensive
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Computational analysis has led to )
the understanding of.

1. Different Design and material
variations

2. Manufacturing tolerances

3. Surgical Techniques i

Computational analysis:
/ Lower Cost

/ Lower run time

/ Detailed solutions

Aim
To develop a general computational wear model using

FEA to quantify and predict the extent of wear damage
occurring in a THR.

Minimise wear.
Improve the wear characteristics of prosthesis design.
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