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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 lifespaapproximatelyl5 years, however,
according to theNational Joint Registry (NJRfor England, Wales, Northern Ireland, and
the Isle of Marfor 2021, 8% of implanted prostheses fail prematurely with wear being
one of the main reasons for these failures. Wear occurs at the contastirigces of the

hip prosthesis and is inevitabtue to the surfaceBeingin 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 aridcrease overall longevity he focus of thisesearchis

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, aew computational methogto predict wear at thearticulating bearing
surface and the taper junctiosurfaces of total hip prosthesis 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
researchis based onvear at the bearing surface and fretting wear at the taper junction
as the primary mechanism causing surface damage. This methodjisein that it
simulates both the articulating bearing surface wear and taper junction fretting wear
within the same analysis with individual surface characteristibe. method is capable of

modelling thefixation 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 bicyclomgthe wear at the contacting surfas®f

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 allogliriaral

recommendations posTHR 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 sizg22mm, 28mm, 32mm and 36mmjere investigated. The

results showed thaincreasing 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 peeith

The results obtained from the computational method wéoeind to be consistent with
wear damage observed within current literaiandthe methodis able to model the
wear evolution effectivelyThe 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 everyaetyities. 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 damatjand 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 &stal hip arthroplasty and is one of the most successful

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

Approximatelyl00,000 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 yelay approximately3000 case$NJR 2022)ith the
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exemption ofCOVIBL9 impacted years of 2020 and 20dYpically, an implanted hip
prosthesis has a lifesparf approximatelyl5 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 motibns.

is an inevitable phenomenon occurring when two or more surfaces are mated together
while subjected to load and sliding/rolling/ithin 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 ultimatebgibresis

failure. The wear debris accumutatmay 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 surfacesagsed byhe surfaces articulang

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 aimof this work is to develop a computational tool to predict wear that could occur
in THRs. The stugbyoposes a methodological tool to predict the wear depth, volumetric
wear, andsurface wear damage occurring over time in a hip prosth&sis. method can
also be used asg@eneral tool to predict wear in other prosthetic designs or even other

prostheticdevices.

18



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

(ABAQUPBby investigating and consideripgrameters in the prediabn 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 packsigaQUBas a user plum 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 reséacukes

on wear as the main mechanical failure within Tp&sthesesWear 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 pr&#aig 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 td in increasing the lifespan of these devices.

The work presented in this research focuses solely on the mechanical vezaimg
surfaceand fretting) as being the primary mechanism causing damage on the contacting

surfacegdue to the repeated mechanical loading and frictional forces caubmgurfaces
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to gradually wear down over tim@he method presented has been used to prebdith
bearing and taper surface wear of ThiRsthesesand could be used for different

applications in the future.

1.4. Outline of the thesis

The whole structure of the thesis is outlinedrigurel-1.
The first chapter of this thesis presents an introduction to the thehbis aim of the

research and the outline of the researdbhapter 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 includesrdepth 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 withthe literature.

In Chapter 3, thenethodology for this research detailed and establishes the basis for
the rest of this research.AFE 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 detailedbetween Chaptes4 and 7. The resultsare 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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algorithmarevalidated 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 THRrosthesesThe results from this chapter can be used for

clinical recommendations to further improve the longevity of THR protheses.

In Chapte6, the effect of different femoral head sizes on the wear on PHRRthesess
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 THRrpstheses.

In Chapter7, 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 completeonclusion to the research and possible future work are provided in

Chapter8.
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Chapter 2
Background; A review

2.1. Introduction

The purpose of this chapter is pwesent a complete review of current literature and a
summary of existing fundamental knowledgewaar 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 disordeisdiscussed in detalil.

This will be followed by a comprehensive literature review of total hip replacenweitts

the combination of materials used. The cawddHR prosthesé#ailure is then discussed

in depth. Wear within THR prostheses is discussed along with current methods for wear
assessment. A review ofirrent experimental and computational methods of measuring

wearis provided
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2.2. Hip Joint

A hipjoint, scientifically referred to as the acetabulofemoral joista baltand-socket

joint between the head of the femur and acetabulum of the pelvis dhe of the most
importantjointsin the bodyas it supports the weight of the body in both static and
dynamic posturein everyday activitiesThe acetabulum is a ctlfke depression locat

on the pelvis while the head of the femur is hemispherical and fits completely into the
concavity of the acetabulurgFigure2-1). 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 arnidinction.

Femoral hea
Surrounding
ligaments

Figure2-1: Natural hip joint

These ligaments include the following (degure2-2):

1 lliofemoralligamentg 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.
1 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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1 Ischiofemoral ligamentThis ligament is located on the back and inner side of the
hip joint and prevents excessive extension and external rotation of the hip.
i Ligamentum teres This ligament is located in the centre of the hip joint and helps

to maintain stability.

Anterior inferior iliac spine

lopubic

eminence lliofemoral

ligament

Pubofemoral ligament

Figure2-2: Ligaments of the hip joint a) Image taken fr@rake, Vogl et al. (200®) Image taken fronGray

(1878)

The natural hip joihallows movements in multiple directions, which include flexion
extension, abductioradduction and internaéxternal (sed=igure2-3). The hip
movements are explained belofMulholland and Wyss 2001, Davis, Ritter et al. 2007,

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

9 Flexion: This is the movement of bringing the thigh towards the chest. The normal
range of motion for hip flexion is approximately 1280 degreegseeFigure
2-3a).

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

motion for hip extension is approximately3D degreegseeFigure2-3a).
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1 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 approximatelg@t5
degreegqseeFigure2-3Db).

1 Adduction: This is the movement of moving the leg towards the midline of the
body. The normal range of motion for hip adduction is approximateig@0
degreegqseeFigure2-3b).

1 External rotation: This is the movement of rotating the leg outward. The normal
range of motion for hip external rotation is approximately-30 degreegsee
Figure2-3c).

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

range of motion for hip internal rotation is approximately-30 degreegsee

Figure2-3c).
( ‘ - Abduction
Extension Flexion A
h A '~_,5:,,:"’— Adduction
a) b)
2 (a I D

14 7 e

| '/ Internal External
/ rotation rotation

‘o B

€)

Figure2-3: Natural hip joint movements a) flexi@xtension, babductionradduction and c) internagxternal

Image fromDrake, Vogl et al. (2009)
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The loadexperiencel by the natural hip joint are high, where they can exceed several
times body weight during normal ddg-day activities such as walking, sitting, climbing
stairs, running, or standin@yrne, Mulhall et al. 2010, Varady, Glitsch et al. 2012¢
acetabular labrum is tasked with distributing and supporting the loads to reduce the loads
acting in the hip join{Ferguson, Bryant et al. 2000, Ferguson, Bryant et al. 2000,
Ferguson, Bryant et al. 2003)he acetabular labrum is a thick, creseehtiped band

cartilage oftype Il collagenwith a layer of collagen typethat is typically 22mm thickand
surrounds the edge of the acetabulum, or socket, in the pelvis. It has several important

functions in the hip joint, including:

1 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.

1 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.

71 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.

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

the cartilage.

If the acetabulum labrumvere 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

1 Arthritis ¢ A common condition which many people develop as theywelgieh
causes the swelling and tenderness of joiftie cartilage in the hip joint gradually
wears over time and it becomes frayed and rough. This can cause severe pain,
stiffness, and immobilityAccording to the UK National Health Service,
approximately 10 million people are affected by arthritis in the(NKS 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, stiffnesstendernessand loss of flexibilityBuckwalter, Saltzman et
al. 2004, Arden and Nevitt 2006, Sinusas 20IR¢exact cause of
osteoarthritis is still unknown and involves many pathophysiological
processes which coincide with an inflammatory respofWesland,

Michaelis et al. 2005, Goldring and Otero 2011, Sinusas 2CGL2kently,
there is no cure for osteoarthritis, but there are treatments which can help
slow the conditionNHS 2022)0steoarthritis 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 arthritiss a chronic, inflammatory,
a2a0SYAO | dzi2zaAYYdzyS RAaASIF&AS AYy BHKA
the lining of joints throughout the bod{Bullock, Rizvi et al. 201&)nlike

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 joirfldHS 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 diagnasis 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 join{®ay, Nam et al. 2012, Krakowski,
Gerkowicz et al. 2019%50me symptoms of Psoriatic arthritis include,
swelling of joints, scaly patches of skin, joint stiffness and pain, and

excessive fatigue.

1 Hipfracture ¢ 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 dndcreases the
fragility of the bongLin and Lane 2004, Ginaldi, Di Benedetto et al. 2005, Rachner,
Khosla et al. 2011)nternal 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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1 Avasculamecrosisg A condition caused by disruption to the blood supply to the
head of the femumhich causes severe pain and immobility and can lead to the
death of bone tissuéEdgar and Einhorn 2014vascular necrosis was responsible
for 2% of primary hip replacements as per the National Joint Registry in(RORL
2022) The common risk factors of avascular necrosis are alcoholism, use of

steroids, chemotherapy, and sickle cell anaeth@mb, Holton et al. 2019)

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

syndrome.

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

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

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

4. 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 stagessteoarthritis 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 surfac€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 ofthe femoral heads replaced with an artificial implaneither with metal
or ceramic. Usually performed to redie pain and improve mobility in individuals
with adamaged or disease@moral head (Shebubakar, Hutagalung et al. 2009,

GrammaticeGuillon, 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 osteoatrthritis, or
other hip disorders with seve hip pain and disability which has not responded
other treatment options such as medications and physical therépsawford and

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

Total Hip Replacementgse one of the most successful orthopaedic interventionstio#
last fewgeneratiors (Learmonth, Young et al. 200Prof. Themistocles Gliick made the
first attempt to replace a damaged hip joint of a patient using an ivory ball and socket
joint in Germany ir1891(Szostakowski, Jagiello et al. 201i)1925, Smith Petersen
trialled creating a THR out of glass dugtsssmooth surfac€Knight, Aujla et al. 201,1)
and while it was biocompatible, it could not withstand the forces going through a hip
joint. They latemovedoto 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 lortgrm survival Earlier designs of THRsostheses 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 prosthesisAs the design in THRs progressed, it was found beneficial to use

two separatecomponents to allow for flexibility intraperatively, 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

- Selflocking 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

Ly GKS SINIe&& mMdpcnQax {ANI W2Ky [/ KIFNyfSe A
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) introductiongbfdensity
polyethylene as a bearing material. The prosthesis designed by Sir John Charnley in the

early 1960s is identical, in principle, to thedernprostheses used today.

A moderntotal hip prosthesis generally consists of a ball and socket joint comprising of
three components, an acetabular cup, a femoral head, and femoral féferent sizes

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

1 Acetabularcup ¢ 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, eobhadtne alloy.
Depending on the type of hip psthesis, there may be an additional liner made of
polyethylene, either UltreHigh-MolecularWeight Polyethylene or highly cress
linked polyethylene which has low friction, high toughness, good impact
resistance and good biocompatibilifthe capability othe material implanted to

exist in harmony with tissue without causing negative effects)
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1 Femoralhead¢ 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
RAFYSGSNAR FyR ySO] fSy3adka G2 FTAd GKS

I Femoralstem ¢ The femoral stem is inserted into the femamd can either be
cemented or pressitted. The stem consists ofteunnion, neck, and a stem. Made

of metals such as cobathrome, or titanium.

e Acetabular Cup
?’ » «——Bearing Liner
W <+——Femoral Head

. | «—Femoral Stem

Trunnion
Neck

|| «——Stem

Figure2-4: Modern total hip prosthesis

The typesof 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, Metah-Plastic (MoP), Ceraman-Plastic (CoP), Cerarroa-Ceramic

(CoC), atht Metalton-Metal (MoM). The naming convention of these THRmaterial of

femoral head on materialfacetabular cup.

1 MoP and CoR MoP/CoP THRs consists ahatal/ceramic femoral head on a

polyethylene bearing linelPolyethylene 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 bearingstially had high failure rates due to softer
polyethylene materials, however modern highly crtisked polyethylengXLPE)

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

head, usually with alumina (&0 ) or zirconia@ U ). 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 bearinGlkenabzadeh, Pearce et al. 2012)
Previously CoC THRs had a high rate of breakage, hqwétlenewer
manufacturing techniquesuch as hot isostatic pressing, spark plasma sintering,
alongside with advanced ceramic materials, coupled Wigher testing has

virtually eliminatedthis and should not be a relevant argumesmainstits use.
Squeaking of the prosthesis has also been widely reported vihigipleasant 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 Cobathromium alloy@ € 0 i )pog TitaniumY)Q

MoM THRs initially gained popularity as they were developed to provide less
wear, less bone resorption with fewer rséf 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&)ince 2011, MoM hip prostheshave accounted
for less than 1% of all hip prosthess 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

necrosigSalem, Lindner et al. 2019)

Currently, a wide range of prosthetic devices are available commercially whichyar
design, type, and materialSome of thamain joint replacement manufacture are

Stryker Corp, DeRByntheses, 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 wheleody or belowthe-waist, depending on the

recommendation of the surgeons.

The surgeon would make an incision to access the hip joing.femoral bone will be
dislocated from the socket arttie femoral head would be removesith an opening
created at the top of the femuiThe 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 plaed 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 surgerythe 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 prosthiEsésamount

of impaction force used during assemblynigportant 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, tap@ra@mment, and
number of impactiongPennock, 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, Konowt 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 studligsi K G KS- | LJ

2FTF¢ F2NOS 0SAy3 dzaSR | a (TKeSnaghifitlezotabsBmbly 2
impaction forcewasinitially determined by surgeonsho were required to apply an

impact typical of that used intraperatively to assemble the femoral head onto the stem.
The measured forces found were approximately between 1600N to 5QPR&hhock,
Schmidt et al. 2002, Heiney, Battula et al. 2009, Lavernia, Baerga et al.|2@&®)found
that the femoral head puldff force increased linearly with the peak assembly force when

the femoral head was impacted onto the st¢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 -Gtetstally
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pressed onto the stenfRehmer, 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. (2019nd Panagiotidou, Cobb et al. (2018ve both reported that

a higher assembly force would result in significantly reduced fretting corroSiagish,
Ashkanfar et al. (201@vestigated 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
G Adz2S F2NI GKS F2NOS NBIdZANBR RdzZNAYy 3 A YL
YT A MIXdds@iloe the magnitude of impaction force. In reality, the magnitude of

i
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2.3.2. Failure in 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 lastdecade while the average age of patients receiving TstiRcreasing. As sh¢

there is a need to increase the longevity of these devices further to accommodate their

more active lifestyle.

The mosttcommon modes of failure reported in the NdRR aseptic loosening, dislocation,
adverse reaction to particulate debris, periprosthetic fracture, infection, and pain (see

Table2-1). The NJR have reported aseptic loosening as the most common reason for THR
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failure @6.1%). Aseptic loosening refers to the loosening of the prosthesis that may
results from wear debris or inadequate fixation during surg¥@arious theories have

been presented to explain aseptic loosening based on observational, experimental, and
clinical studiegJiang, Jia et al. 2013)he main mechanism seems to be the excess
production of wear particles which triggers a grdlammatory reaction leading to
increased osteoclast differentiation, macrophage production, linear of focal osteolysis.
Patient susceptibility to aseptic looseg may be affected by hostgenetie, surgical,

and implantrelated factorgSundfeldt, 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 fdiki@4).
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, Havik et al. 2010J o 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 line(Livermore, listrup et al. 1990\Vith 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 debiisalso reported as one of the most common modes
of THR failuré€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
procesgHowie, Rogers et al. 1993, Bitar and Parvizi 20l% 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 pae (15.8%)periprosthetic fracture
(12.%%),andinfection (51%).0Other less commoreasons reported in the NJR are
malalignment, implant fracture, heasbcket 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
surgey with more discomfort and pain for patients. THR failuresywaa type, design,

and brand of prosthesis.

Table2-1: 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 debri  10.7%
Pain 15.8%
Periprosthetic Fracture 12.4%
Infection 5.1%

The NJR have reported thistoM 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 (ARMI3ngton, Joyce et al. (20lihjroduced

ARMD as an umbrella term to describe joint failure secondary to surfaceokdes

bearing surface or corrosion debris in the absence of any other obvious explanation. This
includes metallosis, pseudotumor, and aseptic lymphodgdminated vasculitis

associated lesion. Initially, ARMD related failures were reported for MoM bearing

surfacegKkwon, GlyrJones et al. 2010, Langton, Jameson et al. 20t®yever, further
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research has shown that this type of failure could also arise from the taper junction of
MoP THR€& ipriano, 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 reseatchl) mterfaces is
needed to reduce the number of revisions, increase longevity, and provide more comfort

for patients

2.4. Wearin THRs

Wear is known as the gradual removal of material on solid contacting surfaces under
relative movement. Wear and frictiamust be exactly related with each other in each
state of contact within a system, although a comprehensive simple relationship should
not be expecteqKato 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 foces.

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

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

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

1 Fatigueg¢ Occurs when the material is weakened by cyclic loading, forming micro

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

1 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.

1 Corrosive wear, Occurs when a layer of film is formed due to chemical reactions

between the worn material and corroding medium.

Wearat the contacting surfaceis a hip prosthesis is inevitabtie tothe cyclicload that
occurs.The most common mechanisms of wear debris generation in THR presthes
often categorize as abrasive wear, adhesive wear, and thoatly wear. Tiswear 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 ptoeesds
periprosthetic tissue destruction and implant loosening, leading to prosthesis féiure
and Yoon 2018Furthermore, the accumulain 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 metalig&isovessis, Petsinis et

al. 2006, Rony, Lancigu et al. 201B)lyethylene particles released are nondegradable
and can lead to inflammation leading to aseptic loosening of the prostf®@sienalzried,

Jasty et al. 1992, Massin and Achour 2QCHAPPARD, RONY et al. 2021)

1 Wear betweenfemoral head and acetabular cugurfaces

Adverse consequences of bearing wear can either be catastrophic implant failure or local
host biological responses resulting in osteolysis or-ssfgue reactiongA., D. et al. 2014)
Implant failure can be associated with component malpositioning, impingement, or
polyethyleneoxidation Host biological reactions to wear debris and partiisen

aseptic loosening remain the most frequent cause of reviddR 2021 )actors 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 fe@iures 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 Hardon-soft couples

Hard-on-soft bearing couples consists afmetalic or ceramicdiemoral headon a

polyethylene (conventional UHMWRPE or highly cdaogsed polyethylengbearing liner
UHMWPE was first introduced in 1962 as the bearing for the Charnley hip prosthesis

its material properties such dsw friction, low density, and fine biocompatibility

(Charnley 1961, Lewis 1997, Schmidig, Patel et al. 28b@)ever, the high wear rates of
UHMWPE have led to the premature failure of these prosth@desms and Kansen

2018) Revell, Weightman et al. (1978)dMirra, Marder et al. (1982vere 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 tla¢ oxidised in contact with aiiHopper,

Young et al. 2003Dxidation decreasghe 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 crisked polyethylene (XLPE) was developed to
improvethe material properties of UHMWPEhe first generation XLPE materials which
used irradiation doses between 50 and 105kGy, were introduced in the late 1990s and

early 2000gKurtz and Patel 2016)

o Hardon-hard couples

Hardon-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 19§dahiri, Schmalzried et al. 1999)
with second generation designs introduced in the late 1988%T, Wan et al. 2000)
These were popularized in recognition of the low volumetric wear rate and increased
stability with larger femoral head siz€d/illiams, Royle et al. 2009%Ithough 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 30 times greater
andwasfound to be more biologically acti{®oorn, Campbell et al. 1998)hese
generated metallic wear particles can cause metallosis and increased incidence of
pseudotumor formationBosker, Ettema et al. 2013} atients with MoM bearing couples
have been shown to have increased metal ions levels at long term folbswvhich are
known to be genotoxi€Engh, MacDonald et al. 2014-vitro analysis heshown 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 speciefRaghunathan, Devey et al. 2018)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 wgeleeralhip implants were
between 3.3% and 4.9¢%ohen 2011)Since the recall, the use of large femoral head

MoM bearing couples hesharply fallen from 20% in 2005 to <1% in 202JR 2022)

CoC bearing couplegere developed in the early 1970Boutin, Christel et al. 1988)

the form of an all alumina acetabular cup and an alumina ceramic femoral ball glued to a
cemented metal stengJenabzadeh, Pearce et al. 20I®)e acetabular cup was

implanted either with cement or as a pres(Griss and Heimke 1981, Mittelmeier and
Heisel 1992)The fixation, however, proved to be insufficient with aseptic loosening
beingthe predominant cause of failur@outin, Christel et al. 1988, Gar€ambrelo,
MartinezSayanes et al. 199@}igh rates of fracture were also reporté@riss and

Heimke 1981yvhich 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 implan{denabzadeh, Pearce et al. 201&)vances 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)
1 Wear between femoral headaper surfaceand femoral stem trunnion

Modular hip prosthesis was developed to have increased advantages such as adjustment
2T OGKS LI GASYGQa €S3 fSy3aJiGK RddzZNAYy3a adz2NHS|
simplified revision procedurgé&ieberman, 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 hetain interface and has been
acknowledged as a source of total hip prosthesis fai{Rastides, Dodd et al. 2013)
Previously, the determination of hip prosthesis wear has mainly focused on the bearing
surfaces between the femoral head and acetabular ¢igpoh 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 procedu(Berter, 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. 2015Fooper, Della Valle et al. (20J2¢viously reviewed ten retrieved

MoP THRs which had elevated serum cobalt and chromium levels within the patients and
found visible damage at the femoral heatem taper junction associated with tissue
necrosis and lymphocytic infiltratioiurtz, Kocag6z et al. (2018)d Dyrkacz, Brandt et

al. (2013)nvestigated a total of 24 MoP modular hip prosthess for fretting wear

damage at the femoral heastem junction. They reported significafmetting 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

prosthess.

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 d)gsef

sliding distance unitl) can be obtained from Equatidf):

W
o 2 1)
0
where® is to the total volume of the material removed. The real area of contact of the

friction couple § ) depends on the applied load) and hardness of the softer material

('O between the surfaces and can be calculated using Equé)on

0
5 — )

(@]
The wear ratio, or wear coefficient), 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 EdBation
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Since the wear coefficient] is the ratio of two areas, the worn are@ (), and the real
contact aread ), the wear coefficient can thus be interpreted as the fraction of the real
contact aread ) removed by wear. Considering a tribological system where the contact
surfaces mate ab asperities, and of those form wear debrisQcan be further defined

as Equatior{4):
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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 componeriheAs
guantity — has dimensions of volume, this represents the total volumthefplastically
deformed zone underneath the surface of a worn ar@3 following sliding by a distance

L. HenceQalso represents the proportion of the plasticallyfdened volume that is

removed by the wear process defined in Equati®hn

q & ®
()]

2.5.1. Wear Laws

¢CKSNBE INB G662 YIAYy (GeéeLlSa 2F oSN fFga dza:

2N GKS a5AaaALll GSR 9ySNHe 2SIN[lg¢d

¢KS ! NOKIFNRQ&a 6SINIflFg A& GKS Y2ad FTNBIdz
Archard in 1953Archard 1953)This wear law considers adhesive wear and assumes the
At ARAY3 ALIKSNAROFE FFaLISNAGASE (2 RSTF2NY T
eguation states that the volume of worn material is proportional to the normal force, the
sliding distance, anihversely proportional to the hardness of the mate(i@bpov 2019)

The dimensionless Archard wear coeffici@n}, from Equation(3), which contains the

hardness of the materiab( —) can usually be obtained with Equati().

» ©
"Oi
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whereiAa (GKS NBfIFGAGBS at ARAYy3I RAAGlI YOS 2N U
material hardness, it has the units @f¢y . Equation(6) wasinitially developed for
unidirectional sliding wearing processes but it has been widely adapted for other types o
GSEFENI A gStftd | NOKI NRQa 6SI NIt g NBI dza NB

sliding distance. This can be represented as

o 0 O )
wherei is the relative slip per stroke a®l"Oi is the sum ofOi products over the load

cycles.

Numerous studies have shown that for the same material combination, the Archard wear
coefficient (), strongly depends on the wear mechanism, displacement amplitude,
contact geometry, loading conditions, and other parametelshnson (1995nd Kapoor
(1997)has stated that it is essential to consider the elastoplastic response of the structure
when predicingwear 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
dissipaton. The shakedown boundary is a function of the Hertzian pressure and the
friction coefficient. Other studies have also confirmed this thegdgn and Maitournam

1994, Johnson 1995, Fouvry, Kapsa et al. 2001, Fouvry, Liskiewicz et ahn2D03)
demonstratel the limitation of the Archard model, which does not integrate the friction

O2STFFAOASYU Ay A0aQ F2NNdzZA I GA2Y O

1 Dissipated Energy Wear Lagv

The energy wear law is dependent on the interfacial shear \{fleokivry, Kapsa et al.

2001, Teoh, Chan et al. 2002, Fouvry, Liskiewicz et al..2008)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 ene(@yO) as given by Equatiof8),

where| is the energy wear coefficient.
© | © ®)
The dissipated energ{) can be found by thproductof tangential force§) and slip i()

given by Equatioxo).

0 Ui 9)

¢CKS 5Aa8aAL) GSR 9ySNHE 4SIFNIfFg | LIINRBI OK |
law which also facilitates different wear mechanisms such as abrasive, corrosive and
FILOGATdzZS 4SNP { AYAL I NI (03 tha BisSipateiNdddedy WdaQ a &
coefficient () 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 suitablstudy wear characteristics

(Yang and Loh 1995, Yang 1999, Yang 200&r coefficients take into account the wear
rate, applied load and the hardness of the materials. Wear coefficients are calculated in
laboratory studies involving pian-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. (1988gtermined wear coefficientbased on the

volumetric wear losfrom 25 retrieved hip replacements between CoCr femoral heads
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and UHMWPE bearing linerBhe study found the average wear coefficient to be 2.90 x
10°MPat with results ranging between 0.09 x1§7.20 x 16 MPa?. Santavirta,
Lappalainen et al. (199@hd Saikko and Kostamo (201dtermined the wear

coefficients via piron-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 bex3l80

10 MPat for Santavirta, Lappalainen et al. (192®)d 3.92x 10° MPa? for Saikko and
Kostamo (2013Kang, Galvin et al. (200@8)estigated the wear factors of 0 MRad and 10
MRad UHMWPE with different kinematical combinations and found a range of wear

coefficient between 1.0% 101°¢ 5.5x 1019 MPal.

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 simulatSeszeral studies have been
performed on hip simulators to determine the wear coefficients from the biomaterials
under simulated walking conditionsaxian, Brown et al. (199@nd Matsoukas, Willing

et al. (2009eterminedthe wear coefficient through a trisdnd-error method using
computational wear simulation of experimental testisd compared the computed
volumetric wear with hip simulator experimentshe studesyielded a wear coefficient of
1.53x10° MPat for UHMWPE and 5.3210° MPa? for XLPEGalvin, 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 linersvolitimetricwear
measurements taken every million cysldéJsing the volumetric wear, a wear coefficient

of 2.00x 10*°MPa! was calculated for CoCr against XI®Eer studies involving

different materials combinations have also been performedPuccio 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 betweerxA@6

1¢7.30x1011 MPal.

A study byZhang, Harrison et al. (20133ed POD with linear reciprocating motion to
determine the wear coefficients for two femoral heatem material combinations (€o
28Cr6Mo/DMLS FBAF4V and C&8Cr6Mo/forged Ti6AF4V). The study used the
dissipated energy wear law approach to calculiie 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 H#28Ce
6Mo/DMLS FBAFYV material combinationyith a 10N load on the pinthe wear

coefficient calculated was 5.35 x"1f0MPatand 3.91 x 18 MPa! using SEM and
profilometry respectively. For the &8Cr6Mo/forged Ti6AF4V material combination,

with a 10N load on the pin, the wear coefficient calculated was £0.8®MPa'and 1.31

x 108 MPat 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 rigsFouvry, Liskiewicz et al. (2008yestigated fretting wear behaviour of-6BAF4V
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 {200
From the results of this study, the energy wear coefficient of X128 MPatlis

determined.

Fridrici, Fouvry et al. (2004)so investigated T6AF4YV 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 pm and 5um. 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 pfrb0p to 250,000

cycles, the energy wear coefficient was determined to be 2.90° MPa?.

Wear coefficientare fundamentally important to provide a valuable insight into wear
modelling in different systems. The wear coefficeolbtained 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 condit{@asvley, Metcalf et
al. 2003) A summary of the wear coefficients obtained frtime literature is shown in

Table2-2.

Theratio between the dimensionahrchard andlissipated eergy wear coefficients
found to be equal to the coefficient of friction ), assuming that th&€Coulomb
relationship between friction and pressure hol@€onard, Sadeghi et al. 201@here

n ‘ nfnis friction shear stress)is normal force

.0 (10)
|
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Table2-2: Values of wear coefficient for different material combinations of review wear models on bearitapandurfaces

Material Combination Wear Method Wear Wear Coelff|C|ent Reference
Law Measurement MPa
Bearing Surfaces
CoCr/UHMWPE Archard Retrievals Volume Loss 2.90 x 167 (Atkinson, Dowson et al. 1985)
. . (Maxian, Brown et al. 1996, Maxian, Brow
CoCr/UHMWPE Archard Pin on Disk Volume loss 1.06 x 16 et al. 1996, Maxian, Brown et al. 1996)
CoCr/UHMWPE Archard  Pin on Disk Volume loss 3.50x101° (Santavirta, Lappalainen et al. 1999)
CoCr/UHMWPE Archard  Pin on Disk Volume loss 1.03x10%9¢5.50x101°  (Kang, Galvin et al. 2008)
CoCr/lUHMWPE Archard Pin onDisk Volume loss 3.92x10° (Saikko and Kostamo 2013)
CoCr/lUHMWPE Archard Hip Simulator FEA 1.53x10° (Maxian, Brown et al. 1997)
CoCr/XLPE Archard Hip Simulator FEA 5.32x101° (Matsoukas, Willing et al. 2009)
CoCr/XLPE Archard HipSimulator  Volume loss 2.00x 1010 (Galvin, Ingham et al. 2006)
CoCr/XLPE Archard  Pin on Disk Volume loss 7.00x101°¢8.70x101°  (Abdelgaied, Brockett et al. 2013)
CoCr/CoCr Archard Hip Simulator Numerical 0.26x10%¢7.30x10  (Di Puccio and Mattei 2015)
CoCrMo/CoCrMo Archard Hip Simulator SEM 0.95x10%¢ 1.24x10° (Cawley, Metcalf et al. 2003)
Taper Surfaces
Co28Cr6Mo/DMLS TFBAF : . 5.35x 108 (10N load)
N Energy Pin on Disk SEM 2.97x10% ( 6N load)
i 8
Co28Cr6Mol/forged Ti6AF Energy Pin on Disk SEM 10.6x% 108 (10N load)
4V 9.18x10"( 6N load) (Zhang, Harrison et al. 2013)
Co28CF6MO/DMLS FBAF o on Disk  Profilometr 3.91x 10° (1ON load) 9 '
4V 9y y 2.76x10° ( 6N load)
Co28Cr6Mol/forged Ti6AF : . : 1.31x 108 (10N load)
N Energy Pin on Disk Profilometry 1.88x10% ( 6N load)
TH6ARV/ THGAHV Energy E'fr“et{t?ggrr‘%m'c SEM 1.12x108 (Fouvry, Liskiewicz et al. 2003)
TE6ARAV/ Ti6AHV Energy Fretting wear rig Profilometry 2.90x10°® (Fridrici, Fouvry et al. 2001)
. , From :

TH6ARAVI High Strength -\ pard (McColl, Ding et "eting 2.75x 10° (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 contactifagsur

Ad 1y26y a WgSEFENI TNIOGAZ2YQd | S| NJ FNI O
material on both contacting surfaces, while a wear fraction of 0.2:0.8 would remove 20%

of material onone contacting surface and 80% of the other.

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

such wear fractions have been applied in this study:

1 Between CoCr and TiA study byBone, Sidaginamale et al. (2018)nd a
median volumetric wear of 0.14mhfrom 28 retrieved DePuy Corail Titanium
stems trunnionsLangton, Sidaginamale et al. (20f@)nd a median volumetric
wear in excess of 2mhfrom 111 retrieved cobalthrome MoM femoral heads.
The findings from their work indicate that the cobalirome femoral head tapers
wear by around a factor of 10 more th#he titanium alloy stem trunnion surface.
These findings are supported further Byshop, Witt et al. (2013nd
comprehensively explained Boharrami, Langton et al. (20138}% occurring due
to the preferential oxidation of titanium alloy over cobalirome thus increasing
the hardness of the titanium trunnion which subsequently wears th@xidised
CoCr head taper surface.

1 Between CoCr and XLEHhere area huge numbeof studies performed on the
wear rates on CoCr XLPE wear rates, however, most are focused on the wear at
the polyethylene liner andanot measure CoCr femoral head wear. There is a

large range of XLPE wear foundtie current literature (1.5 33.09mn#/yr). A
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study byAnissian, Stark et al. (1998yestigated and compared the hip simulator
wear between CoGXLPE THRs and found a wear rate of 0.023¥Mm Using

these findings, there is a range of wear fraction for the XLPE bearing liner which
can be extrapolated: between 0.064%.38% of total wear will be found on the
CoCr femoral headrorthis 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 methioelp to

evaluate the wear performance of newer designs:

1 RadiographyRadiography imaging Bdeen developed to measure polyethylene
wear, including both tweand threedimensional techniques. This has been vital
to provide additional information on component orientation and enables
assessment of periprosthetic osteolysis, which is an importansequence of
polyethylene wear.

1 Retrievals Retrievedcomponents of prostheses either from failed components or
postmortem are inspected visually for pitting, scratching and burnishing while a
shadowgraph technique or CMM may be used to measure the éxtiethe wear
6{./1¢9w%s ahhb SiG Fft®d mMdppcI W {¢ > DI

2018)
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1 Hip simulator testingA 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 leshgration tests (up to 10 million
cycles). It is able to simulate the movements@gtin a hip joint in all three axes
while being submerged ingynovialfluid with similar propertiedo the pseudo
synovial fluid actingn vivoafter implantation. Hip simulators are useful in
replicating wear rates, wear patternsid wear debris observed clinically, in
controller laboratory conditions using actual hip prostheg&Batato, Leardini et
al. 2006, Smith and Joyce 201&h international standard has been established
for wear testing and wear ratg$S014242 2018) Thestandardestablished
coversthe testing parameters such @ynamic loading, the applied motion,
frequency,and duration of testingAccording to ISO 14242 the hip simulator
test must be conducted until one of the three conditions occur: completion of 5
million cycles, breakip or delamination of the bearing surfaces, failure of the hip

simulator to maintain the applied loading anotational parameters.

Currently, as XLPE is a relatively new material for bearing use, many are still currently in
service and then vivowear rates are determined through radiography or hip simulators.
Devane, Horne et al. (201, Haw, Battenberg et al. (201, Atrey, Ward et al. (201@nd
Khoshbin, Wu et al. (2028ave used radiography to analyse a total of 247 primary MoM
THRs with XLPE bearing liners with CoCr femoral heads ranging betweeraR8mm

60mm. The wear rates determined from the studies have found a volumetric wear rate
between 1.5¢57.6mnfk @ N LG A& AYLERNIIYyG (2 y2GS G¢F

accountedfor in these studies which could impact the wear rates.
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Essner, Sutton et al. (200B)estigated and compared the wear rates between MoM,

CoC and CoP THRs. The study utilised two identiesthfidn hip joint simulators with a
physiological loading pattern between 15@Nd2450N and at 1Hz frequency up to 5

million cycles. Wear assessment was conducted periodically with fresh lubricant applied
after. The MoM THRs had a Co@rfdmoral 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 stémund the volumetric wear rates the combined

bearing couple to be 6.3 mityr, <0.1mn¥/yr, and 5.62 mm¥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. (200B)vestigated the wear of 28mm CoCr femoral head against 4
different polyethylene linersA noncrosslinked 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 determinedsinga profilometer The study found the average volumetric
wear rates of the noferosslinked PE, 2.5MRad, 7.5MRad, and 10MRad XLPE bearing
liners to be 45.6mifiMc, 46.9mn¥#/Mc, 15.04mn¥/Mc, and 8.7mn¥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 arals.

Fisher, Jennings et al. (2006Yyestigated 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
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million cycles. The volumetric wear loss of the XLPE bearing liner is determined
geometrically using a thredimensional ceordinate measuring machine to map the liner

surface. The study found the steady state wear rates to be betweeq @.2mn¥/Mc.

Partridge, Tipper et al. (2018yaluated a hip simulator method which assessed wear and
damage between 36mm diameter CoCr femoral head and XLPE bearing liners. The study
utilised a 16station pneumatic hip simulator with a physiological walking cycle loading
between 300Nand3000N 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 8.7fiu.

A summary of the experimental wear testing methods for bearing surfaces is compiled in
Table2-3. These studies have focused on the bearing surfaces of the Xd¢¢Rtéor a

study byBhalekar, Smith et al. (202®@ther 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 metalliemoral head as well, as even a slight increase in metallic

debris can lead to catastrophic issues for patients.

Langton, Sidaginamale et al. (20ir®)estigated the taper junction of 12@trievedlarge
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¢ 8.34mn?/year and found the primary factor leading to taper failure is the

increased lever arm acting on the taper junction in ladiggmeter MoM THRs.

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

component sets. Wear measurements were measured using a coordinate measurement
60



machine and wear was quantified by comparison with an assumed initial georagy.
study found extensive wear of the femoral head taper surface with a volumetric wear rate
between 0.59¢ 4.87mn¥/yr. The study also found that the wear on the bearing surface

and femoral stem tapers were relatively low.

Kocagoz, Underwood et al. (2016yestigated theaper junctionwear betweenceramic
and CoCr femoral heads. The studijised a roundness machine equipped with a
diamond stylus to measure the taper surfaces6fceramic and 50 CoCr retrieved femoral
headstem pairsThe profiles of the taper surfaces were thanalysedand the

volumetric material loss was estimated using a customized MATLAB script. The study
found a femoral head taper volumetric wear rate range between Q.86 7mn¥/yr and
0.00¢ 0.04mn¥/yr for the CoCr cohort and ceramic cohort respectively and the femoral
stem volumetric wear rate range between 0.§0.32mn#/yr and 0.00¢ 0.37mn¥/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. (20iryestigated whether CoCr femoral stem tapers wear
more than Ti alloy femoral stem tapers when used in ladgeneter MOM THRs. The
study performed explant analysis to determine the volumetric material loss at the taper
surfaces of 28 Ti alloy femoral ste 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 § 216mn#/yr and 0.01¢
1.65mnt/yr for Ti alloy femoral stems an@oCr 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. (201 8xamined 94 retrieved MoP THRs for evidence of corrosion

and volumetric material loss at the taper junction using a macroscopic inspection,
microscopianalysisand a roundnessneasuring 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 volumetriegnaterial loss between a range of 0.9@.24mn¥/yr. The study
concluded that trunnionosis fdloP THRs may be clinically insignificant as the volumetric

wear rate found was notably less th#mat of previously reported MoM taper junctions.

Langton, Wells et al. (201B)jvestigated the volumetric material loss from tapers of MoP
THRs and compared the taper wear rates against MoM THRs. The study exartotedd

of 95 MoP and 249 MoM THR protheses using a coordinate measuring machine. The
volumetric wear rates for the MoM and MoP groups were G;@L34mn#/yr and 0.00¢
3.84mn¥/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 Hw$10.23 mr).

Hothi, Eskelinen et al. (2018ympared 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. Thange of volumetric wear found for the MoM and MoP groups
were 0.01¢ 3.45mm?3yr and 0¢ 1.07mm?3yr. MoP THR prostheses were found to have

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

Bhalekar, Smith et al. (202hvestigated the material loss, if any, at both the articulating
and tapertrunnion surface of five 32mm diameter CoCrMo femoral head against XLPE
bearing liner up to 5 million cycles. The study utilisedséaion hip joint simulator with a
double peakoading between 400/nd 2000N. Wear assessment was conducted every
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500,000cycles through gravimetric and geometric measurements using an analytical
balance and a coordinate measuring machine respectively. The study found the wear
ratesof the XLPE bearing liner and CoCrMo femoral hedud 2.74mn¥Mc and
0.057mn#/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 Wadl.study also
found the wear rates of the femoral head taper and femoral stem trunnion to be @;021
0.069 mn¥/Mc and0.041¢ 0.047mn¥/Mc. The study has confirmed the necessity of
measuring the tapetrunnion junction wear in MoP THRs as it was found that the
majority of wear at the CoCrMo femoral head was from the taper junciiendate, no

other longterm hip simulator tests have investigated wear from the tapennion

junction of MoP THRs.

A summary of experimental wear testing methods for taper junctions is comipil€dble

2-4.
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Table2-3: Volumetric wear for bearing surfaces in current literature

Femoral head size  Volumetric Wear Rate (mifyr) (range)

Authors Method THR Type
P (mm) Femoral head Acetabular Cup
Devane, Horne et al. (2017)  Radiography MoP (CoCrMoXLPIE 48¢ 60 Not measured 1.5¢18.9
Haw, Battenberg et al. (2017) Radiography MoP (CoCrMoXLPIE 36/40/44 Not measured 33.09¢ 48.39
Atrey, Ward et al. (2017) Radiography MoP CoCrMoXLPE 28 Not measured 29.29
Khoshbin, Wu et al. (2020) Radiography MoP CoCrMoXLPE 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 headnd cup)
. MoM (CoCrMo/ .
Hip Simulator CoCrMo) 40 6.30 (combined head and cup)
Galvin, Ingham et al. (2006)  Hip Simulator MoP CoCrMoXLPE) 28 Not measured 5.59¢ 56.3
Fisher, Jennings et al. (2006) Hip Simulator MoP CoCrMoXLPE) 36 Not measured 9.5
. : . MoP CoCrMoKLPE) 36 Not measured 6.30¢ 12
Galvin, Jennings et al. (2010)  Hip Simulator CoP (Alumina /XLPE) 36 Not measured 3.40¢12
Partridge, Tipper et al. (2018) Hip Simulator MoP CoCrMoKXLPE) 36 Not measured 8.7

Bhalekar, Smith et al. (2020) Hip Simulator MoP CoCrMoXLPIE 32 0.037¢0.077 2.00¢ 3.48




Table2-4: VVolumetric wear for taper surfaces in curréterature

Femoral head/stem

Volumetric Wear Rate (mifyr)

Authors Method THR Type . L Femoral head taper Femoral stem trunnion
material combination
(range) (range)
I(‘;;fzt?n' 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
(2016) Retrievals  MOPCOP/COC . 2 mic/CoCrMo and Ceramic/Ti 0.00¢ 0.04 0.00¢ 0.37
alloy
Langton, Sidaginamale et al. . CoCrMo/Ti6Al4V 0.01¢ 2.16 0.01¢0.12
(2017) Retrievals  MoM CoCrMo/CoCrMo 0.01c 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
Langton, Wells et al. (2018) Retrievals MoP SS/SS (MoP) 0.00¢ 3.84 Not measured
. . . MoM CoCrMo/Ti6Al4V (MoM) 0.01¢3.45
Hothi, Eskelinen et al. (2018) Retrievals MoP CoCrMo/TIBAIV (MoP) 0.00¢ 1.07 Not measured
Gascoyne, Turgeon et al. (201¢ Retrievals  MoM/MoP Not specified 0.00¢ 3.46 Not measured
Bhalekar, Smith et al. (2020) gillgwulator MoP CoCrMo/Ti6AI4V 0.021c 0.069 0.041c 0.047
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2.5.5. Computational methodfor predicting wear

Computational analysis is the process of simulating the behaviour of a pamtassembly
under given conditions. It uses numerical models to understand and quantify the effect of
realworld conditions. Computational analysis offersadternative method which is

faster, and cheaper than experimental testiigcan be used in addition to experimental
testing to help decrease cost, and time consumed while improving the wear
characteristics of mechanical desigighen validated experimentally am vivq 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 inable2-5 and Table2-6. These methods in literaturkaveonly considered

either bearing surface wear or taper junction fretting wear separately.

Maxian, Brown et al. (199@eveloped a wholgait-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 werased in theABAQUEE 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 (®ingu 1 "Where
"Ois the wear depthp is the wear coefficient)) is the contact stress arittis the sliding
distance The wear coefficient employed in this study was 1.840° MPal. 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?/Mc.

Teoh, Chan et al. (2008¢veloped a new computational model based on an elgsastic

finite element model for the assessment of wear. In this study, an elalsistic material
behaviour for the PE was proposed instead of purely elastic load stress characteristics.
The yield stess of UHMPWE was set to be 8MPa, approximately 20% lower than the
maximum yield stress of the material. The model dictates that any stressesess of 8

MPa will be redistributed to its neighbour and an increased area of high strissses

expected. WellJ LINBRA OGA2Y dziAf A&ASR | F2N¥Y 27F | N
influences of contact stress, sliding distance and a surface wear coeffiCientvear

coefficient employed in this study was 1.0670° MPa?, same as the study bytaxian,

Brown et al. (1996)The new model proposed predicted significantly higher volumetric

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

Bevill, Bevill et al. (200%)vestigated the effects of femoral head size, liner thickness, and
femoral headliner 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 modééd inABAQUS6.3 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 prediced 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 betwegn 12

19.5mn¥/yr for femoral head sizes between 22mm and 36mm.
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Kang, Galvin et al. (2008¢veloped a fully contaetoupledwear modelbased 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 linersTiHRsThe wear model was based on the classical Arahard
Lancaster equation in common with all other studies reported in the literatiineear
coefficient of 1.066< 10° MPa' was employed and the model was simulated for up to 20
million walking cycle. The volurmiz wear rate was found to be 4.267.02mn¥/yr for

the XLPE bearing liner.

Queiroz, Oliveira et al. (201B)vestigated 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 uséd 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 weasf 0.19 mm, 0.17 mm, and 0.26 mm per year, and volumetric

wear of 30.85 mfy 30.97 mm, and 47.41 mif) for the same period. The result of the

study suggests thatcetabular 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. (20Es)ned 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 withiNSYS v12.0 and subjecteédm to the loading

and angular motions based on the ISO 1424#mands. Wear calculation was based on
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the classical Archartdancaster 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 witted f
wear coefficient. For the fixed wear coefficient of 1.0660° MPa?, the volumetric wear
rate was found to be 24m#Mc while the variable wear coefficient calculated a wear

rate of 23.6mm/Mc and 35.2mm/Mc.

Lin, Wu et al. (2016hvestigated 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 1:4B)° 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@)med to obtain an irdepth 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 suace 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 routinectivities 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 0.173%#ymand 0.143mnd/yr.

Peng, Arauz et al. (201@\vestigated the variation of polyethylene wear among THR
patients and identified key kinematic and component orientation factors associated with
wear performance. The study used patiesgecific data such as joint force, cup
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orientation, and patient range of motions to quantify PE wear. The paspetific data
were extracted from patients performing treadmill walking at ssfected speed under
surveillance of validated DFIS technique. The FE model was cre#ABAPUS6.12
including the acetabular cup shell, PE liner, and CoCr femoral head. The {speeiftc

gait kinematics (axial, sagittal and frontal rotations) and component orientations were
used to define the dynamic model, together with the scaled spatioteralpimrce profile
applied on the femoral head centre. The wear rate was caledidza A y 3 | NOK I NR ¢
equation for 1 cycle only. The wear rates were then multiplied by a factoxdfat to
approximate 1 year of activity. Strong variations in volumetric wates (3.9

8.3mn?/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. (202&mpared PE wear between dual mobility cup and
conventional acetabular component between both UHMWPE and XLPE bearing liners. A
finite element model was developed ABAQU%or each of the components, a dual

mobility cup with a 22.2nm-diameter femoral head against UHMWPE or XLPE (DM22PE
or DM22XL), a conventional cup with a 2thth-diameter femoral head against

UHMWPE (SD22PE) and a conventional cup withrar2liameter fanoral head against
UHMWPE or XLPE (SD32PE or SD32pit)ent-specific musculosketal model was

dzZa SR (2 Y2RSf (GKS {1AySYIFGAO0a dzLJ m YAf A2
PE wear from contact pressure and sliding distance, with wear coefficients for UHMWPE
and XLPE to be 1.086.0° MPa! and 2.13x 1019 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 a

could be therefore considered as clinically negligible.
In the following studies, the taper junction fretting weargtgeen modelled.

English, Ashkanfar et al. (20¥8pposed 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 iNnABAQU® c ®mo dzZLJ G2 p YAfftAz2y o+t 1Ay3a Oe Of
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 wearThe energy wear approachifies prediction of wear across a wider

range of stroke than Archard and as such has a greater range of application. This study
KFra | y2@0Stf YSGK2R ¢6KAOK aAyvydzZ dSa GKS g
wear from assembly impaction duringrgery. 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 €.329

0.603mn¥/yr and 0.024¢ 0.065mn¥/yr for the CdCrMo femoral head and Ti6AI4V

femoral stem trunnion.

Using the same methodologinglish, Ashkanfar et al. (201B)vestigated the effect of
varying assembly forces on fretting wear at the taper junction over a 10 year period.
Assembly forces between 160N and 6000&re 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. (201a$0 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 vae rates. A 3D FE model of the femoral head and stem
was modelled IMBAQUS6.14 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 (edp.®mMH QU NB adzZ & Ay 3Mc)KA IK
It is recommended that the cone angles of femoral head and femoral trunnion should be

manufactured to produce a taper mismatch of less thaat@he taper junction.

Another study byAshkanfar, Langton et al. (20lidyestigated the effect of different
trunnion designs on the wear rates at the taper junction. The study investigetether

a microgrooved 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 iInABAQUS$6.14. The study first compared initial fixation of the taper surface
between a Ti micrggrooved 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 caiplings. Secondly, the study investigated the wear evolution between the
models and found that over a 7 million load cycle analyssilico, the linear wear depth
and the total material loss was around 3.2 and 1.4 times higher for the femoral heads
matedwith 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. (2018)vestigated the effect of increasing head size on the

trunnion stress usingraFE 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 thahe use oflarger femoral heads should be avoided as it may results

in higher implant stresses under certain loading conditions.

Donaldson, Coburn et al. (201ggrformed a stochastic investigation of key parameters
on the mechanics of femoral headeck contact, specifically, the relative sensitivity of
mechanical fretting to a set of eight design variabk£oCrMo femoral head and Ti
femoral stem trunnion was modelled in ANSY SFburhundred 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 degin 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 everpf0.1
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 heace it

contribution to corresion, at modular connections.

A similar study performed byyrkacz, Brandt et al. (201&lso identified parameters

which influence micromotion at the femoral heawck 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 thatamotion 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 ofanall-CoCr alloy prosthesis.

Y b3 h3dzZ Olinvestydted kthé Weardate mtrerh@adtrunnion taper junction

for both trapezoidal, and circular shaped stenmsthis 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/yea®verall,the circular implants exhibitebwer wear

rate results over the trapezoidahaped stem implants.

Messellek, Ould Ouali et al. (2020yestigated the mechanical behaviour within a

modular taper junction subjected to cyclic loadihgthis study, the fretting wear

simulation was performed withiABAQUSzA Ay 3 | Y2 RATFTASR ! NOKIF N
implementation achieved using a usaefined subroutine UMESHMOTION provided

within the ABAQUSA femoral stem with a Type 1 taper and its matching adaptor is
modelled withinABAQUSVith Ti6AI4V as the material used. A 4000N load was applied to
assemble he taper adaptor onto the taper. The sy 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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Table2-5: Summary of computational analysis for bearing surfaces in THRs

Volumetric Wear Rate (mtfyr)

Authors Method Mater_|al : Loading Acetabular
combination cup Femoral head
. ABAQUS LC: 1 million
Maxian, Brown et al. (1996) Gpdob Cl CoCr/UHMWPE WE: 1:0 13¢ 18 No wear
LC: 1 million
Teoh, Chan et al. (2002) ABAQUS5.7 CoCr/ UHMWPE WF: 1.0 57 No wear
WC: 1.066¢< 10° MPat
LC: 1 million
Beuvill, Bevill et al. (2005) gBtﬁSnUSG.B * CoCr/UHMWPE WF: 1:0 12¢19.5 No wear
y WC: 1.066¢< 10° MPat
Numerical LC: 20 million
Kang, Galvin et al. (2006) stud CoCr/XLPE WF: 1:0 4.26¢ 7.02 No wear
y WC: 1.00¢ 10° MPa?
LC: 1 million
Queiroz, Oliveira et al. (2013 ANSYS v12:6 CoCr/UHMWPE WC: 1.00x 10° MPat 30.85¢ 47.41 No wear
MATLAB o
WEF: 1:0
LC: 2 million
WC: 2.08 10 MPat (AbOs/ Al,Os)
Uddin and Zhang (2013) ANSYS éi%{l\':‘g/%”o CrMo 5.00x 101°MPa* (CoCr/CoCr running in) 8112 Not specified
1.50x 10 MPa' (CoCr/CoCr steady state) '
WF: 0.5:0.5
. LC: 3 million
Pakhaliuk, Polyakovetal. -\ a1 ag CoCHUHMWPE ~ WC: 1.48<10° MPa! 24.0 No wear
(2015) 7
WEF: 1:0
LC: 7.5 million (Bears)
Lin, Wu et al. (2016) Not specified CoCr/lUHMWPE WC: 1.48<10° MPa* 58.16 No wear

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

Wegrzyn, Antoniadis et al.
(2022)

ABAQUS6.12
+ Numerical

ABAQUS

CoCr/XLPE

CoCr/XLPE

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

WC: unspecified

WEF: 1.0

LC: 1 million

WC: 2.1 10 MPat

WEF: 1:0

3.9¢8.3

3.8¢5.7

No wear

No wear
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Table2-6: Summary of computational analysis taper surfaces in THRs

Authors

Method

Method

Findings

English, Ashkanfar et al
(2015)

English, Ashkanfar et al
(2016)

Ashkanfar, Langton et
al. (2017)

Ashkanfar, Langton et
al. (2017)

ABAQUS

ABAQUS

ABAQUS

ABAQUS

Study proposes a computational
methodology utilising an energy wear
law and a 3D finite element model to
predict fretting wear at the taper
junction.

This study investigates the effect of
varying the magnitude of the assembly
force on fretting wear at the taper over i
10-year period using a 3D finite elemen
model and wear algorithm

This study, 3D finite element (FE) mode
of a commercial THR from a perfectly
matched interface to large taper
mismatches and a wear algorithm were
used to investigate the extent of wear
that could occur at this junction and
identify the optimum toleranceto
reduce the wear

3D finite element (FE) models of THRs
firstly, investigate the effect of initial
fixation of a CobalChromium femoral
head with a smooth taper surface mate:
with a Titanium (1) micrgrooved and
(2) smooth, trunnion surface finishes.

Used to determine taper wear patterns, wear damage

and wear rates which have been shown to be consistent with
those found from observation and measurement of retrieved
prostheses. The numerical method could be used to consider
effect of design changes and clinical technique on subsequen
fretting wearin modular prosthetic devices

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 4kN to minimise wear rates.

large taper mismatche(g.,9.12) results in a high wear rate
(2.960 mnd per million load cycles). It is recommended that the
cone angles of femoral head and femoral trunnion should be
manufactured to produce a taper mismatch of less thaat@he
taper junction.

Concluded that smooth taper and trunnion surfaces will provic
better fixation at the taper junction and reduce the volumetric
wear rates.
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Finite element stress analysis of CoCr/”
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 identifyparameterswhichinfluence
the micromotion at the femoral head
taper junction of modular THRs.

Investigated both trapezoidal, and
circular shaped stems on the wear rate
on femoral heaestem taper junction

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

Trunnion stress increases with increasing head size, increase
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,
taper size increased. CoCr/Ti6Al4V material combination also
increased micromotion instead of CoCr/CoCr.

Overall, the circular implants exhibited less wear rate results ¢
the trapezoidalshaped stem implants. Due to the less linear
wear rate, the circular implant has a higher life over the
trapezoidaishaped implant.

Presented a methodology based on the finite element approas
to study both fretting wear and fatigue, considering their
AYGSNY OGA2y Ay GKS Y2RdzZ I NJ |
compute wear depth and volume loss. UMESHMOTION
subroutine withinABAQU&sed for geometry changes.
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2.6. Discussion and rationale

Total Hip Replacements have been successi@storing 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 complicatatechanical failures that can occur. Within

hip prostheses, wear occurs between contacting surfacasiely between the bearing
surface and femoral head, and between the femoral head taper surface and femoral stem
trunnion. Wear leads to the deformation tfese mechanical components which can lead

to the looseningpf 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. ®debris may also act as an abrasive within the
articulating surfaces and cause increased amounts of wesademonstrated 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 posgibles withinthe literature for

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

1 Long term effects of current and new designs of THRs remain unki@wvrently,
for newer designs of THRs, there is no data on long term survivability as their long
term behaviourin vivowould need to be in service for a period of time before
data can be established. Experimental simulatiaresable 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 fa 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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1 Variable wear coefficients. Wear coefficients are known to change as time
increases due to a number wériables such as surface characteristics, material
geometry, and lubrication. Accurate wear coefficients occurring within a THR
prosthesis are yet to be determined.

1 Currently, a nmber of experimentahnd computational wear investigations have
been proposed, however, there is a lack of a user friendly, all in one,
computational wear approach reported the literature.

1 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.

1 There is currently a lack of research into the survivability of prostheses under
different types of activities. For instandbe assessment dhe activities allowed
postTHRis mostly based on th@npact 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 failurdaurthermore, 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 isexcible by further research

and investigation to develop the design of these prostheses to incrbasiengevity 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 complexityciRg the
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number ofrevisionswill 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 vitab investigate the mechanisms behind th&ilures. 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 experimeartdlcomputational

analysis to further streamline the design of these devices. The method isrudéterent
studies between Chapte# and7 to investigate thdongterm performance of hip

prosthesis implants in service considering different parameters affgatear. The

following objectives are met in order to achieve this goal.

1 The method proposed in Chapter 3 could predict wear on two sets of contacting
surfaces within the same analysis.

1 The method is usefriendly so that it may be used in different parametric studies.
Automation of the method is performed using a graphical user interface (GUI)
within the ABAQUSE work package.

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

1 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 ma&te
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 approacses w
discussed. A comprehensive review on the current experimental and computational

methods to predict and investigate wear proposedha 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 develogpa wear model that is explained in Chapter 3,

with illustration of four different studies following in Chapset,5,6 and 7.

82



Chapter 3

Computational method of wear prediction at

contacting surfaces in total hipeplacements

3.1. Introduction

In this chaptera 3D model of a commercial total hip prosthesisised 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 desigauch as femoral head sizeatient activitysuch as bicyclingnd patient
variables such as body weighThe method presented in this chapter can subsequently
be used to identify key factors leading to wear related failures at both bearing sarface
and taper junction so that appropriate prosthesis desigimical andsurgical

recommendations can be made itmprove the prosthesis lifespafihe 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

implementationsfor chapters that follow (Chapter 4,5, and 6).
3.2. Theoretical Wear Calculation

Asdiscussed isection 2.5.1the energy wear approach considers the interfacial shear

work as the main parameter controlling wear modelling. Current literature has

considered the energy wear approatthbed dzLJS NA 2 NJ (2 { K SlueltoNSO K | NJ
ability to facilitate different wear mechanism€urrently, thigsnethod is capable of

considering both approaches based on the analysis nédustheoretical approach and
implementation for both the wear laws to the FE analysis are described within this

sectian.

3.2.1. Dissipated Energy Wear Law

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

coefficient ( ) and total local dissipated energ®)(
w | O 11

Equation(12) shows that the total local dissipated ener@),(can be found by the
product of shear traction() and the relative displacemerit)(between the contacting

surfaces.

O 0i (12)
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Substitutingequation(12) into Equation(11) gives:
@ | Oi (13)

By dividing both sides of the equation by a contact area, the linear wear depth ¢an

be calculated using Equatid¢h4), whereTt is the contact surface shear stress.
w | ti (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 As such, the wear depth

for a single loading cycle(), can be calculated using Equatid®), wheret andi are

the surface contact shear stress and relative displacement respectively, at each time

interval,”Q
@ |t (15

As the wear analysis would need to be performed over millions of cycles, a scaling factor
6i 0 ySSRa (2 0S8 AYiNRRdzOSR G2 YIaS GKS S
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 timehe total wear depth that is generated over a specified

total number of loading cycle$ , can be determined fronEquation(16), where’Q

NELINS&ASYyGa I ALISOATAO WrHylfteara adlkasSqQ NJ
(16)

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

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 fram€&he optimal scaling factor has been investigated

and explained later isection 3.8.3
322. | NOKIFNRQa 2SIFENJ[ I} g

¢KS ! NOKI NRQ& ¢ S K1IR),isBdsalzn thé calgliBtiordhkt dolutnetrig y
wearis proportional to the work done by frictional forces. It shows that the total
volumetric wear @ ), is equal to the product of the dimensional Archard wear coefficient

(0), contact force™Q, and relative slipi {.
® U Oi 17

Linear wear depth can be calculated by dividing Equdti@hwith the contactingarea,

giving Equatiorf18), where0 is the normal contact pressure.
w VO (18)

Similar to the energy wear law, the cyclic wear depth)(can be derived by discretising
the loading cycle into a number of time intervad9,(@and by introducing a scaling factor
¢ ), the analysis would be achievableaimacceptable timeAs such, the wear depth for a
single loading cycley ), can be calculated using Equatid®), whered andi are the
surface contacpressureand relative displacement respectively, at each time inteavel

~

NS LINBaSyida | aLISOATFAO WhHylfeaira adal3asq N
19
¢KS ! NOKFNRQ& 6SIFNJ YSGK2R Aa |y 2LIA2Yy 4.

user during the wear analysis by a graphical user interface (GRBAQUS
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3.3. Wear implementation

¢tKS O8O0ftA0 6SINIRSLIIK 2060FAYSR FNBYN SAGK:
the form of Equation(16) and Equatior{19) can be used in conjunction with the FE

analysis to predict wear depth. The FE analyamsproducehe 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 forre@fiation(19), the contact shear
stress will need to be extracted. Within tloeitput database filethe surface contact
shear stress is calculated in the formdofY"'OOmaivdd "Y'OOgwiiere they are the
relative contact shear stress in direction 1 and direction 2.r€kaltantcontact shear

stress t ) can be calculated by:

T 0 YOO 'Y 6 "YOO@ 'Y (20)

where ‘Gnd Qepresents the time interval and analysis stage respectively.

Using the Archard wear law in the formBfuation(16), the contact pressures needed
for the wear prediction will need to be extracted from the FE analysis. Withinukgsut
databasefile, the surface contact pressure can be directly extracted from the FE analysis

in the form of6 0 'Y GOYgY

For both the Archard and Dissipated energy wear laws equations, the relative
displacement will need to be obtaine@ihe FEesults file for nodatlisplacements given
in the form of6 "Y0 @ndo “Yi c@iere they are the relative tangential motion in
direction 1 and direction 2. Thetal nodaldisplacemenfor the time interval(i ) can be

calculated by:
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[ &°YOEOD 8 "YDCOD (21)

Asi is the total nodal displacement, the relative displacement will need to be calculated.

To calculate the relativeodaldisplacementi j ), the difference in values will need to

be calculated fothe time interval of the analysis, whei@s the current time interval.
irh 9 [ s (22)
To applythe wear depth onto the respective surfacegoups or pairs of nodes will need
G2 0SS ONBFIGISR® ¢KAa WLIANARY3IQ 2F opfoBitEa A
mating surfaces are closest to each other at each time intefved. 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 (Surfa¢se@Figure3-1 and Figure3-2)

At the articulating surfaces, there is a relatively ladigplacementand as such, node

pairings between articulating surfaces will need todagred to a cloud of nodes due to
different mesh densitiegseeFigure3-1)Y ! y2 RS FTNRBY W{ d2NFI OS !
Ot 2dzR 2F y2RSa 2y W{dz2NFI OS . Q RdzsS (2 RATF
I d2AR yé& y2RSHgVYKaRERAFIBAS OKQg@8z R O dza
at the node and ultimately cause sharp areas on the surfaces of the compoA¢ e

taper junction, as there is only a relatively small amount of displacement due to fretting

wear, a single node to node pairing is sufficiesgeFigure3-2).

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

the analysis requirements.
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Acetabular Cup Surface

(SurfaceB)
B5 B8 BLO Bl1
- B4
B B/
B, B a3 AS o B Bl2
. A2 Ad A6 A8
Example of node pairs r A0

Surface A Node: Surface B Node

g gé, z, g Femoral Head Surface
: B3, B4, (Surfaced)
A5: B5, B6, B8

Figure3-1: 1-to-3 node pairing implementation

Acetabular Cup Surface

(SurfaceB)
B2 B6 B3 B10 B12
Bl B3 B5 B7 B9 Bl11
A2 Ad A6 A8 A10 Al2
Al A: A5 AZ A9 Al

Example of node pairs

Surface A Node: Surface B Node

Al:B1
A2 B2 Femoral Head Surface
A3 B3 (Surfaced)

Figure3-2: 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 studya commercial THR is modelled consisting of a Titanium alloy (Ti) acetabular
cup, highly crostinked polyethylene (XLPE) bearing liner, Ceblatbmium alloy

(CoCMo) femoral head and Titanium alloy femoral stem. The material properties of Ti,
CoCMo and XLPE assigned to the individual components are showabie3-1. All

components were modelled as deformable and linearly elastkBAQUS

Table3-1: Material Properties for THR

, 2 dzy 3 C Density t2A4aa

Material Modulus (GPa) (kg/m?3) ratio Reference
Ti6AFAV 114 4430 0.34 Bhalekar, Smith et al. (2020
Co28Cr6Mo 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
Y2RSEEtSR Fa WTFAYAGS aft ARAYIQABMAUSIhE (1 KS Wi
associated friction coefficient is dependent on several factors such as material
combination, surface finish and surface cleanliness. Values fdrittien coefficient at

different total hip prosthesis bearing surfaces and modular taper have been documented
by Fessler and Fricker (198)dWang, Ge et al. (2010 or this study, a constant

isotropic coefficient of friction is defined on the FE models as showabhle3-2
Table3-2: Friction coefficient based on contacting surfaces

Material Interaction Friction coefficient

TH6AFV ¢ Co28Cr6Mo  0.21(Fessler and Fricker 1989)
Co28Cr6Mo ¢ XLPE 0.11(Wang, Ge et al. 2010)
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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 tleentacting surfaces. As explainedsection
25 I WgSIENI FNIOGA2YQ Aa ALISOAFTFASR (2
such, the wear depth removed from the component is calculated as the product of the
componend WgSI NJ FNIX OQlA2yQ FyR GKS G201t ¢

associated with the individual contacting surfaces are specifid@lire3-3.
Table3-3: Wear fraction specified for individual contacting surfaces

Material Interaction Wear Fraction
TF6AFV Co28Ck6Mo  0.10 Ti: 0.90Co@English, Ashkanfar et al. 201¢
Co28Cr6Mo ¢ XLPE 0.99 XLPE : 0.01 Cd@nissian, Stark et al. 1999

3.4.3. Finite Element Models

3D FE models of a commercial MoP THR were modelled Witacatabular cup, aXLPE
bearingliner, aCoCrMdemoral head and’ifemoral 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.

TiBacking

XLPE Liner.

CoCr Femoral Hea

Ti Femoral Stem

Figure3-3: 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 analysiAiBAQU$2021ABAQU ¢, Providence,
Rhode Island) using eighbtde linear brick, reduced integration hourglass controlled

elements (C3D8R).
3.4.4. Impaction Load

As previously explained section 2.3.1the 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 sdem.

study byEnglish, Ashkanfar et al. (2016yestigated 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 polymertigS NJ A YLI OG0 2NJ g A0 K | YSi
measured as O i. The loadamplitude history obtained from the drop test are shown in
Figure3-4. To simulate the initial impaction for the component assembly in the FE model,
the base of the femoral stem is fixed in all degreé$reedom and thempactionload is

applied to the femoral head.

llmpaction Load

4000 -~
z
e]
@
o
e 2000
E Femoral Head
3]
@
Q.
E

0 -
0 0.00035 0.0007

Femoral Stem
Time (s) R AR

Figure3-4: Impaction assembly loatiime history
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3.4.5. Loading and Boundary Conditions

To replicate a physiological walking cycle, ithgivo3-dimensional hip joint loadings
(Anterior-Posterior, Medial_ateral, Superieinferior) (seerigure3-5) and 3dimensional
hip rotations (FlexiofExtension, InternaExternal, AdductiosAbduction) (sed-igure3-6)
have been well documented 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. 2015)

2500 Anterior-Posterior
- = = Medial-Lateral
2000 ~ — — Superior-Inferior
/ ~ — — —
1500 / N
- / N
£.1000 /7 N
E / N
S 500 |4 N -
_ - - = -~ ~ - N _— -
0 - - adi . - == - .- -
¢ - 0.24 0.36 g 84 096 1.08 1.2
-500
-1000 Time (s)
Figure3-5: 3-dimensional hip joint loadings during a walking cycle
35 Flexion-Extension

- = =|nternal-External
— — Adduction-Abduction

Angle (degrees)

-20 .
Time (s)

Figure3-6: 3-dimensional hip jointotationsduring a walking cycle

The loadings and boundary conditiomscribedto the 3D FE model during a walking cycle

are shown inFigure3-7. This includes both time variant rotations and loadings about the
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three global coordinate direction3.o 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.
Theloadings andotations are applied to a point located at the centre of the femoral

stem trunnion, wkere this point is coupled to the outer surface of the trunnion. The
femoral head is allowed to move in all directions and rotatiovigh) the femoral stem
applying the loading and rotation. As sutie applied loadings and rotations on the

femoral stem translate onto the femoral head.

a) Anterior-Posterior b)
A

Adduction-Abduction (0 )
1
S

Flexion-Extension (0 )
04 >

Internal-External (b ,) \\// MediaktLateral

Superiorinferior

Figure3-7: Loading and boundary conditions assigned onto the 3D FE model

Schmalzried, Szuszczewicz et al. (1988yiously 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 tedaried group of patients in terms of age,
activity and gender. For the purposes of tresearch an average of 1 million walking
steps per year has been assumed based on the wofkchynalzried, 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 intervads been investigated to be adequate

to simulate the loaehistory for this studyaccurately

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-vianant

loading and rotation cycles to simulate hip loadings during a walking.cycl
3.4.6. Applying wear onto the geometry

As the simulation progresses, the wear determined at each time interval is summed to
LIN2E BARS | wO0e ot A0Q ¢S INdeRpBopdittiEheddbi theQvéar A (1 & S
fraction to provide the wear depth for thmdividualcomponents.

The contacsurface normal directions are then needed to apply the wear onto the

individual componentsWithin the FE results file, the nodal contact tangent direction can

be extracted in the form ab "YO 0 ‘@ @0 "YO U ‘Q W@hch are the local tangent

directions of the node of the moded. “YO U @ @iN0 "YO 0 'Qi®&xpressed in the form

of a 3dimensional vector. Theesultant nodal vectof0 "YO0 0 ‘QdDikfe node can be

calculatedthrough a cross product

UL JULLILE UL LU (23

CTANDIR® ho fir

A

CTANDIR26 heo hé CTANDIR® he ha

Figure3-8: Visualisation of resultant nodal vector
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Individual nodaivear 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. "YO 0 ‘Onill'Meedto be extracted for only the first timeterval

as the wear will be applied on the first tinieterval and calculated with every geometry

update to account for changes during the wearing analysis.

Direction of applied weai

—

Figure3-9: 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 explaisection 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 accuratelgdelsthe 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 explainegattion 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 section 3.2 This cyclic wear depth is then scaled up by a scaling
factor,i , to provide a wear depth for the specific number of cycles and the wear is

applied onto the part geometry as explained3if.

The wear depth is then added into the results file to visualise the wear patterawA
input file with the updated geometry then created and the analysis repeats until the

desirednumberof cycles is reached.

A flowchart illustrating the wear method presented in this chapter is showsigare
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.

Init:al Impaction Analysis

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

[Ensuve all required outputs have beeﬂ]

selected
!l Dynamic Implicit Analysis
'tLoaamgs and rotation applied to model)
Interaction 1 I Interaction 2 o =
-
| | €
<
Output: Contact Stress/Displacement/Volumetric material loss Output: Contact Stress/Dispiacement/Volumetric material loss « 3
Pair Nodes within contact Pair Nodes within contact e
Caicuiate cyclic wear depth for each set of paired nodes Calcuiate cyciic wear depth for each set of paired nodes . 8
R
-3
. <<
Apply wear onto geometry
Create a new input file based on updated
geometry

No

Attained number
of load cycies?

Figure3-10: Flowchart illustrating method for wear prediction
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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 wABIAQU@s a user plug

in. This has helped to develop a generalized wear algorithm that can be used for different

studies and models.

The wear algorithntan be run straight frolABAQUEAE (as a plug) after requesting
initial input data from the usefigure3-11 shows the graphical user interface of the
algorithm written in theABAQU®Yython environment to request input data from the

user.

% Combined Wear Algorithm =

Work Directory  Computer Spec  Recovery

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

Figure3-11: 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 themstibd for analysis. At

the end of the analysis, the data required for the wear calculation is extracted from the
ABAQUSutput database file*( odb file), and the surface nodes are then paired to the
closest nodes on the opposite surface. Using the paiatks 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 thealculated 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 wearimggess.

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

GYSNYSté¢ Ay | YFAY &ONRLI FdzyOlAzyod Ly (]
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3.6.1. Input requested from user

In order to run the wear algorithm withiABAQUSthe user will need to input initial data
for wear modelling. This data can be provided in the graphical user interface (GUI) shown

in Figure3-11.

Functionl: inputRequest

Input: ABAQU®ialog box builder
Output: Initial Data from user

1. Requested Data:

2. WDIR: Work Directory

3. CSPEC: Computer Specification for number of threads

4. RECV: Recovery Option in the event of computer error

5. On: Continue analysis frospecified Job input file

6. Off: Start Analysis from Jebinp

7.

8. INTZ: Interaction 1 to be specified by user

9. PT: Pairing Type

10. 1:1 Pairing: Surface 1 nodes to be paired to closest Surface 2 node
11. 1:3 Pairing: Surface 1 nodes to be paired to closest 3 Surface 2 no
12. SS: Surface Set

13. INTIS1N: Nodes in contact for part 1

14. INTIS2N: Nodes in contact for part 2

15. INTIWC: Archard or Energy Wear Coefficient for Interaction 1
16. WEL: Wear Fraction for Interaction 1

17. INTWF1: Wear Fraction for INT1 S1N

18. INTWF2: Wear Fraction for INT1 S2N

19.

20. INT2: Interaction 2 to be specified by user

21. I2A: Activating Interaction 2

22. SS: Surface Set

23. INTZS1N: Nodes in contact for part 2

24. INTZS2N: Nodes in contact for part 3

25. INT2NVC:Archard or Energy Wear Coefficient for Interaction 2
26. WR2: Wear Fraction for Interaction 2

27. INT2VF1: Wear Fraction for INT2 S1N

28. INT2VF2: Wear Fraction for INT2 S2N

29.

30. WM: Wearlaw to be used

31. Archard: Archard Wear Equation

32. Energy: Dissipated Energy Wear Equation

33.

34. UN: Number of update required

35. SF: Scaling Factor for analysis

36. PNU: Paired Nodes at every __ update

AnABAQUS y LJdzli T A f -8 DAY LIS Bfpth® dedélwilFnedd ® be
generated inABAQUEAE prior to commencement. The default work directory has been
set to the currentABAQUSvork directory, the user may specify a different work directory

if needed. The computer specification will need to be specifiegdemumber 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 withirABAQU Siewport 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 egepmpdates, scaling
factor and number of times the nodes are to be paired will need to be specified for the

program to runAll input data will be saved as variablas shown in Funan 1.
3.6.2. Main Algorithm

The inputs requestfrom the user in section 3.6.arethen passed through the main

algorithm which further refers and calis functionsg A G KAY | G o KAf S¢ f
wear algorithm¢ KA a YIF Ay £ 32 NK0KY ARMUIBUNEIONS R 0 &
aK2ga GKS YIAyYy I 32 ahH the&fonctiang withiktse algasitkrard S €

further explained in later sections.

Function2: MainAlgorithm

1. Input: WDIR, CSPEC, RECV, INT1PT, INT1S1N, INT1S2N, INTIWC INTIWF1, INTIWF2, 124
2. INT2S2N, INT2WF1, INT2WF2, WM, UN, SF, PNU

3. Output:

4.

5. Preprocessing

6. GetlnteractionNodes

7. WearTotal

8. While update < UN:

9. Submit JoHupdate] inABAQUS

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. Preprocessing data

In order forthe algorithm to proceed, the part names, translation matrix, rotat&is

and rotation angleare extracted from the initial input filéor each individual partThe
rotation values specified within thABAQU$put file are in the form oéxisangle
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
Equation(24) (Taylor and Kriegman 1994here the rotation matrix'yY) is rotated by
angle Graround the unit vector axi8 6 h O . The overall rotation matrix is then

inversed so the initial positions of the model can be calculated at later stages of the

analysis.
Al-6 6 p A6 066 p AT-6 60EF 606 p A6 o6 OEF
Y 66 p Ai-6 6O0ELI Ai-06 p Ai6 66 p Ai-6 60l @4
06 p AT6 60 0EL 66 p A6 6 OEF A6 6 p AT-HD

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 outputsreotselected,

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

Function3: Preprocessing
Input: Job1 input file
Output:PN1, PN2, PN3, R1, R2, R3

Search in the whole Jdbinput file
Extract partnames. PN1, PN2, (PN3, if applicable)
Extract Translation matrix. T1,T2, (T3 if applicable)
Extract Rotatioraxis and angle of individual parspf¢h-ph-<, (00 & & G5 if applicable)

©CoNOA~WNE

Derive overall rotation matrix for individual par®1, R2, (R3 if applicie)
10. Checkinputfile for all required ODB outputs are included.

11. If input file does not have required ODB outputs included:

12. Add required ODB outputs and run <Iob
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3.6.4. Getting initial surface nodes in contact

From the interacting surface chosen by the usesaotion 3.7.(INT1S1N, INT1S2N,

INT2S1N, INT2S3Nhe nodal numbers are extracted into an arrajieTpart names are

then assigned onto each interaction surface, such as INTABINS I NAy 3 [ Ay SNE
INTIS2NG CSY2 NI} f KSI RE ® ¢ KS NBdctiodiA72ye alsdNNI & &4

assigned the part names.

Functiond: GetInteractionNodes
Input: INTISIN, INT1S2N, INT2SIN, INT2S2N
Output:

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

Assign PN1, PN2, PN3 to the respective interaction surfi®dEEJ1N, INT1S2N, INT2S1N, INT2S2
Assign PN1, PN2, PN3 to the respective rotation arrays (R1, R2, R3)

©NoOTOA~WNE

3.6.5. Extract data from ODB file

Results that are required by the wear algoritlame embedded within theABAQU $esults
database file (*.odb). A number gariablesrequired by the wear algorithm are extracted
using Function 4Firstly, 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 lagection 3.7.2where 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 extacy"'OOmaivdo Y 'O'0foY
all nodes at the interaction surfacesd calculate the resultant contact shear streks, |

usingEquation(20) as explained in Section 3.3.

The relative nodal displacemerdse calculated from the extracted "Y0g@adé YO OO

and calculated usingquation(21) and Equation(22) as explained in Section 3.Bhe 3
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dimensional resultant nodal vectod ('YO 0 ‘Qi©dalculated through the extracted values

of 0 "YO U Q&@iNO "YO U 'Q & explained in section 3.4.6.

Functionb: ExtractValues

©CoNoOM~WNE

Input: SSI, M

Open ODB file
Extract Number of Frames (NF), Step Name (SN)
For all frames in NF:

If WM is Archard:
Extract0d f for INT1ISIN, INIB2N, INT2S1N, INT2S2N
elself WM is Energy:
Extract CSHEARINd CSHEAR® INT1S1N, INIG2N, INT2S1N, INT2S2N

th 6 "Y'OO® 'Y 6 "Y'OO@ 'Y

Extract CSLIP1 and CSLIPIN®AS1N, INIB2N, INT2S1N, INT2S2N

i o] "YOF’)’OG 4 "YO 00
in d is

Extract CTANDIR1, CTANDIR2

U j: Contact pressure at time interV@t analysis stagé

t i : Contact shear stress at time interV@it analysis stag&

(5 DYQa b QRAORI N & O ODEABED 0 Qb adalysis stag&d
w  : 3-dimensional resultant nodal vector

3.6.6. Pairing nodes irtontact

As explained isection 3.3nodes 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 requiremept3his 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 pess and returns an array which contaifis a

paired nodesAfter the nodes are paired, they are stored in the fornjrel, INT1S1N,

INT1S21, INT1S2R| INT1S2B CWDwhereINT1S1Ns the interaction Isurface Inode,

INT1S20, INT1S2R INT1S2RBlis the interactionl surface 2ode 1, 2, and 3

respectively, anddWVDis the cyclic wear which will be calculatedsaction 3.6.7
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Function6: PairingNodes

1. Input: COORD

2. Output: PN

3.

4. Extract COORD for all INT1S1N, INT1S2N nodes

5.

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

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

8. Foriin INT1S1N:

9. for jin INT1S2N:

10. x= INT1S1INJi]

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 [ANT1S1N,
16. INT1S2NQ, 0, GND]

17. elself PT ="1:3 Pairing":

18. Foriin INT1S1N:

19. for jin INT1S2N:

20. x= INT1S1INJi]

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 [ANT1S1N,
26. INT1S2NINTL2N, INTLS2N GND]

FN Frame Number

INT1S1NInteraction 1 Surface 1 node

INT18N: Interaction 1 Surfacer@®de

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

Paired nodes are stored in form: [ANT1S1N]st closesiNT18N, 2" closesiNTL2N, 31 closesiNTLS2N CAD]

3.6.7. Create a total wear

A total wear array is created to store all wear data from the extended analysswear

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

Function7: 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 explainesgdation 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 calculatedFrom section 3.6.5, the node paiets are in the form of N, INT1S1N,

INT1S2N1, INT1S2N2, INT1S2N3, CWD]

The cyclic wear deptld, w Qis calculated using Equati¢b6) and Equatior(19) based on

the wear law chosen by the user C 2 NJ { K S opiom, Yhe averaga rslatiyed ¢
displacementj ; , is taken from the 3 closest nodes fraNMT1S2N1, INT1S2N2,
INT1S2N# the paired node setas shown in Equatig@5)® C2 NJ 6 KS amYm t

the relative displacement is only taken from th& dosest nodelNT1S2N1

[k [k (R (25)

After extracting the relative displacement required for the wear equations, the cyclic
wear depth for each time intervad, w Q is calculatedising Equatiori26) for the Archard
wear law, and Equatio(27) for the dissipated energy wear law.

&m0 "OBpBE O i (26)

6O0 OBgBE  ti i 27)

0 w QOis then appended to the last element for the paired nodes sets, completing the
population of the array. The total sum of all thew Ofor "O0 YU is then calculated
using Equatior(28).
€
Yé OBXAGE DEM QO b EDEGQEQ@QI 0 WG
Qp

(28)
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The wear depth for this stage of the analyfsissurface 1, cathen be calculated using
the wear fraction,O0 §& "@, total cyclic wear, and scaling factbrshown in Equation
(29).

(29)
OOFWO @O 00p% @ 0 w0 f
For the nodes on surface 2, as they may be paired multiple times for each frame number,
the average wear for the surface 2 node at etinte intervalis calculated, then the total
wear sum of the cyclic wear for the analysis stage is obta@iseshown in Equatiof80).

"OOFYD p 6 w Orepresents the average wear for the surface 2 node at each time
interval and’OU g "Q is the wear fraction fosurface 2, anfl is the scaling factor.

(30)
‘O6FXbp®0O  O6H8 @ O6FKGpS GO 1

Function8: WearFunc

1. Input: PT, WM, T  ,i i, INTIWCINTIWFL1, INTIWFINT1 Paired NodeNT2WGC INT2WF1,
2. INT2WF2, INT2 Paired Nodes
3. Output: INTISINVD, INT2SN1IWD, INT2SN2WD, INT2SN3WD
4,
5. Create individual surface wear arrays
6.
7. PairedNodes format = [FN\NT1S1N, INTIS2NNTLS2N2, INTLS2N8, CN/D]
8.
9. For each line itNT1Paired Nodes:
10. if PT is "1:3 Pairing":
11. i« h h h
12. "
13. . - .
14 elseif PTiIIMYM t FANRY3IEY
15. T U
16.
17 if WM is Archard:
18. 0 w0 "Oip¥06 O ip
19: Appendd & ‘Oonto the last element for PN array
20. . .
21 elseif WM is Energy:
23 Appenddw O onto the last element for PN array
24,
25, For each line itNT1Paired Nodes:
26. Calculate the sum @b O for INTIS1Nfrom the last element of PN array
27. Total cyclic wear betwegpairednodes B 6 w0
8. 00 @O O™ @ B 6 wO T
29.
30. For each line ilNT1Paired Nodes:
31 For each frame number within Paired Nodes:
32. VIFKIp®O  "O0F% Q@ B "O0pY0pd O f
33. VHFXIcOO 0OUp¥™@ B "O0F¥KIC6 0O |
34. VK IowO 00pB'@ B O0F%0c6 w0 1
35.
36. For each line iflNT2Paired Nodes:
37. if PT is "1:3 Pairing":
38. i i n n h
39.
40. StasS AT t¢ A& amyYm tlFANRYy3IEY
41. i = i &
R R
42.
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43. if WM is Archard:

44, 6 w0 00¢C¥6 O iy

45. Appendd @ Oonto the last element for PN array

46.

47. elseif WM is Energy:

48. 0 wO "00¢¥Bo Tty ip

49. Appenddw O onto the last element for PN array

50.

Sl For each line iflNT2Paired Nodes:

52. Calculate the sum @b O for INT2S1Nrom the last element of PN array
53. Total cyclic wear between paired nodeB = 6 ®O

o4. 060 @O O6¢Cy™® B 6 wO T

55.

56. For each line itNT2Paired Nodes:

S7. For each frame number within Paired Nodes:

58. OOCKIpOO "00¢C¥™@ B "O0CXOp6 @O 1
59. VOCKICOO "00c¢¥'@ B  "O0CKOICO 0O T
60. VOCKOoDO "00c¢¥™@ B  "O0CKOICO @O T
61

PT : Pairing type

WM :Wear method

t ;: Contact shear stress tine interval 'Q at analysis stagéQ
i i : Relative displacement &itne interval 'Q at analysis stagéQ
INT1WClInteraction 1 Wear Coefficient

INT1WF1Interaction 1 Wear Fraction 1

INT1IWR: interaction 1 Wear Fraction 2

0 ®'Q Cyclic wear depth

0 @O Cyclic wear depth at time intery&D

i : CSLIP for S2N1

i : CSLIP for S2N2

i : CSLIP for S2N3

i : Average CSLIP value

U ; : Contact pressure dime interval 'Q at analysis stagéQ

¢ : Total number of time intervals

"O06 Y0 p: Interaction 1 Surface 2 Node 1

‘006 Y0 ¢: Interaction 1 Surface 2 Node 2

“O0 Y0 o Interaction 1 Surface 2 Node 3

® O: Wear depth

3.6.9. Writing results into theABAQU®utput databases (*.odb

format)

At the end of each analysis, the total wear depth is written into ABAQU ®dDb file.

Function 8 illustrates the process of writing the results into ARAQU®db file.To write

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

defined forABAQUS

Function9: writeOdb

1. Input: INT1S1W, INT1S2W, INT2S1W, INT2S2W
2. Output: OBD results

3.

4 Open current Job ODB file (not read only)
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5 For INT1S1W, INT1S2W, INT2S1W, INT2S2W:

6. Find the relative nodes in ODB

7. Write nodenumber, and wear to part 1 in ODB

8 Write nodenumber, and wear to part 2 in ODB

9 Write nodenumber, 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 geomekgr each part, the

original coordinates from the initial input filere extracted, and the wear in the-3
dimensional coordinates is applied onto the original coordinates wiittithen produce

the updated geometry for the next stage of the analysis.

Functionl0: writelnp
Input: Current INP file
Output:New INP file with geometnypdated

Open the current Job INP file (not read only)

For each part:
Find the corresponding node from INT1S1W, INT1S2W, INT2S1W, INT2S2W
Add wear in XYZ coordinates from original INP file.

Save INP file as Jgot+1) INP file.

Close both INP files

©CoOoNoTOA~WNE

3.6.11.Submitting the jobs

After updating the geometry, the input file with the updated geometry is submitted to
the ABAQUSolver for analysidzunctionllis a simple script to submit the new input file

to the ABAQUSolver for analysis.

Functionll: Submit

1. Input:

2. Output:

3.

4. Submit Job based on InpRarameters from User
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3.6.12.Volumetric Wear

To calculate the volumetric wear loss from the gradual wearing pradésscompletion

of the analysisa volumetric wear functioscripthas 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 isxegacted through the sum of element volumes
(EVOL) found within thaBAQU®dDb file. The volumetric wear loss is then recorded in

the form of a commeaseparated file (*.csv) saved with the individual part names.

Function12: VolumetricWear

1. Input: First job number, last job number

2. Output: Volumetric wear

3.

4. Open JoH 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. Volumetricwearloss = Joli part volumeg 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 onlat Gdndows 10
professional operating system witvin dual 12core Intel Xeon central processing unit

platforms at 3.20GHz configured with 128GB of raneimoess 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

Toensuee 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 resultee 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 convergencevgaisdy
performed. The criterion for mesh convergence was based on the contact pressure at the
XLPE bearing liner and the taper junctibor the FE model usex this researchthe

results converged at approximately 100,000 elements with an element size of
approximatelyl.5mmat the bearing surface anabproximately 800 elements with an

element size of approximately 0.7mm at the taper junct{brgure3-12).
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§ 3.4 1.1 hours
[a
3]
*E 33 0.4 hours
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LE) 3.2 0.2 hours
>
S
é 3.1
=

3

0 50000 100000 150000 200000

Number of elements

Figure3-12: 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 separatstuagsh
for wear modelling is vital to ensure that a suitably refined mesh is generated to ensure

adequate wear results.

1 Bearing surface,. Figure3-13 shows the wear profilefor the XLPE bearing liner
for element sizeof 0.5mm 1.0mmand 15mm. It was initially found that the
initially converged mesh of 1mm was generating slightly uneven wear as the
analysis progressethis 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 elemeaize ofl.0mm on the bearing liner was found
to be adequatewhich allowed a smooth wear pattern taedelop 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)

Figure3-13: Wear modelling mesh convergence for bearing surface
1 Taper junction¢ The same mesh study for wear modelling was performed for the

taper surface for element sizes between 0.4mm ar@nm. Figure3-14 shows

the wear profile for the femoral stem trunnion surface for the different element
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sizes. It can be seen that tRe&Dmm element size would produce a relative rough
wear profile which would generate an unevgmworn surface and can lead to
future solution convergence problems and an inaccurate wear depth. Bnen®.
element size was found to adequately provide a smooth wear profile to develop

on the model as the solution progressed.
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5.00E-05

0.00E+00
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Interface Distance (mm)

Figure3-14: Wear modelling mesh convergence for taper junction

3.8.3. Scaling factor

The scaling factor § 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 profifegure3-15 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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Figure3-15: Effect of different scaling factors on simulation time and accuracy

Figure3-16 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 100A@0@ugh 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 onghgaces which would then lead to
inconsistencies on the wear pattern. To mitigate this effect and to reduce the
computational time, a nhode 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 analysisFigure3-16 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 ofi ['5 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 usealiag factor

of i ['5 asmtshows a smooth and relatively uniform wear profile created on the models.
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Figure3-16: Effect of scaling factor on the wear occurring in the analysis

3.9. Summary and Conclusions

A computational model to predict the exteof wear within total hip replacement
prostheses has beemlescribedwithin 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 pattelinear 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 modell¢iRprosthesis for a comprehensive
illustration of the wear modellt 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 aeduction 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 withia 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 withilABAQUSA simple click and run processonly needed to run
the wear analysis.

- Due to the time required to run the simulation, a recovery option is built into the
D!'L Ay (KS S@SyilG 2F lFyeé FlLAfdINBED® ¢KS
dzLJE G KSNB GKS aAYdzZ I GA2y FILAEtSR® ¢KS |

andis 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.

- Themethod 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 experimats.
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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 proposestict

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 artdtadar cup of

a commercially available THR prothesis has been used for this chapter to investigate
predicted wear at the articulating bearing surfadéis chapter will detail the wear

patterns obtained from the initial methodologxplained in Chapter ®ith the

volumetric wear obtained from the wearing proce3$ieresults in this chapter arthen

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

Thischapter haautilised the 3D FE model shownkigure3-3 with only the bearing
interaction selected. The material combination used in this studiygisly crosed linked
polyethylene (XLPE) for the bearing liner and ceblatbme (CoCr) for the femoral head.
The wear analysis for this 3D model has been considered up to 5 million walking &ycles.

summary of the input parameters is shownTiable4-1.

Table4-1: Input parameters for wear analysis in chapter 4

Input Data
Model 3D FE Modd}seeFigure3-3)
Intera(_:tlor_l 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 Surfi

Node Pairing 1:3 Pairing

Walking load and Loads with relative rotations
Boundary Condition: (seeFigure3-5 and Figure3-6)
Wear Law Dissipated Energy
Wear Coefficient 5.32x 1019 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 gection 3.8 Therefore, this analysis of 5 million cycles (5

years)hasa total runtime of around 850 houts
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4.3.Resultsand discussion

Figure4-1 shows thevariation ofcontact shear stress (CSHEAR), distributed on the
femoral head, and relative displacement (CSLIP) on the bearinddmeme walking cycle
only. As explainedn section 3.3the nodes in contact are paired at each time interval of
the analysis. For each set of paired nodes, the CEigir¢4-1a) and CSHEARidure

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 shorgure
4-1c. It is noticeable that at each time interval, the area of contact of the contact bearing
surfaces are similalhe 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 highestar depth occurs on the bearing liner

with a wear depth of 4.28m and the maximum wear depth on the femoral head is

0.046(Qum which is around 99 times lower.
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Figure4-1: a) Variation otontactshear stresses, Wariation ofrelative displacement during a walking cycle, c) Wear depth values at the end of 100,000 cycles
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The same procedure as explainggttion 3has been carried out to complete up to 5
million cycles and the evolution of wear is showirigure4-2 at every million cycles. The
maximum wear depth value reaches 1921%and 2.2Qum after 5 million cycles for the
bearing liner and femoral head respectivaiygure4-2a, Figure4-2b). It can be seen from
Figure4-2 that most of the wear occurs at a relatively small acempared to the rest of
the surface
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0.00000

)

Figure4-2: Variation in wear depth over 5 million walkiogcles

Figure4-3 show the cumulative volumetric wear and the volumetric wear rate up to 5
million cycles for both femoral head aid_PE bearing lineFhe 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 iRigure4-3a. The cumulative volumetric loss at the end of 5 million
cycles is 169.2mfrand 1.75mnd 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 170.96rnThe volumetric wear rate at eachillion-load

cycle remains similar throughout the analysis between 33.6fkim and34.1mn?¥/Mc
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and 0.337mmYMc to 0.362mn#/Mc for the bearing liner and femoral head respectively

(Figure4-3b). This shows that the volumetric wear is increasing linearly throughout the

analysis.
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Figure4-3: Variation in a) cumulative volumetric wear, b) volumetric wear rate with respeét million cycles

Figure4-4 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 initigiigrhi

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 Figure4-4b) may be due to an initial period of material deformation

(beddingin) and then steadytate wear which would continue after the first million

cycles (Atrey, Ward et al. 2017)
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Figure4-4: a) Maximum linear wear of XLPE liner at every million cycles, b) linear wear rate at eachaadlioycles

The 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 cygc®wn in
Figure4-5. The overall maximum contact pressure was found to be 3.21MPa throughout
all 5 million cyclesThese results are comparable to studies performecd/bghida, 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.

a) CPRESS
3.2080
) ) 2.9407
26733
2.4060

2.

16
b) 1.3367
OC  ©
0.8020
0.5347
0.2673

0.00s 0.12s 0.24s 0.36s 0.48s 0.60s 0.72s 0.84s 0.90s 1.08s 1.20s

Figure4-5: Variation of contact pressure (CPRESS) a) at the first gait cycle, b) at the end of 5 million cycle

The linear and/olumetric wear rates shown in this study are comparable to several
studies with XLPE in the literature (SEable4-2). Atrey, Ward et al. (201 §ndHaw,
Battenberg et al. (201@nalysed a total of 32 and 48 primary total hip arthroplasties
respectively with a 36mm CoCr femoral head size coupled with XLPE liners on serial
radiographsAtrey, Ward et al. (201 8howed a mean linear and volumetric wear rate of
0.07mm/yr and 29.29mifyr while Haw, Battenberg et al. (201Zhowed a mean linear
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and volumetric wear rate of 0.052mm/yr and 33.09ritym. 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
31.51mn¥/yr. The range of linear and volumetric wear rate for the XLPE liners coupled
with a 36mm CoCr femoral head reported in the above stughxey, Ward et al. 2017,
Haw, Battenberg et al. 2017, Khoshbin, Wu et al. 2023) between 0.0390.07mm/yr

and 29.29 33.09mn¥/yr.

Table4-2: Linear and volumetric wear rates of XLPE and UHMWPE in literature.

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

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

|6|_J Haw, Battenberg et al. (2017) Radiography 0.052 33.09

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

x Range - 0.039¢ 0.07 29.3¢33.1
Current study FEA 0.0375 33.8

Ll Ali, AtHajjar et al. (2016) Hip Simulator 0.24 12.2

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

s Callaghan, Pedersen et al. (200: 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-molecularweight polyethylene (UHMWPEground 50 years), many of the
primary THRconducted 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 theevolution 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-(geee

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. (200@ed 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 18#ikic. Callaghan, Pedersen et

al. (2003used a clinical database of more tha@@0 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 89.27mn¥/yr respectively A study byTrommer, Maru et al.
(2015)andAli, AlHajjar et al. (2016which both used a commercial hip simulator to
evaluate the wear at 5 million load cycletowed a linear and volumetric wear rate of
0.24mm/yr and 12.2mryr for a 36mm CoCr femoral head and 0.8mm/yr and 56fgm

for a 28mm CoCr femoral head.

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

Figure4-6: 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 studieg¢Callaghan, Pedersen et al. 2003, Fialho, Fernandes et al. 2007,
Trommer, Maru et al. 2015, Ali,-Alajjar et al. 2016\vas between 0.08 0.24mm/Mc

and 12.2¢ 89.27mn¥/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 4qQ%lile&t-ajjar et al.

2016)than conventional UHMWPE (s&able4-2).

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)linear and volumetric wear rate shown in our
study (0.0375mm/yr and 33.8mityr) are comparable to those found in the above

literature (seeTable4-2). 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 weamnd friction coefficients, surface roughness, manufacturing tolerances, and
0KS LI GASYydQa OGA@GAGE tS@Sts gSAIKGET |y
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 wearn(Pietrabissa, Raimondi et al. 1998, Raimondi, Santambrogio et al.. 7011)
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
Oy 0SS O2ylUAydzzdzat e OKIFy3aSR 20SN) GKS AYLJ
roughness, lubrication and wear debris. The algorithm developed in this sardy

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
methodologyexplained in Chapter fdr predicting bearing surface wedrhe wear
damage, rate and wear pattern are shown to be comparable with those found in current

literature.

The methodology and FE modidmonstrates 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 UHMVERetrievals and XLRvivowear rates. The results
show promise irpredictingthe evolution of wear and can be used to investigate different
parameters such as body weight, material properties, different implant size angnjes

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 theltesA
smaller scaling factor would ensure that the wear is evenly distributed and will avoid
OO0t A0 6SINI WK2GaLRiaQ o0SAy3 20SNIe& SEI 3;
facilitate an accurate and smooth development of wear but with thet @ 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 neededuce accurate

results within a reasonable time. For example, the model presented in this studingtilis

a scaling factor of 100,000 coupled with the node smoothing featuas found to

provide a smooth wear evolution.
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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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Chapterb

Impact ofthe humanbody weighton THR
prosthesiswear

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 corearg 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 uncleam this chapter, the computational methodologyll be used to
investigate the effect of body weight on the wear of the contacting surfaces of THRs using
a 3D FE moderhis chapter will investigate and compare the effect of varying body

weight (between 60kg and 140kg) on the extehwear at the contactingurfaces 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 showirigure3-3 is used with theealistic gait cycle

loading and rotation (seEigure3-5 and Figure3-6) 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 choses to ha
WmMYo Y2RS LIANAYIAQ RdzS (G2 GKS NBf Gl @St
0KS GFLISN 2dzyOiAz2y ¢l a OK2aSy (2 KIF@S Wwm
displacements (micromotion). An impaction force gd@N has been chosen tonuilate

the impaction during assembly of the femoral head onto the femoral stem in surdegy. T
wear analysis for this 3D model has been considered up to 5 million load &cles.

summary of he input parameters is shown rable5-1.
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Table5-1: 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 (sdeigure3-3)

Loads with relative rotations
(seeFigure3-5 and Figure3-6)

Dissipated Energy

100,000
5,000,000

Interaction
Combination

Material Combination

Bearing Liner anBemoral Head

Bearing Liner: XLPE

‘; Femoral Head: CoCr
ie) Surface 1: XLPE surface
°© Surface Picked .
§ Surface 2: Femoral Head Bearing Surf.
()
IS Node Pairing 1:3 Pairing
Wear Coefficient 5.32x 1019 MPat
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
AN .
Surface 1: Femoral Stem

c .

Surface Picked
'% Surface 2: Femoral Head Taper Surfa
©
o NodePairing 1:1 Pairing
c

Wear Coefficient
Wear Fraction

Impaction Force

1.31x 108 MPat
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 3T8erefore, this analysis of 5 million cycles (5

years) for 5 different body weights would have a total+time of around 1,500 hours.

132



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
patternsare only shown on the XLPE bearing lifegyre5-1) and head taper surfaces
(Figure5-2). This is mainly because these surfaces carry 99% and 90% of the wear fraction

calculated respectively.

It can be seen ifigure5-1 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 0.22hm. 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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Figure5-3a shows the volumetric wear and volumetric wear rates over 5 million cycles at
the XLPBearing liner It can be seen iRigure5-3athat the volumetric wear in all cases
increases linearly. The total volume loss for 60kg BW is 7amfite for a 140kg BW, it
increases to 175m#n This linear behaviour is further highlightedrigure5-3b which

shows a constant volumetric wear rate of 15fiNc for 60kg BW and increases to

35mm?/Mc for 140kg BW.

As shown irFigureb-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 Seguia5-3a,
increasing the BW from 60kg to 140kg in 20kg intervals, the volumetric wear of the XLPE

bearing liner increases linearly by 25rhat each interval over a 5 million load cycle.
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Figure5-3:XLPE liner a) total volumetric wear b) volumetric wear rates over 5 million cycles

Figure5-4 shows the volumetric wear and volumetric wear rates over 5 million cycles at
the bearing surface of the femoral heatihe total volume loss for 60kg BW is 0.7fnm
while for 140kg BW, it increases to 1.65firmhe linear behaviour of the volume loss is
further highlighted inFigure5-4a which shows a constant volumetric wear rate of

0.14mn¥/Mc for 60kg BW which increases to 0.33kic for 140kg BW.
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Figure5-4: Femoral head bearing surfacgtatal volumetric wear, b) volumetric wear rates over 5 million cycles

Figure5-5 shows the volumetric wear and volumetric wear rates over 5 million cycles at
the femoral head taper surfac&he total volume loss over 5 million load cycles is similar
for body weights from 60kg to 100kg at 0.85/mWhile this total volume loss increases
by 1.3 times to 1.12m#for a body weight of 140kg. It can further be seerfrigure5-5b

that the volumetric wear rate at thestimillion load cycle ispproximately0.34mn¥/Mc

for all casesegardless of the body weightshile it decreases to 0.08mitMc and

0.19mn?¥/Mc for 60kg and 140kg BW respectively over the 5 million load cycles.
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Figure5-5: Femoral Head taper junction ttal volumetric wear, b) volumetric wear rates over 5 million cycles

136



Figure5-6 shows the volumetric wear and volumetric wear rates over 5 million cycles for
the femoral stem taper surface h€ 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 0.08mrwhile it increases to approximately 0.11mand 0.13mm for 120kg

and 140kg BW respectively.

It can be further seen irFigure5-6b that there is an initial higher volumetric wear rate of
0.046mn¥/Mc on average which decreases to 0.015#ivc at the end of the 24 million
cycle for a body weight of 60kg and further decreases to approximately 0.08/8fem
between the 3 and 5" million cycle. The decrease in volumetric wear rates between 1
and2 million cycls can be attributed to the removal of the initial taper locking effect
which is explained further in depth iynglish, Ashkanfar et al. (201%he same
exponentially decreasing trend is seen as the body weight increases to 100kg, where the
initial volumetric wear rate was 0.041n#Vic and decreases to 0.021n#ivic at the end

the 2" million cycle and further decreases to approximately 0.0088fi between the

34 and 8" 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 0.022m#fMc between the 29 million cycle and™ million cycle.
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Figure5-6: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 inFigure5-7, 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 relativdy high amount of wear at the bearing surface despite having a low wear

fraction.

100% OBearing Surface DOTaper Surface
by — — _— _ -

80%
60%
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Figure5-7: 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 prosthesg®ritchett 2012) Figure5-8 shows the total metallic

volumetric loss of the components in this study from the femoral head bearing and taper

138



surface, and the femoral stem tapekpproximately95% of metallic wear loss is from the
FSY2NIf KSIFIR F2NJIFff RAFFSNBydG .2ao !a f:
femoral head taper surface at approximately 52%. However, as BW increases, this
metallic wear decreases to just 38% and thgangy of wear shifts to the femoral head

bearing surface.
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Figure5-8: Total metallic volumetric wear atriillion 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 investgati
AK26SR Iy OOSLIitotS cé GFLISNI YAaYl id0OK R,
(Ashkanfar, Langton et al. 201Another 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 baéelow 4kN would severely increase the total

volumetric wear loss at the taper junctig&nglish, 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 literaateey, Ward et

al. 2017, Devane, Horne et al. 2017, Haw, Battenberg et al. 2017, Khoshbin, Wu et al.
2020)(seeTable). As XLPE liners are a relatively new material (around 15 years)
compared to conventional polyethylene (around 50 years), many of the primary hip
arthroplasiesperformed are still in service. Hence, the main method for analysing wear is
through radiographykKhoshbin, Wu et al. (202@jalysed a total of 40 primary THA of
XLPE liners with CoCr femoral heads and found the volumetric wear rate was between 7.8
¢ 31.51mn#/yr. Devane, Horne et al. (201&halysed a total of 57 primary THA of XLPE
liners with CoCr femoral heads and found the volumetric wear rate was between 1.5
18.9mn¥/yr. Haw, Battenberg et al. (201#&halysed a total of 48 primary THA of XLPE
liners with CoCr femoral heads and found the volumetric wear rate was betweerg 19.2
46.9 mnd/yr. Atrey, Ward et al. (201@nalysed a total of 102 primary THA of XLPE liners
with CoCr femoral heads and found the volumetric wear rate was betweenc5.82

52.76mnd/yr.

Table5-2: 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. @@Efable
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5-3). A ceordinate 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 0.475mifyr with a range between 0.024 1.860 mn3/yr. Additionally, a
study byLangton, Sidaginamale et al. (208%0 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 0.127mityr with a range between 0.0& 3.15mn¥/yr.
Considering different BWs in this study, the mean volumetric wear up to 5 million cycles
in this study was between 0.1740.225mn#Mc for 60¢ 140kg BWs which is within the

range in literature of 0.0% 3.15mn¥/yr.

Table5-3: Volumetric wear rates of femoral head taper surface in literature

Literature Mean Volumetric Wear
(mm?/yr) (range)
Ashkanfar, Langton et al. (2017) 0.475 (0.02%; 1.860)
Langton, Sidaginamale et al. (201 0.127 (0.0% 3.15)
Range 0.01¢3.15
Current Study 0.174¢ 0.225

a4 GKSNB IINB YlIye OFNRARIFIofSa gKAOK O2dzZ R
activity level, weight, surgical techniques, and prostheses design variations, there is a
large range of volumetric wear rates as shown in the above stu@iesurther 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 investigake effect ofdifferent 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 BB 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

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

The methodology has demonstrated that the wear damage, aaig wear patterns were
comparable with current literature. The results of this chapter showed tihatt 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 leightymended,
however, further research is required to investigate the effect of losing weight on the

longevity of these devices while service.
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Chapter6

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 ¢hosen
based orthe NJR reporfNJR 2022jo 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 iandvo
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
acetabularcup size was increased to accommodate the different femoral head Jihe

XLPE bearing liner remained aéramthickness throughout.

The 3D FE models were then subjected tordudistic gaitoading and rotation (seEigure
3-5 and Figure3-6) which isapplied over a 1.2 second duratiofhe analysis then

continued until 10 million cycles of walking was completed.
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Table6-1: Input parameters for wear analysis in chapger

Input Data

Model

Loadings and Rotations

Wear Law

Scaling Factor

Number ofload cycles

3D FE Model (sdeigure3-3)

Loads with relative rotations
(seeFigure3-5 and Figure3-6)

Dissipated Energy
100,000
10,000,000

Interaction
Combination

Material Combination

Bearing Liner and Femoral Head

Bearing Liner: XLPE

‘; Femoral Head: CoCr
ie) Surface 1: XLPE surface
°© Surface Picked ;
§ Surface2: Femoral Head Bearing Surfa
()
IS Node Pairing 1:3 Pairing
Wear Coefficient 5.32x 1019 MPat
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
AN .
Surface 1: Femoral Stem
c .
Surface Picked
'% Surface 2: Femoral Head Taper Surfa
©
o Node Pairing 1:1 Pairing
c

Wear Coefficient
Wear Fraction

Impaction Force

1.06x 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 ¢h milli
steps per year). The wear pattern evolution of the XLPE bearing liner and CoCr femoral

head taper surface is shown kigure6-1 and Figure6-2 respectively.

Ascan be seen ifrigure6-1, 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 of22mm. The overall observed wear pattern remains

similar throughout the analysis.

Figure6-2 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 0.02nd0.032mm. 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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Figure6-1: Evolution of wear pattern over 10 years at XLPE bearing liner for different head sizes
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Figure6-3 shows the cumulative volumetric wear and volumetric wear rates of the XLPE

bearing liner, femoral head, and femoral stem.

In Figure6-3a, 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 98.6mirle a 36mm femoral

head increases to 159.5n#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 10.4mityr while the 36mm femoral head showed a

volumetric wear rate of 15.9m#yr.

Figure6-3b shows the cumulative volumetric wear and volumetric wear rate for the
femoral head bearing surface. It can be seen thatrtteximum volumetric wear for a
22mm femoral head increases to 1.01fwhile a 36mm femoral head increases to
1.64mn? 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
0.11mn?#/yr and the 36mm femoral head showed a volumetric wear rate of 0.18fymm

throughout the study.

Figure6-3c 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 4.18m#Awhile the 36mm femoral head increases to 4.95mihcan 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 aveate of the taper surface was
0.34mn?¥/yr which increases to a stable wear rate of 0.92#ynafter 7 years. For the
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36mm femoral head, the initial volumetric wear rate for the taper surface was
0.35mn?/yr and increases to the stable wear rate of 1.08#ynafter approximately 7
years. The increase in volumetric wear rate can be attributed to the initial taper locking

reducing as explained previoughnglish, Ashkanfar et al. 2015)

Figure6-3d 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 0.36m#while for the 36mm femoral head, the femoral stem shows a
cumulative volumetric wear of 0.44minThe different femoral heads showed similar
trendsto 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 0.028mriyr and increases to 0.080mifyr after 7 years. For a 36mm femoral head,
the femoral stem showed an initial volumetric wear rate of 0.035%ymwhich increases

to 0.097mn#/yr after 7 years.
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Figure6-4 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 whie 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 tre 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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Figure6-4: Evolution of maximum linear wear and linear wear rate at the XLPE bearing liner
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6.4. Discussion

Table6-2 compares the volumetric wear rates obtained in this study with those available
in the current literature Khoshbin, Wu et al. (202@evane, Horne et al. (201, Haw,
Battenberg et al. (201@ndAtrey, Ward et al. (2017hvestigated XLPE volumetric wear
rates for a total of 247 primary THA prosthesis through radiograph analysis. The studies
have observed a range of wear between ¢.33.09mn?/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@15.9mn#/yr which are withinthe range seen iithe

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 byLachiewicz, Soileau et al. (201®)estigating the effect of femoral head sizes on
the XLPE bearing liner weatrbetween 10and 14 yearsthrough radiographyhave also
found that femoral head sizes did not have an impact on the linear yneavever, larger

femoral heads were associated with higher volumetric wear.

For the femoral head taper surface, the volumetric wear rates of @ LB9mn#/yr from
this studyare comparable to current literature which shows a range between @.05
1.04mn¥/yr. From current literature Ashkanfar, Langton et al. (201Zangton,
Sidaginamale et al. (201,2)angton, Wells et al. (201&ndGascoyne, Turgeon et al.
(2018)measured the amount of wear using a coordinateasuringmachine (CMM) from
a total of 308 retrieved prostheseBhalekar, Smith et al. (202\vestigated the femoral
head taper volumetric wear through agkation 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. 201 8urgical positionin¢gEnglish, Ashkanfar et al. 2018)
0 KS LI A §Voh, Ashkanfdd ét Al 2020)8

Table6-2: Volumetric wear rates of XLPE liner in current study vs literature

Volumetric wear rate (mityr)

Part -
a Current Study| Literature | Reference

(Atrey, Ward et al. 2017, Devane, Horne
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, Englis
Femoral Head Ashkanfar et al. 2016, Ashkanfar, Langtc
Taper Surface 0.15¢1.09 0.05¢ 1.04 et al. 2017, Gascoyne, Turgeon et al. 20:
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 studyateddu

by Langton, Sidaginamale et al. (20%&)ich showed that there was increased taper wear

for larger femoral head sizes.

A study conducted by/alente, Lanting et al. (201®)vestigated 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 statistical difference in the mean linear wear

at the femoral head taper surface against femoral head size. Another studigrigton,

Wells et al. (2018pvestigated the material loss at the femoral head taper from a retrieval
database of Exeter V40 and Universal MoP THAs through use of a coomieasering
machine (CMM). The results showed doll increase in median volumetric wear rate
between femord 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 studgdhkanfar, Langton et al.
(2017)a K26 SR GKFG I GFLISNI YAAYFGOK 2F pPMHQ
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 ca
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 increasifgnhoral

head sizgLangton, 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. 20IBg 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 thegarof motion.Burroughs,

Hallstrom et al. (20059valuated the effect of different femoral heads between 28mm
and44mm 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 diame#atsushita, Nakashima

et al. (2009found 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 36rttHermansen, Viberg et al.

2021, Hoskins, Rainbird et al. 202Bpth studies found the 36mm femoral head to have
lower dislocation rates thathe 28mm and 32mm femoral heads. Further data from the
Finnish Arthroplasty Register, found that femoral heads greater than 32mm were
associated witta lower risk of dislocation when compared to 28mm femoral heads
(Kostensalo, Junnila et al. 2013jese studies highlighted the use of large femoral heads
due to the high stability and lower dislocation rateswever the Swedish Hip

Arthroplasty Registry have reported no statistically significant difference between 28mm,
32mm and 36mm femoral heads using 28 mm as a refer@nager, Weiss et al. 201.2A

study byde Steiger (2017#yom 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 higheikr 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 suggesition when 36mm MoXLPE hips are usethaes long-

term survival could be compromised by late dislocation despite the initial ¢bert

mediumterm stabilizing benefits of 36mm femoral heads.

Hall, Unsworth et al. (199@¥eviously suggested a cumulative volumetric wear of
500mn?¥, 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 basedn 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 patienpdtiant 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 prosthefl®h, Ashkanfar et al. 2023) 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 studythe 3DFE 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 lead size increased from 22mm to 36mm, the volumetric wear increased

from 98.6mn¥to 159.5mn% and increased from 1.01mhto 1.64mn+ 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 4.18rim 4.95mn¥ and 0.36mmni to

0.44mn 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 patrticles 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 heatetka
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Chapter7’

Impact ofbicyclingon the wear of THRrostheses

7.1. Introduction

As the number of young and active individuals undergoing Total Hip Arthroplastyi§THA)
increasing yearly, there is a need for hip prostheses to have increased longevity. Current
Ay@SatAaalraazya Ayaz2 GKS f2y3asSgiaide 2F (KS;
activity as there is limited data on the amount and intensity of otheivity performed

by the patient. To further understand thevolution of wear and increase the longevity of
these implants, the impact of different activities on the lprosthesis 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

prosthesisusing 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 modetletailed explanation of the updated

methodology will follow in this chapter.

7.2. Methodology

In thischapter, 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
bicyclingfor 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($ehmalzried,
Szuszczewicz et al. 1998nd rides a bicycle 80 km a week, equivalent to 400,000 hip

rotations per yeaKDickinson, 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 shownFigure7-1a andFigure7-1c. The
respective loadings and rotations for both walking and bicycling are showigume7-1b

and Figure7-1d.
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Figure7-1: a) FE model of hip prosthesis assembled for walking, b) Loadingstatidnsfor walking cycle,
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7.3. Wear Analysis Input

For this chapterthe 3D FE model shown kigure3-3 is usedo model both walking and
bicycling activitiesThe starting positions of the FE model for walking and bicycling is
shown inFigure7-1a andFigure7-1c respectivelyThe realistic gait and bicycling cycles
time-varied loadings and rotatiorepplied over 1.2s for both walking and bicycling is
shown inFigure7-1b and Figure7-1d. 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 showialie7-1.
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Table7-1: Input parameters for wear analysis in chapter 7

Input Data

Loadings and Rotations

Model

Wear Law

Scaling Factor

Number of load cycles

3D FE Model (sdeigure3-3)
Loads with relative rotations
(seeFigure7-1b andFigure7-1d)
Dissipated Energy
Walking: 100,000
Cycling: 40,000
5,000,000 Walking + 2,000,000 Cyclir

Interactiors Bearing Liner anBemoral Head
: Bearing Liner: XLPE
Materials
2 Femoral Head: CoCr
2 Surface Surface 1: XLPE surface
§ Surface 2: Femoral Head Bearing Surf.
[}
= Node Pairing 1:3 Pairing
Wear Coefficient 5.32x 101 MPa*
Wear Fraction XLPE:CoCr =0.99:0.01
Interactiors Femoral Head and Femoral Stem
, Femoral Head: CoCr
Materials o
Femoral Stem: Titanium

‘}' Surface 1: Femoral Stem
o Surface
5 Surface 2: Femoral Head Taper Surfa
@
o Node Pairing 1:1 Pairing
[

Wear Coefficient
Wear Fraction

Impaction Force

1.31x 108 MPat
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 mé&imgure7-3
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 prosthes

Walking Only Bicycling

Figure7-3: Comparison of wear patterns between walking and bicycling up to 5 years of XLPE liner
Figure7-4 shows the wear pattern of the contactirsgirfaces of the hip prostheses up to 5
years of walking and bicycling. At the bearing surfaces, the XLPE liner had a maximum linea
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,dtiemoral 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 femorhkad bearing surface, 90% wear on the femoral head

taper surface and 10% wear on the femoral stem.
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Figure7-4: 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

Figure7-5a 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 Steme
7-5a shows that the XLPE bearing liner has a total volume loss of 18@itme end of 5
years, and the volumetric wear rate is maintained at approximately 33ymrthroughout

the analysis.

Figure7-5b 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
suface. As the analysis progresses, the total volumetric wear increases to approximately
2.06mn?, and the volumetric wear rate has an initially high wear rate of 0.63ymand

decreases to a stable volumetric wear rate of 0.3#ymapproximately 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.

Figure7-5¢ shows the total volumetric loss and volumetric wear rate at the femoral stem
taper. The total volumetric loss increases to approximately 0.088atrthe end of 5 years

of activity. The volumetric wear rate for the femoral stem has an initially high wear rate,
approximately 0.053m#tyr: at the end of the first year which quickly decreases to

approximately 0.006msyr.
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Figure7-5: Total volumetric wear and volumetric wear rates for a) XLPE bearing liner, b) Femoral head, c)@moral

The volumetric wear rates observed in this study are comparable to previous stuthes in
literature as shown iTable7-2. 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 arestill currently in service. Hence, radiography has been used to estimate
the volumetric wear loss of the XLPE bearing liner. The use of XLA&ehagiickly as it

has better wear characteristics than conventional polyethylene allowing for lower amounts
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of wear.Khoshbin, Wu et al. (2020pevane, Horne et al. (201 Haw, Battenberg et al.
(2017)and Atrey, Ward et al. (2017have 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&57.6mn¥/yr. The results in this study of

33mm?/yr XLPE volumetric wear rate was within the range obtained fiteaiterature.

A coordinate 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 0.55mni/yr with a range between 0.02 2.241mn¥/yr (Ashkanfar, Langton et al.
2017) Additionally, a study byangton, Sidaginamale et al. (20EH30 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 0.127fyr with a range between 0.0t
3.15mn?/yr. The results in this study of between G;D.39mn¥/yr are within agreement

with those in the literature of 0.0&, 3.15mn¥/yr.

It is important to note that the results obtained from previous literature do not account for
0KS LI GASyGaQ FOGAGAGeE +a GKS FYzdzya 27
Furthermore, a variety of distinct factors can influence prostheses waeln as patient
activity, weight, prostheses design, or surgical positioning of components.

Table7-2: Volumetric wear rates of XLPE liner in current studiyevature

Volumetric wear rate (mriyr)

Part Current Literature Reference
Study
(Atrey, Ward et al. 2017, Devane,
XLPE liner 33 1.5¢57.6 Horne etal. 2017, Haw, Battenberg ¢
al. 2017, Khoshbin, Wu et al. 2020)
Femoral (Langton, Sidaginamale et al. 2012,
Stem 0-1¢0.39 | 0.01¢3.15 Ashkanfar, Langton et al. 2017)
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Table7-3 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 stud
by Hall, Unsworth et al. (199@xamined over 100 explanted Charnley UHMWPE sockets
and found that the median volume of wear at revision to be 508mfMJHMWPE and XLPE
debris is assumed to have the same effect on the human body, a life span of 25.7 years car
be calculated with walking only, compared to 15.4 years with walking and bicycling. Given
that the average age of the recipient of an artifldig joint in the UK is 6ANJR 2021 }the
benefits of exercise such as bicycling over a 15 year period will likely outweigh the
drawback of additional polyethylene weéDja, Titze et al. 2011)t 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)lentified hips with risk of
osteolysis to have wear above 80rffigr. The walking and bicycling wear rate of

33mnv¥/year is less than half of the osteolysis wear rate offeredHayv, Battenberg et al.

(2017)
Table7-3: Volumetric wear rate between walking and bicycling up to 5 years
Mean Volumetric Wear Rate (n¥yr)
Part _ Walkin and % Increase
Walking . | : g ’
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 aatistty patiens. The
hip joint forces during a normal walking cycle were found to be betweerg 2.9 times
body weight(Kuster 2002yvhile it was found that during bicycling, the hip joint forces are
between 0.5¢ 1.4 times body weighfEricson 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 possurgery which will in turn improve the lorterm 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
LI ASyGdQa FOGA@AGE YR |a adzOKX GKS FAYR
higher than what could be seen in patients. This study also hasomsidered for other

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

7.5. Conclusion

Asanumber of THA patients are increasingly active, it is important 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 impdxtydling 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 33mriyr, the femoral head undergoes a decraagivolumetric wear rate

from 0.54mn%/yr to 0.26mn?/yr at the end of 5 years, while the femoral stem showed an
initial volumetric wear of 0.073méfyr which reduces to a steady volumetric wear rate of
0.009mn?/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.!
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 ba 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 k@02 Yy a A RSNBR G KS dzLJLISNJ £t AYA G 2

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 fithess

improvement.
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Chapter8

Conclusiomand future work

8.1. Conclusion

A theoretical approach into predicting weaided with computational capability and
experimental variables can be used to increase the longevity of total hip presthes
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.

172



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 tresearch the main contributions of this

research can be summarised as follows:

1 The methodologgansimulate both the bearing surface wear and taper junction
wear within the same analysis with individual wear parameters.

1 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 aearly dependent on the wear coefficient used for
the study.

1 The wear method presented has been generalized which can be used for different
designs of hip prostheses and for other applications sudtlees prosthetic
devices

1 The method has been used to investigate different patient body weights

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

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

1 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
LINPAOGKSAaAEA (G2 AYLINRGS (GKS LI GASydQa |
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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
thisresearchis 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:

1 Itis apparent that the wear predicted throughout this study is critically dependent
on the wear coefficientised. Currently, the values for wear coefficientyargely
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 couldthdied which
could be applied into the computational method presented here.

1 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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1 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 coeffic@nthe wear of
the hip prosthesis could be investigated.

1 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 longevitieghrough 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

Work Directory  Computer Spec  Recovery
O off () On

Recover from Jlok: | 0

Input Data

Interaction 1 Interaction 2

1:1 Pairing 01:3 Pairing [] Turn on Interaction 2
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Wear Coefficient: | 4.84E-09 Wear Coefficient: | 1.31E-08
Surface 1 Wear Fraction | .99 Surface 1 Wear Fraction | 0.1

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

Wear Equation: |Energy
Murnber of Updates: 5]
Sealing Factor: 100000

Pair Modes Every -- Update: | 100

Fun Cancel

Graphical user interface of the wear algorithgmd 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

Journal of the hanical Behavior of Bie dical ials 119 (2021) 104507
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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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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* @ Current Directory (O Use Different Directory

Copy and Paste the Work Directory:

& Wear Algorithm X

Work Directory ~ Computer Spec  Recovery

Execute analysis |

o

Other Work Direc:
Output: Contact Stress/Relative Displacement Input Data
-Pair Nodes in contact Materials Wear Properties
-Calculate cyclic wear depth to reflect new geometry
Preset Values  Other Values
‘ Preset Values: UHMWPE on CoCr | Wear Equation: | Energy ™
-Get the contact n?des norma} dlre‘ctlon PR —— tab
-Calculate wear in normal direction
CoCron CoCr: (1.51e-10) (0.5)
‘ XLPE on CoCr: (4.84e-9)(0.99)
Create new input file with updated coordinates
Number of Updates:
Scaling Factor: 100000
Pair Nodes Every -- updates: | 100
No
Number Post Algorithm
ofeycles Total Volumetric Wi i
ceachad? otal Volumetric Wear  Single Job Wear Depth
Volumetric Wear
Use Volumetric Wear After Job Completions
O 0On @ Off
From Job 1toJob: 0
oK Cancel

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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