ACOMPUTATI OAPAARROACH TO
FRETTI WEARREDI CTI @N
TOTAHI REPLACEMBNT

ARI YAABHKANFAR

A THESISSUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENTS OF
LIVERPOOL JOHN MOORESUNIVERSITY FOR THEDEGREE OF
DOCTOR OFPHILOSOPHY

AUGUSZ015






Abstract

A challenge in engineering coupling design is the understanding of performance of
contact geometry for a ¢ ianumheofaneghénicadt at i on
failures thatcan occui n mechani cal coupling design.
surfacesin contactare subjected tmscillatingload and very small relative motion

over a period of time. Fretting has been observed in many mecharteralkctions

andis knownto bea reasorfor failurein manydesigns.

Recent evidence suggests that frettivepr occurs at the taper junctioh modular

total hip replacemestandleads to failure of the implant&Experimental testing to
determine the wedvehaviour that occurs in mechanical deviseme consuming,
expensive and complicated. Computational mreadelling is an alternative method
which is faster and cheaper than real testing and can be used in addition to testing to
help improvecomponent design and enhangear characteristicdDeveloping an
algorithm that can accurately predict fretting wearowsidering linearwear,

volumetricwearand surface wear damage is the main focus of this thesis.

Thethesisproposes aewcomputational methodologycorporating publishediear

laws into commerciafinite elementcodeto predict fréting wearwhich could occur

at the taper junction of total hip replacengeiihe assessment of wear in this study is

solely based on mechanical wear (fretting) as being the primary mechanism causing
surfacedamageThe method is novel in that it simulates theakening bthe initial

taper oO0fixationé (created at ymyedodhei on o
wearing processThe taper fixationis modelled using a contact analysis with
overlapped meshes at the taper junction. The reduction in fixation is subdbsl
progressive removal of the overlap between components based on calculated wear

depth and material loss

The method has been used for three different studies to detesonifaEe wear
damagelinear and volumetrigvear rateghat could occur at tapgunction of total

hip replacement®ver time The results obtainedre consistent with those found
from observation and measurement of retrieved prosthédes. fretting wear
analysis approach has been shown to model the evolution of wear effectively;

however, it has been shown that accurate, quantitative values for wear are critically




dependant on mesh refinement, wé&arction andscaling factor, wear coefficient
used and knowledge of the device loading histdhe numerical methogdresented
could be ued to consider the effect of design changes and clinical technique on
subsequent fretting wear in modular prosthetic devioesother mechanick

coupkddesigns
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Chapter 1: Introduction

Chapter 1
Introduction

1.1 Background

A complicated challenge in the design ajupledengineeringcomponentss the
understanding othe performance of contact geometmjthin the design for a given
application, includingheloading andbr rotationthat the mechanical design needs to

undertake.

From a tribological point of view, one of the characteristi@ofiaterial is that all
engineering surfaces are more or less rough and uneven. When the engineering
components are subjected to load and cagpibgether, surfaces are in contact over

a very small area. Due to this very small contact area, contact styessgated can

berelatively high.

AWear o is one of a numbrigurel-t)thatoveuwdbeaan i ¢ a |
this high contact stress at the surfacess len inevitable phenomenon occurring

when surfaces of mechanical composere matedogethemwhile subjected to load

22



Chapter 1: Introduction

and slidingor rolling. During the wear processnaterial is removedfrom the
surfaces as particle§his removal of particles occurs in different waysand by
varying mechanismsln many practical situations high wear ratand increased

friction occurs thereduction ofwhichis thegreatest aim.

The surfaces of mechanical componentsontact under oscillating load and relative
motion will also becomecontaminatedbver time This contaminatiomrmay appear

due to the chemical reaction tife materialwith the environmentor due todebris
releasedrom wornsurface. There is evidecethat evzen for perfectly clean rubbing
surfaces in contact with no lubrication, there would be a considerable wear damage

that contaminates the surfaces

Considering the study of wear, both thdima and experimentahpproachesare
neededto answer oneessential question A how i s the dthebr i s

surfacs? 0O

Wear can bassociateih two forms,fimacroscopio andfimicroscopi®.

1 Macroscopic wear occurs whepecific strestevelsor thenumber ofcontact
stresses (fatigue) readhe elastic limitof the material with a depth of
materialbeingremoveddepending ohe shear stresspsesent

1 Microscopicform of wearis similar to macroscopic wear biitis associated
with individual asperity contacts comparéal the single largeregion ofthe

contact area

fiFretting wead is, generally, associatewith very small relative movement
(micromotion) of solid surfaces in contact under lo&detting wear can be

categorised by the micromoh and loading at theoupling causingadhesion of
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surface asperities that are subsequently torn .aplid leads to transfer of material
or the creation of metal particulate debris. This debris is then oxidised and becomes
harder than the mating surfacdf the debris remains in the contact zone abrasive

wear can occur resulting in further surface dan{@gehard, 1953)

Fretting is observed in many mechanical assemblied as shrink fitted coupling
keywayshaft couplings anthe specific example which has motivated thesearch

thetaper junction of total hip prosthess

Currently, most joints in the human body can be replaced with mechanical artificial
devices. This procmeldugtey d sarkdh oiwn @rse na@fr tt
surgeries performed since 9 6 OThesaim of the surgery is to accommodate an

active life style for patients with joint disorders such as osteoarthritis. The
fundamental principle of all arthroplasty is that thertipm of affected joint is

removed and replaced with an artificial one. Among all different type of arthroplasty,

hip arthroplasty is the focus of this study. The procedure of hip arthroplasty is called
ATot al Hi p Repl acement 0 fic@TohRg kncavn & the he me

fiProsthetic Deviceo.

Typically an implanted THR will have &0 to 15yearslife (11" Annual Report
2014,NJR for England, Wales and Northern Ireland, 40Rldinger et al., 2003,
Teloken et al., 2002 hereis evidencehatthe wearand fretting weathat occursn

THRs contributes significantly to tHailure of these devicegAldinger et al., 2003,

Langton et al., 2012)
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1.2 Aim and Obijectives

The aim ofthis work is to developa computational methodology to prediitetting
weab t hat ¢ o THRsl The studyproposesna methodolody predictthe
wear depthvolumetric wear lossind also the surface damage associated with wear
which could occuiin a hip prosthesiever time in serviceThe aim isto developthis
method as a general talatis independent fothe model and can be used to predict
fretting wear for other prosthetic designsewenother mechanicalesignssubjeced

to oscillatingloads

In order to achieve this aima commercial model of a hip prosthesis is used, to
illustrate the wider principles of wear process and wear modellingn, he study
develo a new fretting wear model using the programming langRgthon) and

finite element (FE) analysis (ABAQUS) by investigating and considering parameters
in the prediction of wealOne of these parameters, for instance, is the effect of initial
assembly such as impaction that provides fixabetween componentn fretting

wear predictionAnother parameter is the wear fraction that defines the percentage of
the wear that needs to be applied on the comporamisthe effect of change in
geometry during wear analysi¥he method explained in Chapter 3, inclusies

many of these parameters as possible to provide an accurate prediction of fretting

wear.

A significantgoal is to develop and generalize the algoritlwith a graphical user
interface forany FE analysis &xisymmetric or 3Dwith the FE packageABAQUYS)

as an addin (user plugn) in order toaccurately prediclinearand volumetriovear
rate (material loss)in the form of contours of the weaamageoccurringon the

surfaces
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1.3 Scope of the thesis

Figurel-1i | | ustr at es a s i ngbthairmhporeant aspebts caukigs ey e
mechanical failure in engineering designs. Each type of mechanical failures produces
different forms of failure sufaces. The more vital, crucial and complex the
mechanical design is, the more necessary a good understanding of its failure causes,

to ensuresucces®f their operations over time. Weas a kindof mechanical failure

occurs in different scales and in @ifént forms, such as adhesive, abrasive,

corrosive, erosive, surface fracture and fatigue wearHigeee1-1).

Engineering design for operation
. Environmental .
The way design Load history condition of Material Design
loaded . geometry
operation
Mechanical failure
Ductile and . . .
Brittle fracture Buckling Fatigue Creep Cracking
Wear
. . . . it Fati
Adhesive Abrasive Corrosive Errosive S ace atigue
fraction wear

Figure 1-1: Mechanical failures
Fretting wear (and the surface damage occurring due to fretting) is known as a very
complex phenomenon to investigate, measure and pr&dictg able to predict the
extent of wear that could occur mmechanical designgspecifically in THRs which is

the focus of this studyyvertime in serviceis vital in orderto improve currenand

futuredesigns.
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The work presented here focuses solely on mechanical wear (fretting) as being the
primary mechanism caugindamageon contacting surface¥he method presented
has been used to predict fretting weathe taper junction ofTHRs and could be

used for different applicatianin future.

1.4 Outline of the thesis

The whole structure of this thesispgesentedn Figurel1-2.

The main aim of this first chaptevasto present an introduction to the thesis as a
whole,the aim of the resear@nd outlhe of the researchChapterl also containg

brief description othe motivation of this research

In Chapter2, an extensive literature review was condudtegrovide andestablisha
suitable background for the chapters which follow. This includes a suitable
background on wear, \&e charactastics, fretting wear, hip jointhip arthroplasty
problems with currenTHRS, wearin total hip prosthesisand a review bthe current

wear modellingavailablein theliterature.

The method presented in this study involves the use of FEsasahndPython

scripting to perform wear modelling. Chapter 3 details the whole methodology
including FE implementation, wear laws and the development of the wear algorithm.
A FE model of a commercial hip prosthesis was modelled both axisymmetrically and
in 3D. A developed fretting wear algorithm was then applied to the FE model to

investigate the likelihood of fretting damage occurring in the taper junction of THRs.

Different studies were performed using the method illustrated in Chapter 3 and all
the findings are detailed in Chaptér 5 and 6.The results have been discussed in

separate discussion sections within these chapters.
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Research track

Chapter 2:
Background — a review
© Wear and
2 fretting
[+
E} Wear in total hip Computational wear
— replacements modelling
Hip joint and
hip arthroplasty
Chapter 3:
Computational method to fretting wear prediction
Wear
B implementation Computational i g g
= »  framework for .
.2 : automating the
= fretting wear
2 . method
= o modelling
= Finite element
5) : .
&) implementation
| l l
\Z v
Chapter 4: FS:S E terWSG.ar Chapter 6:
Prediction of fretting & Effect of initial
. evaluation and . .
wear using impaction assembly

evolution in taper

i ic FEM ) .
axisymmetric junction of THRs

on fretting wear

Figure 1-2: The thesis structurandresearch track

In Chapter 4 the axisymmetric model thie THR that has been used developthe

algorithm and the resulteavebeenpresented in detail

A full description of the 3D results based on the realistic loading conslitiom the

wear analysis is depicted @hapter 5. In this chapter the results from the wear

algorithm have been validated by observation of wear pattefnretrieved
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prosthesis. The linear and volumetric wear rates obtained are also imgbeofahe

experimental measurement of the retrievamsfireses.

Chapter 6 illustrates the importance and effettinitial impact assembly on extent

of fretting wear over time in service.

Lastly, a complete conclusion to thisearch and possible future wake provided

in chapter 7.

1.5 Publicationsresulting from this thesis

1. AA computati onal approach t-stemftapert t i ng

junct i ond Wear, 338, RIS280,(2015)(Appendix 1V)

2. A Acomputational assessment of taper junction fretting wear in a total hip
replacement dat o di f f er ent 0 aSsilsndtedbtd Journalmf d s O
Engineering in Medicine, August 2015

3. AEffect of iIimpaction force at assembl
o f tot al h & pAmaricaio Sdcibtye ®ri Tesiing and Materials
(ASTM) International, given the option to revise for acceptan@d1§

(Appendix 1V)
4. A A computati onal approach t o frettdi

repl ac eliMUhressadch cderence, 2015(Appendix V)
5. fAFinite ElementModels for quantitative analysis of wear damage in Metal
on-Met al modul ar 0 IGERI AmqmualoReseéra sSyngpasium,

2013 (Appendix V)
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In-preparation journal papers

1. fEffect ofthedifferentheadsizes and taper lengtl$ total hipreplacemerst
on extentof fretting weab d to be submitted tWear, in August2015.

2. fiThe effect of modular neck geometry on fretting wear potential at the neck
stem taper interface of thé@nectiv total hip replaceméad to be submitted

to Tribology International in 2015
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Chapter 2
Background - areview

2.1 Introduction

The purpose of this chapter is to preseabpletereview ofcurrentliterature and a
summary ofthe existing fundamentaknowledge on wear as a suitable background
for the chapters which follown this Chapter, firstlya general explanatiorf avear
and its characteristicin tribology is provided. This will befollowed by a
comprehensiveeview of fretting wear and its theoretical lawA. comprehensive
review of literature islsoperformedrelating tothe application ofHRs. Secondly
fretting wearand its associated damatiet could occur iINTHRs are explainedin
detailanda review onthe currenstateof the artin computationalvear modellings

provided
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2.2 Wear and its characteristics

In terms of tribology, all surfaces are rough. Where engineering surfaces nominally
mate together, they contact at tiges of the higher asperities and the contact area is
determined by the deformation of these tip asperities under applied pressure. The real
area of contact is always smaller than the total area of the surfaces and obmsist
number of small surfacesidreasing the load increagbée number and size of these
areas based on the resistarafethe materialto deformation andconsequently
increases the contact area. So,tfiatling a relationship between foragal contact

area andhe depicted pressurdue to them is relatively complefdrchard, 1953)

The asperitiesit the real contact aremight either fracture or plastically defo. If
fracture happenedat asperities, particles of materee removel from the surface

and ifthey areplastically deformed, thimaylead to transfeof the materiabetween

the contacing surfaces

Wear isdefined aghe graduaremoval of materiafrom contacting surfaces under
relative movementWear and frictionare intimately linked togetherwear is
associated with timgland costly mechanical failureyhereas,friction results in

energy losslue toshearing and ploughing.

Wear can be expecteahly if surfaces in contact under relative motion are not
separated. Gemally, lubrication is used to separate contacting surfaces from each
other resultingn reduced wear and friction forces. Lubricant is a flthdt either
completely separatethe surfaces in contact (fluid film lubrication) a@cts as

boundary lubricatio.

Material can be removed from surfaces in a tribological couple by different

mechanismgseeFigure2-1) such agArchard, 1953)

32



Chapter 2: Backgrourida review

1 Adhesive wear: At the sliding asperity tipof the surfacesmaterial is
welded and transferred to a harder state. It is teeroved fronthe surface
by fracture

1 Abrasive wear. Occurs due to eforming or cutting of materiddy a harder
material or particles (sometimbarderoxide particlef materia)

1 Corrosion wear: A layerof film is formed due to environmental reaction and
or lubrication which leads to material removal frém surface by sliding.

1 Surface fracture wear. When the normal applied stress exceeds the ultimate
stress of the material the particle removes ftbesurface by fracture.

1 Erosive or percussive wear. Occurs due to impact of particles (solid or
liquid) on a surface.

1 Fatigue wear. When a surface is edtically worked, micrecracks can form

grow and propagate forming weaarticles

Surface

fatigue
Adhesive and
— corrosion
Erosive or T
Percussive N Adhesive y \
| : Frettin; "
Wear : g ;
| ' wear y
Fatigue \ 4 Abrasive y
4 A y
\\7_7_7_ @€
Abrasive and
corrosion
Corrosion

Figure 2-1: Different mechanisms of wear and fretting wear

Measurement of wear is generally performed using wear testing equipment.
Tribologistsmeasureéhe material Ies from surfaces based on contact force, duration

and extat of contact. A typical measurement of wear is the volume of worn material
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per unit slidng distanceover time T h e r e fvalumetric wead is the specific
volumeof the materialremoved bywear in the specific distanaer time(Archard,
1953) The volume of worn materidto) per unit slding distanceg0) can be obtained

usingEquation(2-1):
®w wjo (2-1)

where w is thetotal volume of the material removed. Therefoitee volume loss
per unit distancéw) has unis of area andnay be expressed paunit time. The real
area(0 ) of contact betweenmo mating surfaces depends the applied load("O)

and the hardness of the softer materi@ {(n the friction coupihg and an be
calculatedusing Equatior{2-2):

6 90 2-2)

The wear ratipknown asthewear coefficien{’Q), is the unit of volume removed per
unit sliding distance over the real interface aredhefsurfaces in contacfThis is

expressdasa dimensionless coefficieanhd can be calculated using Equati@3):

a w wjod
5 00 23

Assuming the contact surfaces mate) asperitiesand¢ of those form wear debris,
the value ofthe wear coefficientcan be considereds beingthe ratio of two areas,
the worn aread ) of the¢ asperities and the real aren ) of all contact asperities

As such, thavearcoefficient('Q can be obtainedsingEquation(2-4):
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=]

(2-4)

The interpetationof Equation(2-4), along with the finding of a very small value for

Qin practice, indicates that all the asperities in contact contributhetériction
phenomenonbut very small numbers of them result ineav (Archard, 1953)
Furthermore, some asperities are just plastically deformed on the surfaces and not
removed from the componenrithe volume of asperities that belonggtie deformed

zone () is alsorepresented in th&value. The™Qvalue is proportional to the
removed volume of the componeni ( andto the plastically deformed volun{e)
(Equation(2-5)).

o A
© (2-5)

2.2.1 Adhesive wear

In adhesive wear theoryhe asperities of surfaces mate watich other to form an
adhesive junctionin this wear mechanism, it is assumed that the volumetric wear
results onlyfrom adhesion between asperities amaterial is removed from the
surface A very first model of Adhesive wear statibsitthe volumetric weard§ ) is
proportional to the contact loa®j and relative slii ). So that the wear in terms of

Equation(2-3) can be represented Bgquation(2-6):

olw
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The expression ocEquation(2-6)i s known as Ar clthaaughdhtss we a1
form of equation was firgt proposed byHolm (1951)on electric contagtArchard

(1953)used this equation for a simplified model of mechanical contact interaction

The Archard(Adhesive) wear coefficient correlates withe friction coefficient;
however, unlike friction, wear rate varies over a very large rahge.experimental
measurement ofindicates a frequently small value the range ofp 1 top T

for metalswhich depends on several aspects such as lubrication regime, load applied

relative maion andrange of motior{Yang, 2005)

2.2.2 Abrasive wear

Abrasive wear is Were hard asperities or third bodies (particles trapped between
surfaces) rub under pressured load. If waatursonly betwea two surfaces it is
known as twebody abrasive wedyut where oxide particleareinvolved in thewear

processt is named thredoodywear(seeFigure2-2).

(a) Two-body abrasive wear
' ' ' 'L
abdd . oddl

(b) Threebody abrasive wear
ahod . oAh

Figure 2-2: Two (a) and threebody(b) abrasive wear

-

-

-—

There are three modes abrasive wearfiPloughing, fiWedging and fCuttingp.

fiPloughin@is a ridge fornedalong the wear track sidB\Wedgingis a short wedge

36



Chapter 2: Backgrourida review

formedaside ofthe asperities and Gttingo is a ribbon shapgkchip formedasideof
the asperities.In the all different forms of theabrasivewear, debris forned is
removel from the underlying surfaces. The Adhesive wear theory seems to be useful

to derive for abrasive wear as well.

In fiPloughing abrasivewear, &uming a surface profile containirgpnical shapa
asperitieswvith anangle ) that ploughs through the surfaces in contact, the volume
lossw from the materials beingremoved from the ploughed groove over sliding

distance and can be calculatesingEquation(2-7) (Zum Gahr, 1988)

N co DE
"O “

0 Q ol
) — WU

o) (2-7)
where 0 ®[E is an average value ofd ®E of all asperities andQ is the

abrasive wear coefficient which is dependentpoofilometry geometry of surfaces

(Qis a constant coefficent

In i Gttingd abrasivewear, materialis removedas ina machining procedure bihe
forming of a chip. The chig-) is based ora hardwedge asperity of widtdy shear
plane angle¢() which is perpendicular to the direction of motion and rake angle (

and can be determined frdaguation(2-8) (Merchant et al., 2002)

e
of ™
|~
—)

(2-8)

where, the thickness ofunderformed chip™Q is known as feed in machining
applicatiors. The feed parameter) is directly proportional to the applied normal

force and inverselproportionalto the hardness of the materi@aEquation(2-9).

37



Chapter 2: Backgrourida review

@]
ol
S

(2-9)

So thatthe volume loss from the material by cutting is giverElyation(2-10):

~
g

o ¥ am QL
W Y"'Ow 00 “Q(A)? Ov (2_10)

whered and"Yare the cutting time and cutting speed respectively.

2.2.3 Corrosion wear

Materiak embedded im corrosive environment experience chemical reactions which
may result in wear. Fretting we#nat occursunder oscillatory load over a small
relative motionis usuallysubjecedto this chemical attackiVhen anasperity slides
over and pasthe surface of the countéace material at the counteface could
rapidly be oxidized. Depemnty on the material, the asperitynight stay in place

(producing a hardxide layer) or be removed lsacture ovesubsequengliding.

A model of corrosive waacan be developed based @mnsideratiorof adhesive and
abrasive wear occurring in a reacteevironment This leads to formation of a tribo
film* on the surfaces. In this conditiowear occurs where the trifitm reaches a
critical thickness(_) and become weak enough to be removed by rubbing.
Considering one single asperity covered witls fiim of thicknesg_) the volumetric

wear loss i$ @ _, wherewis the radius o hemispherical asperity shape. Therefore

L Over sliding contact of surfaces, a thin solid film is generated and sticks fast on its worn surface with
different tribological properties, chemical composition and structure.
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the result fore identical asprities can be obtained &suation(2-11) (Stack and

Jana, 2004)

w —=&'w, id,)o, ——"00 (2-11)

where’Q s the corrosivavearcoefficient Note that the corrosive wear coefficient
is directly proportional to the tribblm thickness. This hypothesis is very dependent
on aggressiveness of the environment and the tempevelick increases the wear

rate as both make the film grefaster.

2.2.4 Surface fracture wear

Brittle material is usually worn out under abrasive weasudysurface lateral fracture
crack propagation. The volume loss per unit distance @vasperities rubbing on a
surface of fracture toughres ), Y o un g 6 O and ondteril eanstanbis

given byEquation(2-12) (Ajayi and Ludema, 1988)

. .. 900! o
RO A ey v (2-12)

2.2.5 Erosive or percussive wear

Erosive wear is ue totherepeated impact by wear partisi@rosive) or hammering
with a hard object (percussivedo thatmaterialis removedfrom the surfaces. The
kinetic energy ofthe impactionis transformed intahe plastic deformation onhe
aspetties of the surfaceThen particles can be removed by cuttinfipr( ductile

material), fracturefér brittle material) or ploughing.
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Thereareonly a fractionof the total impacs (‘) which resultin erosivewear.The
erosion ratio(Q), over a total mass o with impaction velocity(Y), can be

obtained usindequation(2-13) (EITobgy et al., 2005)

o 1
<0 (2-13

where” is the density of the material. Agaisimilar to the adhesive wear lawthe
applied load") is replaced with’ *Y and the termiO0l represents a sliding energy.
By considering identical particles of mass and velocityv, theindividual kinetic

energy O ) of the particles would be:

(2-14)

As explained thé fraction of the total impactsesults in wearso thatthe impacting

energy(O) resulting in wear can be calculatedeagiation(2-15):

(2-19)

(2-16)

where'Q s theerosive wear coefficierand carbeintempretedas the fraction of all

theimpacs that results in wear
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2.2.6 Fatigue wear

If subsurface cracks occan usually ductile material due to cyclic loadirigtigue
wearmayproceed on surfaces in contact. Whereeligitihesive and/or abrasive farm
of wear occuprior to afatigue eventextensive pitting mapeobserve once fatigue
sets in. Again by consideringa large number of individual microscopic asperities
mating in contact, where limitation of fatigue reashst a particular asperity, a
volume of material is removed from surfaces. An expression of voluniatigue

wearcanbeobtainedusingEquation(2-17) (Karmakar et al., 1996)
() Q o, o) Ovu (2-17)
wherethefatigue wear coefficienfQ ) interpretsthe proportion othe contactshat

produces weadebris by failing. ltcan also be associated witle number of load

cycles fr stress cycles) to failune (Equation(2-18)).

©

Q (2-18)

2.3 Fretting wear

AFrettingo i s a spedtiradels tola ygpyesmatl frelativee a r
movemen of solid surfaces in contafilutchings, 1992)It occurs where surfaces in
contactaresubjected to vibratiomepeatedsadllating load or varying stresses in any
form, andvery small relative motioover a period of timeFretting causes surface
damage by leading to material remo¥i@m one or both surfaces (with equal or

unequal fractiog) in contact. In fact, fretting could itself contain adhesive, abrasive
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and/or corrosive forsof wear(seeFigure 2-1) while a small relative displacement

occurs between surfaces in contact.

The mechanism of therdtting can bedescribed based on thmicromotion and
loading at thecoupling surfacesausing adhesion of surface asperities that are
subsequently tm apart Thisleads to creation of metal particulate debris.€ldebris

is then oxidised and becomes harder than the mating surfaces. If the debris remains

in the contact zone abrasive wear can occur resulting in further surface damage.

The difference hveen fretting wear withthe other typs of wear ismainly the
magnitude of movement . Thi s movement
tangential to the surfaces in contdétetting and its resulting damage causes failure
in many typs of mechanical devies such as pressure armour laykeywayshaft

couplings and taper junction of total hip prosthesis.

2.3.1 Fretting wear characteristics

Although fretting occurs in different formtghe damage is distinctiv8he result of
fretting is manifested on the surface contact in different characteristic ways. One
of these characteristics is the wear delirem fretting and its consequent
oxidization Typically, fretting wear of steel produces a deep red oxide debris known
as A c(the sieaobparticleds usually less tham®‘ & (Varenberg et al., 200R)

while for aluminium the oxidés presenteds a white powder.

Due to the condition of fretting where contact surfaces are always under hight contac
streses,debriscannot usuallyescapdrom thegap between thsurfaces Thisleads
to a third-body damageaprasive and/ocorrosiveweal) which increaseshe wear

rate withfurther surface damage
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Another characteristic of fretting is trezar of wear thatemairs on the surfacg

generally known as fifretting scabor fif r et t i n heswasaappegp att t er n
contact surfacesindergoingfretting asgrey staining(matt surface due to micro

pitting), undulations(in parts metallically smooth)pitting (localised piling up of

particles) compaction zorge(plastic indentations within the materiatpughening

(plastic deformation in the form of uniform corrugations) dader like growth

(built up from pasty particles at a few strengthened contact pdiBtsyvers and

Rabinowicz, 1973)

Frettingcan be assessed wittree regimes, namel¥igross slig, fipartial slip and
fimixed slip. Gross sliprefersto where the displacement amplitude igher than
transition amplude, partial slip occurs where the displacement is lower than the
transition and for interediate displacement amplitudes, thispthcement may
evolve from one sliding to anotheralled mixed slip regim¢Hannel et al., 2001)
Vingsbo and Sdéderberg (198&ve shown that fretting is significantly dependent on

the slip regime.

Fretting may also lead #change ofurface hardnesshich is another characteristic
of wear The surface hardness oftérot always)increases mainly because of work

hardening and oxidation.

2.3.2 Fretting wear theories

There are different theories on fretting and its process oveniimie all are based

on similar foundatios

A strongtheory d fretting, proposed byArchard (1953) is that where adhesive,

corrosive and abrasive formstbiewear are all occurringretting takesplace Baseal
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onthis theory fretting haghreemain stagednitially, relative displacement between
surfaces in contact causes adhesive wear between the aspeoitiesingparticles
Then the releasedparticles oxidize rapidly (because of their small size). The
relaively hard oxide particles may further cause abrasive wear to tfecasir The
abrasive wear occuilzecause the debris has nowhere to escapetfreltontacting
surfaces ands trapped between thenkinally, the wear progresses with further

chemical reation based on the environment causing corrosive wear.

A theory proposed b¥ngel and Klingele (1981 similar toA r ¢ h abutddt s
necesarily in the same order. Another theory stdtg Wassef and Schmalzried
(2013)is that where the existing formedxide layer on the surface is removed by
physical fretting adhesive wear due to micromotion, further oxidation and/or

corroson of the surface is possible.

2.4 Wear laws

As outlinedearlier in sectior2.2, the wear rate for contacting surfaces is proportional
to the contact load and the relative displacemeetweenthem. Theoretical
approaches to the assesamie of wear arecmmairmdloy Wesaed La

the fADissipated Energy Wear Lawo

241 Archardodés wear | aw

The Archardbased wear laws the most common theory to modieé wearprocess

in tribology and is classically used in many studi€kis approach relates the
volumetric wear to theroduct of the normal load and relative sliding distance of the
surfaces in contact. Then a wear coefficient is extrapolated to establish the wear

resistance of the materiallhe dimensional Archard wear coefficient() from
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Equation(2-3) which contains the hardness of the miatdd ~ “(FO) can usuallybe

obtained using guation(2-19).

o (2-19)

wherei is relativesliding distance r i $hisiwgabcoefficient, due to correlation
of hardness, has ugibf 0 & . Equation(2-19) was originally proposed by Archard
for unidirectional sliding wearing process bitthas been widely used for fretting

wear modellingas well

The relative sliding in fretting occutsingential to the surfacesith reciprocating
action and Archardés wear | a wthe slidiegd s a

distance. Ttd can be represented as

(2-20)

wherei is the relative slip per stroke aBdOi is the sum of Oi productsover the

loadcycles.

Many studies have demonstrated thatAnehardwear coefficient{0 ) for the same
material combination, is stronglydependanton wear mechanism, progression of
wear, contact geometry, displacement amplitude, loading condition and other
parameterdg-or instance the value for unidirectional sliding is completely different
from reciprocating sliding (fretting for exampl@ridrici et al., 2001)Furthermore,
otherstudies show that it is necessary for the wear rate of metals fratteng to

consider the effect of elasmastic response of geometfyohnson, 1995, Kapoor,
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1997) The stressn the structure Wi be maintaired within an elastic responsg to

the critical cyclic stress state wheiee materialthen undergoesumulated plastic
dissipation. This defines a shateo wn boundary as a functi
pressure. Such a thgohas been confirmed with maoyherstudies(Johnson, 1995,

Van and Maitournam, 1994, Fouvry et al., 2001, Fouvry et al.,, 2@0®@)
demonstrates that it is essential to integrate the change of friction coefficient for the
assessment of wear rate under alternated sliding situations whkclovign asthe
greatest I i mi t at i o Mherefdre thA Archiard wehio approach a r I

cannot accommodate the change of friction coeffiaiemingthe wearing process

2.4.2 Dissipated energy wear law

The wear rate seems to be much maependent omnother significant parameter
which is interfacial shear worfEouvry et al., 2003, Fouvry et al., 2001, Teoh et al.,
2002) The wear resistance of the material can be evaluatednlnergy wear
approach thatelatesthe wear volume to the friction energy dissipated throigh t
interface.This methodyivesthe wear volume proportional to dissipated eneBy@Y

given by,

(2-21)

whereg is an energy wear coefficieniThe dissipated energO) is the product of

tangential forcel{) andslip (i ) given by,

O Ui (2-22)
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The Energy wear law introdusethe energy wear coefficientvhich allows
rationalizing the quantification of wear and classifying the wear resistdine.
method also interpretdifferent wear mechanissri(such as abrasive, corrosive and
fatigue wear)in a much moreappropriate waySimilar to 0 (the Archard wear
coefficient) in theArchard wear lawthe| value (Energy wear coefficienggain
depends on material combinatj@tiding condition and the contact geometrythis
law, a minor dissipated energy participates in plastiegitih the mgority part ofthe
energy being consumed by dwis flow through the interfacelt can also
accommodate the change of friction coefficient during the wealysis. These

advantages shothe siperiority of this law comparedo Ar char ddés wear
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2.5 Hip joint

TheHip joint is fundamentally a ball and sockeint (Figure2-3) with the large area
of the ball(femur headyurrounded by the socktcetabulum)It bearsmore weight
with high stability lut carries less range of motiam comparison with other ball
socket joints such ake shoulder.A hip joint containghe head ofthe femur bone,

theacetabulum, cartilage, joint capsule (ligaments) and tendons.

The jointis supported with muscles, tendons and ligaments.Whnae hip joint is
coveredby a joint capsule that helps to stabilize the motion of the hip. This capsule
covers all femur head cartilagandthe acetabulum. The fibrous and thick capsule
containsthree ligaments,filofemoral, fischiofemorab and fpubofemorad located

beside the labrum and ligmentum tefeseFigure 2-3).

The femur or thigh bone is known dsetlongestheaviestand strongesbone inthe
human body. Its duty is to support and carry all the body weight dinungan
activities There is always extreme forapplied on the femur which can be

stabilized with the strength of the musciétached tat.

The acetabulum is basically a cup dentedhimpelvis (the concave surface of the
pelvis)shown inFigure2-3. The femur head meets the pelaisthis concavsurface

to form the hip joint.

The main duty of the cartilage dhe acetabulum and head tife femur bone is to
lubricate the jointand provides asmooth surface in order tfacilitate a nearly
frictionless and smooth motioRrom a nechanical point oiew it actsin a similar
way to lubricant in machinery. Its performance in the joint is crucial as i it

damagediue to overuseoverweight and/or any speciftiseases affecting the joint,

48



Chapter 2: Backgrourida review

two hard bonysurfaces acuupon each other causing high ste=ssn the joint

articulation with high friction making the joint stiff and painful.

Acetabulum

Head of femur

Pelvis Femur neck

Ischiofemoral

ligament
(attachedn the
backof the
capsulg

ilofemoral
ligament

Pubofemora
ligament

Femur bone
Hip joint capsule

Figure 2-3: A human higoint, model created in SolidWorks

2.5.1 Hip joint disorders

A hip joint can allow a wide range of movement and transmit high dynamic loads. Its
ability to cary loads and provide this mobility is remarkable; however, it is

vulnerable and can lose its functionality due to disesiseh as
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1 Osteoarthritis: When the joint cartilages worn away, bonegrind against
each othecausing stiffnesgain and immobility

9 Rheumaoid arthritis : This arthritis is achronic diseasevhich while
progressing leadto severe damage in joint ligaments and erosion of the
bone.

1 Avascular Necrosis: This is defined agleath of organ cells in the joint
tissue duedo lack of blood supplynd mostly affects the top of the femur
bone Avascular necrosis may lead to change of the shape of the bone, joint
stiffness, pain and loss of range of movement.

 Trauma and bone fracture

71 Others, such as Tendonitis of the adductofghe hip, Trochantric bursitis,

Snapping hip Syndrome

Drugs and physietherapy carhelp to reduce paifor patients however in severe
cases;to eliminate thepain the effective treatment would be replacementhef
affectedjoint. At the final stageof severe hip pathologigsarthroplasty is a key

solution for patients who wish to pursue an active lifestyle again.

2.6 Hip arthroplasty

THR is a common arthroplasty performed worldwide as a key and successful
solution to improveap at i e nt @Gvho islsuffériegsfronyphirgul hip joins, hip
joint diseases or joint fractureSir John Charnley1911-1982)carried out thevery

first hip arthroplasty in November 1962. He developed a method to replavbdles

2Pathology is AThe science of the causes and eff
that deals with the laboratory examination of samples of body tissue for diagnostic or forensic
purposeso. Oxford Dictionary
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hip joint by an artificial one and estahed a surgical technique for implantation.
Although, mplants and surgical techniques have advanced since ttieersame
foundation proposed by Charnley currently being usedThe main aim of the

surgery is to accommodate an active lifestyle for pégie

A total hip prosthesis is #&all and socketoint normally comprisingof three
components, an acetabular cup, femoral head and &emFigure 2-4 and

Figure2-7).

Head taper

Modular taper
junction

Stem trunnion

Stem

Figure 2-4: A THR, a Birmingham acetabular component, a Freeman
uncemented stem and a Birmingham XL heetlieved

Sincethe very first Charnleyhip prosthetic design, this implant has been developed

in terms of degn, material, bearing surfaces amesurfacing tehniques. The
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success of the design is only based on the longevity of ihefwo. Although the

sizes of the components are different based on the anatomy of the patients, their basic
geometry is similar. Currentlya wide range of Prosthetic devices ailable
commercially in terms of design, type and materidie main joint replacement
manufactures are DePuy, Zimmer, Smith & Nephew, Stryker, BiometLarid

Figure2-5 showsjust some othe manydifferent implant designs

Figure 2-5: Different design of hip implants

In early designs ofTHRs the head and stem were manufactured as a single
component (monolithiprosthesis)lUsing two separate components (modulariity)
THRs allows flexibility intraoperatively to facilitate optimum prosthetic
functionality and anatomical fit fandividual patientsModular connection involves

a male and female junction. Inteclong ridges are machined to a certain roughness
to connect a tapered shank and sockéts allows a surgeon to choose different

prosthesis componentiependent o patient® anatomy, age and level of activity
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without a large inventorylThe main advantag of modularity in total hiprosthesis

can bdistedas below:

Custom implantsthat attemptsto enhance fit andill of different hip

geometry

- Betteradjustment ofhead sizeleg length offset, neck length, anteversion

- Decreasemplant inventory

- An ability to remove the femoral head at revision surgery to improve
exposure or change heside withoutstemcomponent removal

- Useof different materiad for components {fflerent material combination to

providegood bearing properties mainly low frictiamd high wear resistance

- Self-lock with no screw

Beside altheadvantages ahodularity, dinical experiencéaswitnessed significant

dravbacks associated with modularisgch as

Introduction of one or two more interfacesich may lead tancreased
fretting wear

- Dissociation of implant, possible loosening of the parts

- Possiblecorrosionof mixed metals

- Possiblefracture below the head and neck

- Reduced range of motion

% Anteversion is an angle betere an imaginary transverse line that runs medially to laterally through
the knee joint and the imaginary transverse line passing through the centre of the femoral head and
neck.
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- Cost of modularmplants is relatively highethan a monolithic prosthesis
(McCarthy et al., 1997)however,Srinivasan et al. (2012)elieved that the

use of modularity results in cost savings

2.6.1 Procedure of total hip replacemens

THR is a surgical procedure. The gary involves the replacement of the hip joint
with an artificialmechanicabne During the surgery thehole hip jointis removed

and replaced by a prosthetic deviseeFigure2-3andFigure2-6).

Acetabular cup ‘ ) .,

Femur bone
Head of femur

bone cut

Figure 2-6: Schematic of th& HRin service, model created in SolidWorks, JRI
implant, AEON cemented hip system
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On reaching the hip joint, the surgeon dislocates the femoral bone from the socket
and cuts the head of the femur bone (the ¢f the thigh bone). The inside of the
femur bone is cleaned (using various techniques) and the stem placed into the bone.
The stem fixes into the femur canal using either a cement mantel (typically Plexiglas)
or biological ingrowth that allows the bome grow into and onto the metal stem

surface coated with a porous or rough material.

Then a perfect hemispherical bone socket, matched with the external shape of the
acetabular cup, is made in the pelvis acetabulum (hip socket) by a reamer and the

acetabudr cup is placed into that.

A trial head is placed on the top of the femoral stem in order check the size and
adequacy of the hip motion. When the appropriate head size is found, the actual head
is placed on the stem trunnion and usually fixed with impaciGenerally,oneto

three firm impactions are applied to the top of the head.

2.6.2 Femoral head and stem assembly

As discussedhe assembly of the femoral head onto the stem trunnion at surgery is
achiesed by impaction by the surgeom order to apply irpaction on the head,
surgeons use a polymer tipped impactor instrumentaandllet to avoid damaging

the prosthesiéseeFigure6-1 in Chapter 6)

It is known that the magnitude of this impaction force affects the initial taper strength
for longterm and safe fixatianThe strength of fixatioms obviously dependent on

the impaction force, design of the taper, the condition of the taper surfaces, mismatch
angle, angle of impaction, environment (dry wet) and number of impactions

(Heiney et al., 2009, Pennock et al., 2002)has been postulated that attaining
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maximum fixation is crucial in minimizing problems associated with these tapers

such as corrosion, fretting, micromotion and unintendeasdembly.

A number of experimental studies have investigated parameters that affect taper
fixation (Heiney et al., 2009, Pennock et al., 2002, Rehmer et al., 2@¥8rnia et

al.,, 2009) wi t h t a@fefoxerbpinglused as the measure to assess taper

strength. All of these studies involved (at least) the simulation of the assembly and

disassembly of cobalhcome alloy heads i atitanium alloy stem

The magnitude of the impaction forces used were determined initially using tests in
Heiney et al. (2009)Pennock et al. (200R2)and Lavernia et al. (2009Wwhere
surgeons were required to apply an impact typical of that usedorratively to
assemble the head to the stem. The average of the measured forces from the three
studies were approximately 5000N (1 surgeohl impacts)Pennock et al., 2002)
1633N, Standard Deviation 422N (8 surgeons x 5 impacts €hatgrnia et al.,
2009) and 4409N (10 surgeons x 1 impafiteiney et al., 2009) Rehmer et al.
(2012)used impact forces of 2000N, 3000N and 4000N (to coetyipical range of
force applied by surgeons) describing them as light, medium and firm hammer blows
for seating the femoral head on to the stem. A linear relationship was found by
Heiney et al. (2009)Pennock et al. (2002and Rehmer et al. (20123uch that
increased impaction resulted in increased-pfilforces (with the ratio between pull

off and impaction being arourm@ (Pennock et al., 2003nd @ Y(Heiney et al.,
2009). Lavernia et al. (2009ound much reduced pudiff forces where biological

debris (blood, fat) existed on the taper during assembly.

Pennock et al. (2002and Rehmer et al. (2012%tated multiple impacts did not

increase tapédiixing strength, whereadeiney et al. (2009advised two firm blows
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would attain maximum fixationPennock et al. (20023uggested that surgeons
should apply an #ine maximum impaction butleiney et al. (2009and Rehmer et

al. (2012)recommended a firm blowr (11 ® Jtso as not to risk damage to the femur.
However, Mroczkowski et al. (2006used an impact load ap x 1 rmand hand
assembly to represent thextremes of what may be sedilinicallyd in an
experimental study into the effect of impact assembly on fretting corrosion of hip

tapers.

These studies highlight the nstandard nature of the surgical assembly profess

the prosthetic femoral head and stem with evidence of significant variation by
surgeons with regard to impaction force and technique used. This variation occurs
due to a surgedn differing experience; the type of head (metal or ceramic); and

crucially, the quality of the bone stock of the patient.

So, there isnot onlyevidence that the magnitude of the impaction force affects taper
fixation (Heiney et al., 2009, Pennock et al., 2002, Rehmer et al., ,2002#lso
Mroczkowski et al. (20063uggest that the extent of taper fixation may have an

effect on corrosion, micromotion and fretting wear.

Surgeons are provided with general guidelines and training by manufacturers on how

to asserble a head to a particular stem; howevesnofacturerg guidelines are

vague for tle assembly of the head and stemh t h st at ement s such
0firmlyd i mpacted t he n oaanynmpaction foreestchrei be t
used In reality, the magnitude of the impact used isdobon a surgeodpreference,
experiencethe type of prosthetic femoral head, andthdquat vy of t he pat.

stock
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2.6.3 Material and material combination of total hip replacements

All materials used to manufacture THRuaistbe biocompatible in order to reduce
the risk of rejection of the implants and possible toxiditgreass in the number of
young active patients using hip prosttelsas ledto an amplified use of alternative
bearing material In the highly corrosive hman body environment, the material
properties of different components of implants pkysignificant role intheir

longevity.

1 Acetabular cup. The acetabular cup is fitted into the pelvis and the bearing
surface is typically manufactured fromUltra-High-MolecularWeight
Polyethylene (UHMWPE)vhich hadow friction and wear rate, highaghness,
good impact resistance angbod biocompatibility.In some design it is
manufacturedrom highly crosslinked polyethylene (HXLPE), ceram{such as
alumina or zirconia)pr to a lesser extent recently a colditome alloy(Jeffers
et al., 2009)

1 Femoral head Prosthetic femoral heads are normally made from a cobalt
chrome alloy,but alsoeither ceramic orhigh gradestainless steelThe main
advantage of ceramic used farfemoral head is low frictiowhich lead to a
low wear rate and reduced wear debris; however, it is brilebaltchrome
alloy provides very goothiocompatibility, corrosion resistanckigh hardness
reduced inflammatioand superior wear resistanfoe bearing especially where

it is combined with itself oron a UHMWPE cup. It provides relatively

successful performance and has been widely used in orthopaedic applications

(Brown and Lemons, 1996)

1 Modular stem. The stemwhich needs to be fitted into the medullary cavity of

the femuris usuallymade from titanium alloytypically Ti-6Al-4V) which has
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similar elasticityas bonegood tissue tolerance, high strength to weight iaatich
lighter weight than other orthopaedic akoyt is rarely made froma cobalt

chrome alloyor stainless steéHead et al., 1995)

The combination of different matersafor the components alsoreatesdifferent

interfacial propertieswWhent he ter m fAmateri al combi nat.
material ofthe femoral head and acetabular cup (bearing material combination).
There areseveraldifferent materialcombinatiors for the articulating surfacas

THRs such as Metabn-Plastic (MoP), Ceramicon-Plastic (CoP) Ceramicon

Ceramic(CoC)andMetalon-Metal (MoM).

1 MoP and CoP. Plastic which is usuallylUHMWPE or high crosdinked
polyethylene(seeFigure 2-7) has high wear resistancemparedo other typs
of plastics, however, comparéal metal and ceramic it has a high wear .réte
allows the use ofa larger femoral head-urther UHMWPE allows the bearing
to act as a good shock absorbaed thishelpsto possibly allow greater activity
levels.

1 CoC. Thistype of prosthesis reduces the possibility of scratches on the surfaces
and therefore,makes the couples less vulneratdevear. The wear rge is 10
percent less thakloM. In this type of prosthesis, it is possible to ughianer
acetabulacup pecause of its strengtland herefore, it is possible to choose a
bigger femoral head fitteinto a smaller acetabular sheli providesa wider
range of motion andhigher stabilityandis a good bearing for young active
patients This type of prosthesif©iowever,is expensivebrittle andi s gue a ki ng o

has been widely reportedhich is unpleasant for patier(tglai et al., 2010)
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\

m Plastic Acetabulacup

Head

Modular taper :
junction Stem trunnion ﬁ

Stem "

Figure 2-7: Metal-on-Plastic total hip replacement

1 MoM. The difference in hardness is the main advantage of this kind of
prosthesis. The MoM prosthesis (degure 2-4) is fabricated from different
metallic alloys such asobaltchromium alloy. One of their biggest advantages
to ceramic is that they are hard but not brittle. Their advantage over plastic is
that they are more resistant to wear and scratching. Another advantage of this
coupling is that it can be made witlbigger femoral head diameter for the same
sized acetabular shell. Therefore, it provides a wider range of motion for the hip.
This combination is also supposed to provide less wear, less bone resorption,
fewer offset problems, less risk of dislocation andke it easy for revision
surgery. he MoM hip prosthesis has been developed to help the failure rate;
however, it leads to other serious problems that increase the failure rate such as

metallosis( Mi | o &.e2000)and infection.
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The acetabular cup and femoral heebd toprovide a smooth articulating bearing
surface to allow necessary hip movement and to minimize Weare is evidence
that cobakchrome femoral head wittHMWPE acetabular cup proge a good
combination for bearing surfaces. Furthermotee tdvantages of titanium and
cobaltchrome alloy brought these two materials in combinatsn a titanium
modular stem and cobathrome femoral headnd these combinations have been

widely used irorthopaedic devices

2.6.4 Surface characteristics of total hip replacements

1 Bearing

British standard (BS ISO 7281987 suggested that for articulating surfaces
(bearing) of implants the surface roughness finish should not excdetl and

o fté in average'Y ) for metals and ceramic respectively.fact, dueto advanced
manufacturingand polishingtechniques, these surface firestare meh smoother
thansuggestedRecently, available femoral heads are manufactured from an average
Y of les thant@t 64 toT®' & (Hosseinzadeh et al., 2012}his hashelped to
reducewear at bearing surfaces significan{imith et al., 2001) The material
investigatios and advancedmanufacturing techniquesn bearing have fairlywell

reducedhewearratethat could occur at bearings

9 Modular stem

The modular stem of earli@HRswasinitially developed with stainless steel with a
relatively smooth surfacand developed furtheto a high degree o$urface finish.
This detrimentally effectedretting wear ketween stem and boif@hashi et al., 1998,

DANIEL M ESTOK and Harris, 1994)inthe1l 9 7 0 6 s trisdttaicthange she

61



Chapter 2: Backgrourida review

surface finish othe modularstem from what was highly polished to a rough surface
with a matt appearance in order to have betteation betweerthe stem and bone.
Caoating hascommonly been usedon some modular stesmto encourage bone

ingrowth and better fixation.

1 Taper junction

The focus of this study, however, is ttager junction or taper interface of THRs.

The taper junctioc ont ai ns of female taper or head
mal e taper or stem t afseaFigused-4).fAihoughthea mel y
taper and trunnioare manufactured to produce a component georastaspecific

locking mechanism, micromotion betere them is inevitable. Thereforgood

fixation between them is of the greatestportanceto reduce micromotion and

subsequentlyeducethe wear rate.

A change of friction coefficienat the surfacesvill affect the relative micromotion
whichin turn affecss the wear rate Between the 198 and 1990stheoretical studies
tried to decreas¢he contact pressure as a meah decreasing wear ithe taper
junction (Bartel et al., 1985, Fessler and Fricker, 1989, Jin et al., 1999)
SubsequentlyWWang et al. (2001)used a joint simulator to determine the effect of
contact pressure on wear and friction coefficiéifiey showed thaincreasing the
contact pressure reducdmth the coefficient of friction and wear rateThey
suggested thdtigher tapeffriction is a desirable condition in order to provide better

fixation and educe wear

Water and blood only reduce the magnitude of the friction coefficient slightly
(Fessler and Fricker, 1989)Vater has no effect (in comparison torg dondition)

on the friction coefficientt the taper junction; however, blood redudée friction
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coefficient slightly due to the protein complexes that enhance boundary lubrication

(Fessler and Fricker, 1989)

Ceramic and metal tapers are typicalbut not always)manufactured relatively
smooth and polishedsée Figure 2-8); however, some prosthetic devicbave
threadedrunnionsurfacegseeFigure2-9) in order toincrease friction andnprove
fixation of the componentsThreaded taper providebetter fixation especially foa
metal trunnion and ceramic tapétallab et al. 2004) performed an itvitro fretting
test comparing possible fretting corrosion between rst¢ah/metahead and metal
stem/ceramihead combination. They showed approximatehfdd greater metal
debris released from metsiem/metahead. This is del to the hard on soft
mechanical interlocking of the harder ceramic and softer metal contact intérdace t

could reducehe potential relative mictomotion.
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aa
Figure 2-8: An example dfieadtapersurfacetopography
Figure 2-8 and Figure 2-9 show thesurface topographgn a commercial head taper
and stem trunnion respectively using a contact profilometer (Talysurf PGI 840
Taylor Hobson, Leicester, UK The arithmetic mean valugy ) of m@‘ & on the
head taper surface roughness a@t & on threaded stem trunnion are visually

apparent.
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Figure 2-9: An example afhreaded stenrainnion surfaceéopography

2.6.5 Failure of total hip replacement

Modem THRs are a major clinical success with egpel lifetimes ofp 1to p wears
(Aldinger et al., 2003, Teloken et al., 200Epilure after this is known asfiair

succes8of the implant and any failure below that calfgdemature failure

Recent data from the National Joint Registry (NJR) indicates that ar@0@D&ip
operationsvereperformed in the UK using arthroplasty2013(11™ Annual Report,

NJR for England, Wales and Northern Ireland, 40TThe American Academy of
Orthopaedic Surgeons (AAOS) has indicated that more thamm 1t iTHRs are
performed edt year in the United StateN4tional Hospital Discharge Survey, USA,
2010 with this number expected to rise with an ageing populafibe. number of
patiens receiving THRs has increasedver the past decade Ipyt Bn the United
Kingdom and o v RAn the United State{Smith et al., 2012)In addition, as these
devices are becoming more common place, younger patients are adopting this
solution too and as such there is a need to improve existing slesigher to

accommodate their more active lifestyle and to extend the prostheses life

64



Chapter 2: Backgrourida review

Instances of premature failure of these implants) (years) has been reported and
attributed to aseptic loosenir{angton et al., 2011, Mattei et al., 201Rseptic
loosening which is a loss of fixation of the implantki®wn as the main factor of
failure of THRs This loss of fixation may be a result of inadequate initial fixation,
mechanical loss of fixation over time or biologic loss of fixation hapgedue to
wearing process. It could occur at modular steme (cerented or uncemented) or
the headtaper interfacg Abu-Amer et al.,, 2007) The Sweetish Hip Arthroplasty
Registry reported thag v Pof premature mechanical failure is due to aseptic
loosening and the rest is due dislocation, infectionand rarely fracture(see
Figure2-10) around the implantMostly, all the realls are due to unexpected pain
pain due toAdverse Soft Tissue Reaction (ASTR)debris releasedrhus,one of

the main mechanical requirements for an improved prosthetic design is to minimise

'Fracture

wear to incrase device longevity.

Figure 2-10: Fracture occurred at Polyethylene cup of a total hip prosthesis

When failure happens, revision surgery is needed to replace the failed implant.
Revisions ardess successful than primadye to the much more complprocedure
and alsahereduction of the bone quality. It is also much more costly than primary

surgery with moreliscomfortand pain for patients.
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The failure rate varies with the type, design brehd of the prosthesis. For instance,
for MoM THRs the failure rate asevenyears is aroungp @& B comparedwith
180 Pfailure rate for those made of other mater{@mith et al., 2012, Cohen, 2012)
For articular surface replacement (ASR; DePuy, United Kingdine NJR(2014)
announced more than w Hailure in 2013 In general, the registry has shown the
MoM THRs have not performed satisfagtgrenough as bearing surfaces. Large
numbes of recalls ® MoM hip prosthesearedue to theASTR in patients(Pandit et
al., 2008) Metal ions released into the body mawpterthe blood vesselsr other

organsof the body and increaskeet iron percentage in the blo@@imith et al., 201p

Another concern withMoM THRs is the possibility ofmetallic cancerous ions.
Smith et al. (2012)investigatedt fo X gatients with MoM andc T fp w wvith
alternative bearings higplacementBased on the results, there is no evidence on the
risk of cancer diagnosis in the first seven years after Maldlantationwith no
increase in the risk ahalignant melanomaProstateor Renal cancerAlthoughall

the data presented reassung, this kind of findingis observational with a short

follow-up usinghospital statistics.

Consequently, an understanding of all clinical failure (mainly wear forésesarch
at all interfaces is needed to reduce the number of revisiomcreas longevity and

provide more comfort fopatients

2.7 Wear and fretting wear in total hip prosthesis

Wear is inevitablet each interface adtotal hipprosthesigiue tothecyclic load As
a matter of fact, wear occurs in dlifferenttypes of prostétic devicesn varying
amouns. Prosthetic wegrroducedifferent types of wear particlesn terms of size

and shapeThe wear debris produced from these deviseseated at
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1 Head and acetabular cup interface. The wearoccurringat this interface has
beenminimised significantly with the introductionof advanced materisiwith
low wearing rate, improvement of manufacturagagd polishingechniquesand
optimisation of size and geometry.

Although generation of wear at the head and acetabular cup has reduced
significantly, the amount of debris released from this interface is generally
inevitable and acceptable due to the nature of bearing and interaction between
those components.

1 Stem and cemented stennterface. In cementedTHRSs the femoral stems
secureaypically using Fexiglas Poly-Methalmethagiate PMMA). The wear
occurringbetween stem arttiebone cement is well documentedtfe literature
(Brown et al., 2007, Zhang et al., 2008b, Buly et al., 1992, Zkaiad), 2008a,
Hailer et al., 2010, Morshed et al., 2007)

1 Head taper and stem trunnion (taper junction)interface. The form of wear
occurring at this interface is frettinggear The main issue with fretting in
arthroplasty is that the oxideebris released has no escape roated is
accumulated either on surrounding tissue within the body or trapped between
contacting surfaces which has damagingeffect. It may lead t)ASTR and
trapped particles causirigrther abrasive anaorrosive wear. Tissue reaction to

metallic wear debris plays a major role in aseptic loosening of joint implants.

As well as the benefits associated with modularity there are inherent difficulties
associated with the release of wear debris at both #taeladar cughead articulating
surface and also the head tapwm trunnion junction which have led to ASTR in

recipientgLangton et al., 2011, Mattei et al., 2011)
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2.7.1 Fretting wear at taper junction of total hip replacements

Traditionally the debris releasedt the head stem interface hasdn assumed
negligide compared to the wear occurriagbearing surface3he determination of
wear in THRs up until recently has mainly focusad the articulating surfaces
between the head and (plastic) acetabular (Eiglho et al., 2007, Maxian et al.,
1996a, Maxian et al., 1996b, Maxian et al., 1997, Patil et al., 2003, Raieioaldi
2001, Teoh et al., 2002, Wu et al., 200¥)wever, fretting and its resulting damage
a the taper junction causes failure in many typaf prosthetic deviceCorrosion
occurs due to frettingrhich not only leads to implant failure but also causes serious

problems such a&STR.

As discussedWioM prostheses incorporate a metal femoral heeaticup articulation
and have a much reduced wear rate in ammpn toMoP. Modern large diameter
MoM prosthesegFigure 2-4) were introduced around 199Cohen, 201Pas an
option for young active patients to provide a device with reduced wear debris and
risk of dislocation, greater strength and longer tlifan MoP types However, under
certain circumstances, atal debriscan be generated at the articulating steta
which can damagethe surrounding soft tissudsading to fiaseptic lymphocyte
dominated vasculitiassociated lesions(ALDVAL) and Metallosisand cause

immobility in patientSporer and Chalmers, 2012)

Importantly, evidence of metal wear debris has been reported in MoPRrépase
level) and CoC THRs tqamplicating taper wear and also neclp impingement
(Langton et al., 2011, Mao et al., 201Rangton et al. (2012and Bolland et al.
(2011)have shown damage at the taper junction in retriéwelll prosthesesvhere

there is correspondingly minimal wear at the bearing surfaces but still serious soft
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tissue damagé.angton et al. (2012)resented Scanning Electron Microscope (SEM)
images of tapefunction surface damage occurring in the femoral heads from
retrieved large diametévloM prosthesesThe images show surface peaks (created
by the impression of the machining grooves from the trunnion) having been sheared
off leading to significant material loss, and evidence of the formation of pits with
inclusions which it was hypothesised were priltgatue to mechanicdtetting wear.

There was evidence of only small amounts of chlorides and oxides suggesting
corrosion was not the primary mechanism of material loss, contrary to the opinion of

Malviya et al. (2011)Goldberg et al. (2002andGilbert et al. (1993)

As the junctions would have been subject to oscillatory loads and small relative
displacements (micromotion), the type of mechanical wear taking @disely to

have been fretting wearThere is evidence in the literature of experimental
investigations relating to fretting iMHRs (Hallab et al., 2004, Duisabeau et al.,
2004) but only a limited number of studies on the numerical simulation of this type
of wear(Zhang et al., 2013, Elkins et al., 201Bue to this serious problem large

diameteMoM prostheseare no longer used for arthroplasty.

ASTR and Metallosis havbeen shown to nainly be an issue favloM prostheses,

there have also beanports of them due to metallic wear debris produced from the
tapertrunnion interface for both MofMao et al., 2012)and CoC( Mi | ogev et
2000)prosthesesThis indicates that damaging metal debris can also be created at the

taper junction between a metal head and seem h MoP or CoCprostheses

2.7.2 Fretting wear of cobaltchrome and titanium

As discussedhe advantages of titanium ftve modular stem and cobathrome for

thefemoralheadbrought this combinationf materialsn THRstogether Besides all

69



Chapter 2: Backgrourida review

the material advantageof cobaltchrome and titanium recent studies showa
different scenario for theobaltchromeandtitanium taper junction combination of
modular head and ste(Bishop et al., 2013, Bone et al., 2015, Moharrami et al.,
2013) This combination seems to le&d a risk of significantenhancemenbf
potential wear and corrosioSignificant damage on the surfacetbé harder cobait
chrome has been reportédook et al., 1994, Mears, 197a&hd alarge number of
failures have been eported due to the wear occurribgtweenthe cobaltchrome

head and titanium ste(Bolland et al.2011)

Unexpectedlythe harder cobalthrome shows more surface dage tharthe softer
titanium alloy. This is due to fretting wear anthe tribocorrosion mechanism
between these materiglgloharrami et al., 2013Moharrami et al. (2013)ndertod

ani nvestigati on o nand Harlneséfdotmngatersals dbostieringu s
in-vivo corrosive environment to determine how titanium with lower hardness can
wear cobakchrome with higher hardness. Their investigation showed ithait/o
oxidationhasa significant effect on the surface material properties of titanium alloy
making it harder but makeno dfferenceto the hardness of cobatthrome. The
hardness of cobatthrome remains relativelyoostant as it is more resistattt

oxidation.

Therebre in fretting between these two materials, titanium significantly abrasively
weass cobaltchrome. Experimental reasurement offretting wear for this
combination showethe wear rate othe cobaltchromehead tapewas almost 10
times higher thamn thetitanium stem trunnionBone et al., 2015, Langton et al.,

2012)
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2.7.3 Wear patrticles released from hip implant

Wear particlesreleaseinto the bodyfrom THRs can be found in different organs
such asthe blood, kidneys and btaler (Maloney et al., 1995)During revision
surgery, debris accumulated arouhdjoint and surrounding tissue has been clearly
presented (Kusaba and Kuroki, 1997)The cebris contains metal and plastic
particles deperaht on the type of prosthesis. Even fdoP THRs analysis of the
debrishas showedhat particlesarenot only from UHMWPE(which come from the
acetabulacup) but alsofrom metallic particles generatedostlyfrom the headstem

interface(Minakawa et al., 1998, Shahgaldi et al., 1995, Young et al., 1998)

Observabns of the failed implants shosgignificant damage at the taper junction
(visible withthenaked eyg Themetal debris released leads &isus problems and
infection ofthe surroundig tissue Bolland et al. (2011phasshown damage at the
taper junction in retrieved prosthesedthough there is correspondingly minimal
wear at the bearing suries serious wear damage timetaper and trunnion surfaces

was visible

2.8 Wear assessment

As explained, theoretical andmputationalapproaches to the assessment of wear

are mainly based on O0Archarddés Wear Lawbd
both methods an experimentally determined wear coefficient is required which
encompasses a variety of parameters affecting wear suclatasaincombination

and properties, geometry, surface roughness, friction coefficient, lubrication regime,

temperature, and loading frequency.
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2.8.1 Archard and Energy wear assessment

In the gross slip regime it can be seen that there is a relationship betvatand

andthe Energy wear coefficient as follsy

CQ
ke (2-23)

where* is thefriction coefficient However, in the partial slip regime where the
traction forcg(0) is lower tharthe product ofthefriction coefficientandnormal load
(0 *"0) the Archard and Energy approastwill not provide the same results

(Zhang et al., 2011)

The Energy wear approach considetise interfacial shear work as the main
parameter controlling the wear modelling. This approach uses a single Energy wear
coefficient that unifies prediction of wear across a wider range of stiake v &

to p&a &) than Archard(Magaziner et al., 2008)Therefore, this approach has a
greater range of applicatidghanAr ¢ har d 6 JFowry at al., 20@LwWFouvry et

al., 2003 Liskiewicz and Fouvry, 2005)

2.8.2 Wear coefficient

For engineering application the quantity of dimensional wear coeffigient €¥'0

is often more useful quoted by whif 0 & ord 0 & . Due to a lack of a standard
test methd, the value of wear coefficienbbtained from different investigatien
available intheliterature varysignificantly bya deviation ofp 1 11 TDIPmore(Yang,
2005) Thewear coefficienencompasses a variety of parameters affecting wear and

in addition it is known to change during the wearing process.

72



Chapter 2: Backgrourida review

The valtapers r wr rfidgiting)owear coefficients can only be obtained
accurately by controlleth-vitro studies using hip sintators or specially designed
fretting rigs as basic techniques such as pin on disk do not provide the necessary

geometriesin-vivo loading conditions or environment to facilitate this.

The vast majority of research into wear modelling of hip prosthese#volved the
analysis of wear occurring between the cup and head articulatidoBftypes
(Fialho et al., 2007, Maxian et al., 1996a, Maxian et al., 1996b, Maxian et al., 1997,
Patil et al., 2003, Raimondi et al., 2001, Teoh et al., 2002, Wu et al.,.2003)
However, there has been a limited numbeinefitro studies consideringetallic
interactions for both cup and head wear (hip simulatorg/pidisk) and to consider
taper junction wear due to fretting (by means of fretting test (@isipa et al., 2007,

Fridrici et al., 2001, Liu et al., 2008, Magaziner et al., 2008, Zhang et al.,.2013)

Liu et al. (2008 determined wear coefficients from wear volumes obtained from the
cup and head of cobalt chrome (CoCr) MoM hip resurfacing implants after simulator
tests bylLeslie et al. (2008)The wear coefficients were obtained by a trial and error
method using a computational wear simulation té experimental tests and
comparing the computed volumetric wear with the hip simulator values. Archard
wear coefficients opp o pmm 00 @ andmd ¢ pm O O & were obtained

for the beddingn (1z p million cycles) and steadstate pz p umillion cycles) wear

phases respectively.

Uddin and Zhang (2013)sed wear coefficients of similar valueltiu et al. (2008)
in a study to predict wear in haoh-hard hip prostheses. For wear between &€C€o
Mo alloy cup and head, Archard coefficientsT® pm 0 0 @ and i v

p1 00 & for beddingin (0-1million cycles) and steady stateZImillion cycles)
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were used byJddin and Zhang (2013pllowing hip simulator tests undertaken by

Chan et al. (1999)

Chiba et al. (2007used a traditional pin on disk unidirectional technique with
Archardswear law to determine wear coefficients for cast CoCr/Ca@t forged
CoCr/CoCr alloys. The volumetric wear was calculated from gravimetric
measurement of mass loss producing overall valuas ofo® p 0 0 & and

¢8t p 1O O @ respectively.

Fridrici et al. (2001)investigated the effects of shot peening on the fretting wear
behaviour of Ti6Ali 4V using a fretting wear rig with a cylinder on plane geometry.
A number of tests were undertaken with eiéfint normal loading resulting in contact
pressures ofu ¢ 0 ¢and Y ol crespectively, and displacement amplitudes
L ato v 1t §. The tests were carried out in dry conditions at a frequency of
V'Odup to a maximum op T cycles. A coefficienof friction was determined as
being around®@ to p afterp ttcycles. Profilometry was used to determine the wear
volume with similar wear occurring on both the cylinder and plane. Energy wear
coefficients were calculated for the different experimentatdimns showing
differences dependant on changes in the contact pressure or relative displacement.
For a contact pressure gf cUrtd ¢and a displacement amplitude ob ft & for a
test of durationc vhm Tt mycles, the energy wear coefficient was deterahins

B pmdO®.

Magaziner et al. (2008used a modified serveontrolled MTS testing machine with
two actuators and fretting fixture to study the frettiegiprocaing sliding of
titanium alloy Ti6Al-4V on itself as cylinder on flat contact. The relative

displacement range wdsx ¢ p ¢ Q @and the range of test cyclest T p T M.t T
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Profilometry determined the wear volume which was found to be nearly linearly
proportonal to the cumulative product of contact load and relative $lipi § and
total dissipated energy’Q) producing an Archard wear coefficiedt o& T o

p 0 0 & and an energy wear coefficignt x® ¢ pp T 0O 0 @©.

Zhang et al. (2013ysed pin on disk with linear reciprocating motipnqa &) to
determine the eneygwear coefficients for two heagtem materialcombinations
(Co-28Cr6Mo / DMLS Ti-6Al-4V and Ce28Cr6Mo / forged Ti6Al-4V) with the
dissipated energy wear law approach for application to fretting at THR taper
junctions. The authors state that with thisproach is fairly insensitive to the
magnitude of the relative displacement and is constant over a comparatively wide
range of motion(Liskiewicz and Fouvry, 2005, Magaziner et al., 2008pntact
stresses were generated of similar magnitude to those at a THR taper junction and the
volumetric wear was measured using SEM and profilometry. Fe28Qr6Mo /
forged TiBAI-4V average energy wear coefficients|of oo p 1m0 0 & and

p® p 1O 0O were determined using SEM and profilometry respectively (a
difference in magnitude ap® due to the measurement techniques used). Fer Co
28Cr6Mo / DMLS Ti-6Al-4V the vales for| weret® ¢ pmd 0 & and

o T pmtd O G using SEM and profilometry respectively (a difference in

magnitude op @ @

The wear coefficient is of the fundamental importance. This value provides a
valuable means of wear modelling in different systeifise wear coefficients
obtained fromthe studiesexplained in this sectioshould be treated with caution as
their values arédependent on the specific test machines used, component design, test

configurations and test conditio€awley et al., 2003) Furthermore, a direct
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comparison of the wear performance of a particular material is difficult due to the
reasons statedThe wear coefficients obtained in literature are summarized in

Table2-1 andTable2-2.

2.8.3 Wear fraction

In the process of weamaterial carbe removel from both components in contdry

different amounts This depends on their surface material properties such as
hardness, wear resistance and surface roughnels.prdportion ofwear that is

removed fromeach of the contacting componeintshisworki s s peci fi ed by
fractiono. Simplisticallpdy wolldremoeexahaohp | e,
the wear volume from one component, whereas a wear fractiom®aof@®) would

remove the wear equally from both components.

Typically, in studies that attempt to predict wearfretting wearbetween a pair of
components one part is modelled as a rigid body and wear is only considered to
occur on the othefor instanceZhang et al. (2014in a recent studgssumed that
fretting wear, between titaniunstemand cobaltchrome alloy headonly occurson

the titanium stem trunnionThey statedthat the cobalthromehead was a harder
materialandassuch can be assumed as a rigid bdaythe light of their study three
main ssuesneed to be considereHirst, they have neglected the effect of geometry
change during the weaag process. Second, there idaage limitation of applying
accurate loading and boundary condition an axisymmetric model.irfally and
more importantly as discussed in Sectidh7.2 recent studies showhe softer
titanium alloy abrasively wears the harder coloaitome due to oxidation of titanium

(Bishop et al., 2013, Bone et al., 2015, Langton et al., 2012, Moharrami et al., 2013)
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In a 3BDFE analysis of aMoM THR (femoral heaghcetabular cup))ddin and Zhang

(2013) only updated the geometry of the cup stating that the femoral head surface
normally wears equally to the cup surface and as such the wear analysis of the head
would be repetitiveHowever, he change of geometry on both parts during wear
modelling hasa significant effect on the wear rate and the predictionheffinal

surface damage.

To the authorés knowl edge, t he wear frac
modellingandcannot be neglected by simplification of the modihe wear method
proposed in this study permits wear to occur on cpenponent only, both

components equallyr by unequal amounts

2.8.4 Effect of frequency onthe wear rate

Regardingthe experimental setp for wear analysis, using a high frequency has
effect on assessment of wear rdter instance, a higfrequency of the pion-disk
apparatus leads to vibratee testsamples.Chowdhury et al. (2010)ndicae that
increasing thdrequency vibratesthe pinon-disk experimental seip that leads to

increasahe wear rate.

Furthermore, accelerating the fretting wear t@gtusing a high frequency ham
effect on fretting wear tes{Schaaff et al., 20065chaaff et al. (2008)sed a pieo-
electrically driven fretting test device and deterndindie volume loss using
radiotracer technique tassesshe effect of frequencen fretting wear rate of Go
28Cr6Mo on Ti6AI-4V. Their results dr different frequenciegp to iOgd show

higher wearate for lower frequencies.
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Consequentlythe examples above indicateat accelerating the fretting wear tests of

materials must beonsideredextremely carefully.

2.9 Computational wear modelling

Experimental testing taletermine the weabehaviour that occurs in mechanical
devices is time consuming, expensive and complicated. Computational wear
modelling is an alternative method which is faster and cheaper than real testing and
can be used in addition to testinp help improve the wearharacteristics of
mechanicadesigns(Elkins et al., 2014, Elkins et al., 2011, Liu et al., 2008, Uddin

and Zhang, 2013, Zhang et al., 2013)

A computational approacto wear prediction is a useful toébr use indesign or
improving an existingdesign.When validated experimentally ar-vivo, it could be
used to assess different gait cycles, fiomal performance of prosthetic devices and

refine critical points of a design.

There issomeevidene that work has been successfulthe prediction of fretting
wear experimentallyand computationallfo assess functional aspects of new and
existing dsigns. All methods presented ithe literature have been significantly
simplified due to the aaplexity of the predictionSome of these consideratioase

summarizedn Table2-3.

Zhang et al. (2011)nvestigatedthe fretting performance of tw@D contrasting
contact geometriefransmitting a normal loadnd tangential displacement. They
tried to investigatahe effect ofthree differentcontact geometriesn fretting to
understand which geometry performs better in terms of fretting wear and fatigue.

McColl et al. (2004)developed @D FE model to simulate fretting weavalidated
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experimentally based on Archard equation. They highlighted the effect of slip
amplitude on evolution of multiaxial contact stress and fretting paramdiees:.
work was followed by Madge et al(Madge et al., 2007b, Madge et al., 2008j)o

used an Archard based wear simulation MAthbased method to predict multiaxial
fretting wear on fretting wear life validateexperimentally wittarounded pnchon

flat fretting test rig. Tie effect ofincrementaplastiaty during fretting wear analysis
has been investigated byobi et al. (2009) On the assessment of fretting wear
fatigue,Ding et al. (2004used acombined2D numerical and experimentapproach

to predict fretting fatigue life using wear ssatue togross slip, partial slip and

mixed slip.

There are also some studies on the development of adhesiwenweelling. For
instance,Abdelgaied et al. (2011proposed anew computational wear model to
predict wear in knee implants usirthe Archard wear law based oa non
dimensional wear coefficient. They usedaboratory joint simulator to validate
predicted wear @lume.Fialho et al. (2007)leveloped a computational framework to

simulate the wear and heat generabetweerthehead and acetabular cupTdfiRs

Liu et al. (2008)presented a computational wear model basetheArchard wear
equation and-E analysis to predicivearon MoM hip resurfacingorosthesesThey
performedshort and long terntests usinga hip simulator to investigate the wear
coefficient up tav Tmillion load cycles. Theyobtainedpto f dwear dept with no

edge contactt the cup and head. Thigsult was dotained using average linear
triangular interpolation of contact stresses rather than actual incremental contact

stresses.
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Different theories on wear modelling have also been presented tofgithpliwear

prediction. For instancélkins et al. (2014jried to develop an investigation on the

fretting wear behaviouusing ai pot ent i al wear rat eo. Ho we
effect of changing geometry due to wear evoluti@signored They usednly two
parametersof the Archard based wear law, contact pressure and slip to assess
potential wear rate. The study tried to parametrically compare different head

diametes on potential fretting wear rate.

Donaldson et al. (2014)ponsidered varying parameters (four hundred) tostigate
aiffretting work doneo on the headnedheck t
fretting work done as‘( 0 i), where* is the friction coefficientd is contact

pressure and is micromotion. Their investigation showed that fretting work was
correlated with only three parameters, which are angular mismatch, centre offset and
body weight. Thdifretting work doné may be considered asiap ot ent i al we ar

using the dssipated energy wear laand assumingan energy wear coefficienas

unity.
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Table2-1: Values of wear coefficient for the same material combination of reviewed wear models

Sane naterial Wear _ Wear coeficient
o Wear law Experiment Wear measurement - Reference
combination model (Lvw)
Computational wear _ )
Cobalt-chrome _ o _ _ _ Beddingp® o p 1 (Liu et al., 2008pnd
) Archard  Adhesive Hip simulator simulation (trial and _
on itself Steadystater ¢ p T (Leslie et al., 2008)
error)
Computational wear _
Co-Cr-Mo alloy _ _ _ _ _ . Beddingm® p 1t (Chan et al., 1999)
) Archard  Adhesive Pinon-disk simulation (trial and _
on itself ) Steadystaterp v p T (Uddin and Zhang, 2013
error
Varying from
Co-Cr-Mo alloy _ o
self Archard  Abrasive Hip simulator SEM oL p TT to (Cawley et al., 2003)
on itse
PE T pT
CastCobalt- Archard _ _ , Gravimetric measuremer
_ Adhesive Pin-on-disk o pm
chromeon itself of mass loss _
_ _ (Chiba et al., 2007)
Forged CoCr on _ _ , Gravimetric measuremer
_ Archard  Adhesive Pin-on-disk Bt pm
itself of mass loss
Tii 6AIT 4V _ Servo-controlled _ _
) Archard  Fretting _ Profilometry oy map 1 (Magaziner et al., 2008)
on itself MTS testing
Tii 6AIT 4V _ Cylinderon-lat _ Gross slidingy® p 1t _
) Archard  Fretting _ _ Profilometry/ SEM (Tobi et al., 2009)
on itself fretting test rig Partial slipt® p 1
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Same material Wear _ Wea coeficient
o Wear law Experiment Wear measurement e Reference
combination model OV w)
Tii 6AlT 4V _ _ _ _ o
iself Energy Fretting Fretting wear rig Profilometry C8 pTt (Fridrici et al., 2001)
on itse
Tii 6AIT 4V _ Electrodynamic
) Energy Fretting T SEM PR ¢ p T (Fouvry et al., 2003)
on itself fretting rig
Tii 6AIT4V _ Servo-controlled _ .
) Energy Fretting _ Profilometry Xp CppTm (Magaziner et al., 2008)
on itself MTS testing
High strength steel ] .
) Archard  Fretting None FEA P&t p T (Ding et al., 2004)
on itself
. . p Y& p
High strength steel _ Cylinderon-flat SURFCOM 200 scanning )
) Archard  Fretting . _ . L TIUPP p TT (McColl et al., 2004)
on itself fretting test rig stylusProfilometry 3
poXGY pm
Varying from
Aluminium alloy _ _ . _
self Archard  Adhesive Pin-on-disk Weight loss ™ pT1to (Yang, 2003)
on itse
LU pTI
Metalmatric Varying from
composite on Archard Adhesive Pin-on-disk Weight loss ¢ prto (Yang, 2005)
itself CH pm
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Table2-2: Values of wear coefficient for the different material combination of reviewed wear models

Different material Wear _ Wear coeficient
o Wear model Experiment Wear measurement o Reference
combination law (Lvw)
Co-28Cr6Mo / . v& v p 1 and
] Energy Fretting SEM
DMLS Ti-6Al-4V CBY pTT
Co-28Cr-6Mo / , Pin-on-disk with P8 pm and
) Energy Fretting SEM
forged Ti6AI-4V linear W Y pT
_ _ (Zhang et al., 2013)
Co-28Cr-6Mo / _ reciprocating _ ogp p 1 and
_ Energy Fretting _ Profilometry
DMLS Ti-6Al-4V motion CEQpT
Co-28Cr-6Mo / _ _ p& p p T and
_ Energy Fretting Profilometry
forged Ti6Al-4V PR Y p T
(Madge et al., 2007a)
TiT 6AIT4V on , From(McColl et _ .
Archard  Fretting Fretting fatigue test Cgu pTm (Madge et al., 2008)
High strength steel al., 2004)
(Madge et al., 2007b)
Polyethylene / _ o .
CoC Archard  Adhesive Hip simulator FEA P pTr (Fialho et al., 2007)
oCr
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Table2-3: Different approach to wear pdiction of reviewed wear modelling

Auteurs Method Application Loading Consideration

FEA(ANSYS) / o Nodal position updates tonstantadial direction for all updates
Uddin and Zhang (2013) WM’: Manually EI% ergg"(;)(;]o Manually updated the geometry

9 Archard WF**’:* , 1_0’ Wear damage pattern presented in 2D

Adhesive - Wear coefficient fronPin-on-disk

FEA (ABAQUS
Zhang et al. (2013nd WM: Adaptive meshing SF: 50,000 . . P 9

S Press fit rather than impaction

Zhang et al. (2014) Eergy WF: 1.0 . L .

Erettin Assumption of Titanium wears only, however as discussed s¢

9 Titanium wears CobalEhrome

FEA (ABAQUS)

WM: Mathcad LC: 1 No geometry update, Wear potential
Elkins et al. (2014) Archard SF: None Nong-]converyedgE anéll Sis f(fund in their work

Fretting WF:1:0 9 y

FEA (ANSYS) LC: 1million

. WM: None R Wear damage pattern obtained based on one analysis
Fialho et al. (2007) Archard head and cuy SF..]_ITII”IOH Not applicable foMoM
. WF: 1.0
Adhesive
FEA (ABAQUS) LC: 50million Just supe_rlemfer_lor hip Iogdlng app_lled on the_ model
. _ _ - Average linear triangular interpolation to obtain contact stress

(Liu et al., 2008) WM: Manually resurfacing SF: 50million Updated on radial direction and not normal direction

Archard WEF: 0.5/0.5

Adhesive

*WM: wearmodelling
*LC: Number of Load Cycles,

***SF: Scaling Factor,
*** *\WFE, wear fraction ABAQUS
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Auteurs Method Application Limitation
FEA (ABAQUS) LC™: 5million
. WM": MATLAB Artificial The method allow to obtain volumetric wear only
Abdelgaied et al. (2011) Modified Archard knee joint SF:**.*&ISO(_),OOO No presatation of wear damage pattern
; WF  : 1.0
Adhesive
Not applicable for 3D models with realistic loading conditic
FEA Need of highly refined mesk: ft delement size
_ . : LC: 300,000 Nodal adjustment assigneat ' pa
Tobi et al. (2009) WM: Adaptive meshing Frettingtest SF: 3,000 Wear depth accuracp! a
Archard .0 B ;
Fretting WF:0.5:0.5 High frequency, 20H_z .
Considered the lastie increment only
FEA/ Not applicable for 3D models with realistic loading conditic
Madge et al. (2007a) WM: MATLAB Need of highly refined mesh: ¢ delement size

Madge et al. (2008)
Madge et al. (2007b)

McColl et al. (2004)
(Ding et al., 2004)

(Zhang et al., 2011)

Adaptive meshing
Archard
fretting

ABAQUS/

WM: Fortran
Adaptive meshing
Archard

Fretting

FEA/

WM: Fortran
Adaptive meshing
Energy

Fretting

Fretting test

Fretting test

Pressure
armour layer
of a marine
riser

LC and SF from
(Ding et al., 2004)

FWC: 18000
SF: 30
WF:0.5:0.5

FWC: 100,000
SF: 2,000
WF:0.5:0.5

Missing of nodal coordinate, due adaptive meshing
procedure

Not applicable for 3D models with realistic loading conditic
Need of highly refined meskp: ft delement size

High frequency, 20Hz

Assumption of displacement as a total locad sli
Assumption of constant nodal contact pressure and slip du
the wear analysis

Manually run the Fortran program after each analysis
Wear depth accuracy! &

Not applicable for 3D models with realistic loading conditic
Wear depth accuracp! &
Need of highly refined mesh

*WM: wear programing
**C: Number of Load Cycles,

***SF: Scaling Factor,
*»*+\WE, wear fraction ABAQUS
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2.10Discussionand rationale

Fretting is known as one of the most significant and complicated mechanicalsfailure
that occur(seeFigure 1-1). Thereis evidencethe wearthat could occur in total hip
implantis still an issue in orthopaedid’he wear debris produced from these devices
occursmainly from the acetabular cup and head articulating surface and the head
stem taper connectioin the past,fretting wear occurringpetweerthe fixed parts of

the modular prosthesigheadstem) hadbeen neglected in investigatioskiming
thatdebris released imostly from the bearing surfacedHowever,fretting wear can
remove the effect oinitial impaction assembly which is used to fix these parts
togetherand lead to aseptic loosening of the implant. Furtther,fine wear debris
releaseddue to the fretting can lead to adverse side effects suchSa®R or
metallosis. As demonstrateth this chapter there is evidenttet nore investigation

is needed to determinehy artificial joints are failingprematurey. Currently

fretting wear is knan as one of thenain reasosof failure in modulaiTHRs

The review presented in this Chapter reveals possible gaps in refegroddiction

of fretting wear inTHRs and wear modelling hese gaps are:

1 Long term effects of current and new designTéfRs remain unknown.
There is no specific statisson the failure rate iTHRs for the morerecent
designs as their long term behaviakvivo need time in servicdefore this
can be established. Althouglexperimental simulation (such as hip
simulatos) cauld provide insightinto long term behaviour in service, these
tests havemany limitations such asapplying accuratdoading conditios,
providing accurate corrosive enuwmment and timing and costly procedure

Furthermore, alimited number of tests can be carried out usihg
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experimental simulatisifor a specific design and therefore it cannot be used
for all the parameters that may affect the wear phenomenon

Success of the prosthetic devices in service depamdarable factors, such
as design,initial fixation, material combination, method of manufacture,
surface roughnessind manufacture tolerancedll of these parameters
highlight the possible differences on their long term behaviowseiwice.
Currently theres no accuratestandardandstraightforwardexperimental and
computational approach to incorporate all thesgectdéogether to predict the
exact behaviour of thgrosthetic devices

There is a lack of understanding and guidaliioeprovide adequatasembly

of the prosthetic devicesor instancelte effect of variability of impaction
forces on fretting wear at the taper junction is still uncli@assef and
Schmalzried, 2013)Manufacturing gudelines arevague and the THR
procedure is very dependent on the
There are aumber of experimental research investigatiimmsletermine the
extentof fretting wear inthese devices; howeveahere is a lack ok fast,
userfriendly and accuratecomputational approach reportedthe literature
(referenced inTable 2-3). Further, most studieshat havetried to predict
fretting wear computationally, in generaiclude manysimplifications. For
instancethe effect of changing the geometry due to mateeiadoval during
thewear process hdseen commonly neglected.

Wear coefficients are known to change during the wearing prbesssl on
the change in material surface properties and surface geomeityrate
wear coefficients occurring at prosthesis tapancfions during the wear

analysishave yet to be determined.
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The overall aim of the researththis field is to develop the prosthetic devices which

will last the life of the patients. Further, patients with implanted total hip or knee
replacement arenodly advised to minimise any activity outside walking which is

not satisfying for young active patients who wish to pursue an active lifeaifhis
achievable by further research and investigation to develop the design of the
prosthetic devices to increa the longevity of them up tthe natural end ofa
patientds l i fe with better perfor mance

functionality.

Increasing the longevity of joint implants is also an economic benefit as the revision
surgery is more costlthan the primary one, less successful and not in the comfort
zone of thepatients Reducing the number of revisions also kelpminimise the

input of resourcefrom the health authorities inrtas of equipment and finance

To increase the prosthetic dess life, being able to predict the extent of wear that
could occur in the device over several years in service in the body isTitais the
main aim of this studyo introduce anew methodology to predict fteng wear
between the heastem of a modlar hip prosthesis usig FE analysis In order to
fulfil the requirements of minimal invasive surgeagdfor an attempt to bridge the
above gapsa comprehensive wear modisl proposed in Chapt&. This method is
used in different studies in Chapter 4 and 6to investigatethe long term
performanceof hip prosthetic implants in service considering different parameters
affecting fretting wearThe following objectives are met in order to achieve this

goat

1 Themethodproposedn Chapter 3 couldonsiderthe initial locking effect of

impaction at assembfpr modelling fretting wear
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1 The methodis userfriendly in order to be used inifterent parametric
studies. Aitomation of the methodas been performed with graphical user
interface(Python scriptig) that allowsusingthe method for different studies

1 The wear model is applicable both axisymmetric and 3BEA modelsThe
FE analysis of axisymmetric models is much fastem 3D models witlof
coursetheir limitations. This type of analysis wouldebuseful for parametric
studies suclas the effect of mismatch angle.

1 The wear algorithm is capahié¢ consideing different wear fractiosfor each
material.

1 The method is capablef consideing varying wear coefficiestduring wear

analysisif this data is available from actual testing.

2.11 Conclusion

Firstly, this Chapter presented a comprehensive reviewof wear and its
characteristicsDifferent wear mechanisms and theoretical approaches to calculate
themwere explained followed with an explation onfretting wear which is the main
focus of this studyThen the wear laws and their assessmasing theoretical
approachesvere discussedecondlythe humanhip joint and its possiblelisorders

have beerdemonstrated followetly a detailed explaation onhip arthroplasty, the
procedure ofTHRs, different designs and material combination of modular hip
implantsandreasons of failures imMHRs Thirdly, the fretting wear that could occur

in THRs over time was discussed in detail. Fourthlya reviewon the current
experimental and computational methods to predict and investigate fretting wear

proposed in literatureraspresented
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Finally, a discussion on the gaps in current research, overall aim of the present study
and the considerations tfie proposed methodologyere presented. This study
attempts to close these gaps by developimgear modethat isexplairedin Chapter

3 with illustration ofthree different studies following Chapter 4, 5 and 6.
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Chapter 3

Computational method of fretting wear

prediction

3.1 Introduction

In this Chapterboth Axisymmetric and 3D modek of a commercialtotal hip
prosthesisare used to demonstrate the method and to highlight key featuees of
bespokewear algorithm. The modetogdaher with thewear algorithm can be used
effectively to study certain aspects of taper junction desiga.nethod presented in
this chapter casubsequentlpe used to identify key factors leading to debris release
at the taper junction so that appropgigirosthesis design and surgical procedural
modifications can be made to mitigate against this damaging profbleenmethod
proposeds also independent ghodel gemetry and can be used for aR models
(not only prosthetic devices) to predict frettiwgar.The method and thEE models
that are to be explained in thisChapterwill be, unless stated otherwise, the main

analysis implementatiafor chapterghatfollow (4, 5 and &
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3.2 Theoretical wear calculation

In what follows the general wear equatig to calculate volumetric and linear wear
will be explained The methodology describeth this study allows for the
i mpl ementation of either t haeveadawrfocthear d 06

prediction of fretting wear.

As discussed irsection2.8.], the energy wear approach considdbe interfacial

shear work as the main parameter controlling wear modelflingte is evidence in
literature that this approacls s uperi or to t he(Folryceha.r do6s
2001, Fouvry et al.,, 2003, Liskiewicz and Fouvry, 200Hpwever, it is not
necesary to use the energy wear law over Archard (both can be used in the
methodology presented here)ainly the energywear approach is used in this study

to presenall the resultsThe main reason for using the Energy wear law in this study

is that the fretting wear coefficients are better defined in the literature for this
approach.n this sectionthe theoretical apmach and the implementation of both

laws to the FE analysiaredescribed.

3.2.1 Dissipated Energy wear law

Theenergy wear lapEquation(3-1), bases the calculation of volumetric wear on the
interfacial shear work being the predominant parameter determining wear. It shows
that the total volumetric wedtw ) is obtained from therpduct of the total local

accumulated dissipated enel®) and an energy weapoefficient :

w | O (3-1)

where
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~

0 0i (3-2)

and 0 is the shear traction aridthe relative displacement between the contacting

surfaces, giving:

@ | 0i (3-3)

By dividing both sides of Equatigi3-3) by a contact area, the linear wear depth

can be calculated usirigpuation(3-4), wheret is the contact surface shear stress:

w | ti (3-4)

For the numerical implementation of this wear law, the process used here is to first
determine the wear depth at contacting surfaces generated by a single loading cycle

on the components (such as thevivo loading applied on a hip for a single walking

step); subsequently, as the components will typically be subject to millions of
loading cycles during their lifetime, this single cycle wear depth is multiplied by a
Owear scdbisg fhaactor make the execution
acceptable period of ti me. T h enudberech r s c a
loading cycles (e.gp ) and its value depends on how accurately the evolution of

wear is to be calculated, with a trade off agatshputer rurtime. After scaling the

wear depth, the geometry of the contacting surfaces of the compadsdhisn

modified to reflect the wear that would have occurred over the peripdcygtles.

The calculated wear can be applied to one component only, or to both in either equal

or unequbhamounts. The process is then repeated using the updated geometry until a
specified number of cycles of loading have been applied or -speafied wear

depth has been reached.
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In order to model accurately the effect on wear of a-mamgant load distbution
during a loading cycle (such as occurs during walking) it is necessary to discretise
the loading cycle into a number of time internvalsAs such, the wear depth for a
single cycle of loading (the cyclic wear depih) can be calculated usirigguation

(3-5), wheret and i are respectively the surface shear stress and relative

displacement calculated at the end of a specific time int€val

) | i (3-5)

The cyclic wear depty will be very small and if unmodified will have negligible

influence on the evolving taper junction surface geometry due to wear. As such,
Owear scafloi mg ef aeartpd rosppe  a valwe whichcwowddahave

occurred over a mudarger numier of loading cyclesThe total wear deptto that

is generated over a specified total number of loading cytlesn be determined

from Equation(3-6), where@e pr esents a specific oOanal

evolution of wear:

w I | ik (3-6)

The accuracy and efficiency of this approach is dependent on numerous factors, not
least of which is the magnitude of the energy wear coeffitiensed. In addition,

the number of interval¥used to discretise the loading cycle, and the magnitude of

the 6dwear sikcéalnegd faart eofrul consideration i

accuracy and analysis run times.
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322 Archardods wear | aw

As discussed in sectich4.L, ec cor di ng twear nhodet, iolumedric wear

w on the articulating surfaces can be described by,

& 0O (37)

whereU is a dimensional Archid wear coefficient) 0 ¢, "Ois the contact force
andi is therelative slip Linear wear depth can be caltdd by dividing both side

of Equation(3-7) by an area,
(3-8)
where0 repreents the normal contact streggjain similar to energy wear lawhe

cyclic wear depthw at any point of the surfaces in contact can be derived by

discretising the whole load cycle for the load gaiven by

- (3-9)

where 0 and i are respectively the surfaceonict pressureand relative
displacement calculated at the end of a specific time int€#gakthenumber of time

intervalsg .

Then, he total wear deptlv that is generated over a specified total number of
loading cyclesi can be determine@as described in sectioB.2.]) by Equation

(3-10) to calculatethe evolution of wear.

@ T 0055 (310
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The Archar doés we ainthenalgorthmmdo be sonsalered fopthei o n
wear analysis bya graphical user interfacéGUI) in ABAQUS which will be

explained later in sectioB.9.

3.3 Wear implementation

The energyor Archard wear lawin the form of Equation (3-6) and (3-10)
respectivelycan be used in conjunction with the BRalysisto calculate wear depth

at the contacting surfaces ah FE model.The FEanalysiscan produce the nodal
relative displacement and required nodal contact stresses to be used with an

appropriate wear coefficient (Energy or Archard) to calculate wear depth.

The calculation of relativaelisplacement at the contact interface is facilitated by
creating set s of Opaired nFigdre 8-B fora t t h
axisymmetric model anéigure 3-2 for 3D model¥ . This O6pairing6 i
determining which nodes on opposite mating surfaces are closest to each other
geometrically prior to loading (at the start of the analysis and following a geometry

update).

] | Paired Six
Master q 1 \41/\ nodes
Surface N |
N

1 Slave Surface Sy Sip

Figure 3-1: Nodal pairingand relative displacement of the paired node on
axisymmetric models
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Slave

Paired node

- >Y0
Master /*J gl ’

‘_Tf,‘/"‘ |

eIemenN<;’i-f)v4
1 N—V
, x ,/Surface interaction

Figure 3-2 Nodal pairing and calclation of relative displacement on 3D models

The surface shear stre@s contact pressuyeanddisplacements of all nodes which
have been paired are extracted from the FE analysis at the end of each loading time
interval'QThese extracted values are then processed to provide values for use in the

calculation of the wear depth.

As the paired nodemay not be exactly coincident (before and after loading) an
average value of shear strelss or contact pressuris calculated for each nodal
pairing as defined b¥quation(3-11) and (3-12) , wheret T , 0

and 0 are the surface shear stresasesl contact pressures the master and

slave surface respectively for each set of paired nodes.

s s s s @11

0 : (3-12)

For the FE modsg| the relative displacement between paired nodes which has
occurred during a time interval is calculated from the displacements of both the

master and slave nodes in a pair at the end of the time int@sedFigure3-1 and

97



Chapter 3: Computational method to fretting wear prediction

Figure 3-2). Specifically, for each set of paired nodés, is calculated from

Equation(3-13),

i i i i (3-13

wherei ,i andi are the Cartesian component relative displacements of the

paired nodes in they wandd directions respectivelyi is zero for axisymmetric

modelg andcan be determined froiquation (3-14),

i W o wo
i WU w0 (3-14)
i WL w0

wherew 6 , w0 are the nodal displacementsat have occurred during time
interval "Qn the cxdirection for the paired master and slave nodes respectively, with
(WL ,wWUL )and @O ,wd ) being the corgponding displacements in tke

and o-direction 6ee Figure 3-1 and Figure 3-2). The nodal displacements in an
interval are calglated usingequation(3-15) and are the difference in the total nodal
displacemenvalueso, 0 and0 at the end of a time interv& p and the starfio is

zero for axisymmetric models)

w6 0 0
w0 6 6
wo 0 0 (3-15)
WL ) V]
w0 0 0
wo 0 0

Then, he total wear depth at the point locations of the paired nadesis found

from Equation(3-16) and(3-17) respectively for Energy and Archard wear laws
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& I T (319

W I 0L fi f (3-17)

3.4 Finite Elementimplementation

The geometry of a commercial THR(taper junction)was used inall studies
illustrated inthe chaptes which followto assess the algoritlieability to predict the
extent of fretting wear that could occur at the hstin interface over a period of
time in-vivo and to applythis wear to one component only or to both in either equal
or unequal amountsThis section describes and highlights kegpects and

considerations regarding the FE mad@id analysisised in the simulations.

3.4.1 Material properties and interaction behaviour

In this study fretting wear is modelled eancommercial THR consisting of a cobalt
chromium alloy femoral head anditanium alloy stemAs discussed in sectich6
the most common and widely used material tfee stem of THRs s titanium. The
advantage othe material properties of cobathrome used ithe femoral headhave
brought this combination together amds widely used in most of the hip prosthetic
devices. Therefore,in this study the material properties of colditome and
titanium as shown ifable3-1 were assigre on the FE models of head and stem
respectively and used in all analysis in chapters fafigwBoth componentsvere

modelledas deformable and linearly elastic in ABAQUS.
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Table3-1: Material properties

. Youngos Poisson's Density .
Material ("Of) X ratio QT ) Wear fraction
C0o-28Cr6Mo 210 0.3 7800 0.9
Ti-6Al-4V 119 0.29 4400 0.1
The contact i nteraction between the head
slidingéd using the Openaltydé contact f o

generated at the contact interface fixes the femoral head onto the trunnion at
assembly. Thessociated friction coefficient is dependent on several factors such as
material combination, surface finish and surface cleanliness. Values for the
coefficient of friction* at different total hip prosthesimodular taper junctions have
been documentety Fessler and Fricker (1989For the purposes of this study a
constant isotropic coefficient of frictiois defined on the FE modebs shown in

Table3-2.

Table3-2: Tribological material combination

Material Combination Friction coefficient

Co-28Cr6Mo/ Ti-6Al-4V 0.21

The wear co#icient as discussed in detaih section 2.8.2 is experimentally
determinedand encompasses a variety of parameters affecting weéwe. fretting
wear coefficient usedvastaken fromzhang et al. (2013seeTable2-2) who used a

pin on disk reciprocating sliding tefstr Co-28Cr6Mo fretting on forged FBAI-4V.

3.4.2 Wear fraction

The wearmethodology can facilitate wearing of differetntinniontaper material

combinationswhereby theproportion of wear that is removed fromeach of the
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contacting parts i s s(gxglanedfin sedio2lB®. Aa Owe a
such, the wear depth removed from each parthte end of eadsh anal
calculated as the product of the parnvear fractiom and the total wear depth

determined for that particuldistage®.

The wear fractions associated with the doba c hr ome Oheaddé and t
this work and the chapterthatfollow have been specified &9 for theCo-28Cr
6Mo and 0.1 for theTi-6Al-4V following work by Bone et al. (2015)Bishop et al.

(2013) Moharrami et al. (2013ndLangton et al. (2012)

Bone et al. (2015jound a median wear volume o © & from a retrieval study

of 28 DePuy Corail titanium stem trunniongo(of which were paired with metal
femoral heads). Langton measured median wear volumes in exegssiof(from a
sample ofp p petrieved cobaithromeMoM femoral heads (all mated with either
DePuy Corail or Summit titanium stems). The findings fromrtheirk indicate that

the cobalt chrome head taper wears by around a facformofore than the titanium
alloy stem trunnion surface. This significant finding is supported further by work by
Bishop et al. (2013and has been explained Moharrami et al. (2013s occurring

due to the preferential oxidation of titanium alloy over cobalt chrome thus &itgea
the hardness of the titanium trunnion which subsequently wears tb&idised

CoCr head taper surface.

3.4.3 Finite element models

Axisymmetricand 3D FE modelsof the commercialHRs were modelled with the
headtaper and trunnion steassembledis a perfect fit with a zero taper mismatch

angle (seé&igure3-3).
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(@)

Stem

Figure 3-3: Meshassigned on (a) axisymmetric model and (b) 3D model

The head and stem were assembled independently and then meshed in preparation
for dynamic analysis in ABAQUS®version6.131 ABAQUS Inc, Providence, Rhode
Island) using eightnode linear brick, reduced integration hourglass controlled
elements (C3D8R) for 3D models afoir-node bilinear axisymmetric quadrilateral

reduced integration elements (CAX4ie) axisymmetric models

3.4.4 Impaction Load

As discussed in sectiah6.2the head and stem of tiéHRs are assembled during
surgery using impactioi.he loading applied on the model included an initial impact
to simulate the assembly die head onto the stem and then time variant loading
cycles to approximate hip loading during walkinthe magnitude of the initial
impaction force applied intraperatively affects both the contact pressure and
micromotion at the taper junction and uléitely the extent of any subsequent fretting

wear.

In an attempt to simulate the impact event accurately a drop tower was used in this

study to determine the impulse time associated with a particular infpguatd 3-4).
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Test samples were manufactured based on the dimensidhe @immercial THR
and a peak impact fordeom ¢ to ¢ Q0 was applied by the drop mass to the test

assemblyHeiney et al., 2009, Pennock et al., 2002, Rehmer et al., 2012, Lavernia et

al., 2009)
e
- Accelerometer
I | ] Guide rods
Drop mass
l Plastic cap
Stem Trunnion
Head taper

Accelerometer

Figure 3-4: Drop rig to investigatempulsetime and impact magnitude

The measured impact duration for a polymet i pped | mpacteasbr wi t
headwas measured agd& i. The load amplitudéime history obtained from the

tests and the modified history used fbe heaestem assembly event are shown in

Figure 3-5. During this impaction the base of the stem trunnion is fixed in all

degreesof-freedomfor both 3D and axisymatric model

=
oo = N
1 1 ]

© o o o

Impaction amplitude

oN MO
1

0 0.00035 0.0007
Time (s)

Figure 3-5: Impaction assembly load amplitude
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o _ Impaction load
And impaction load

a Contact

‘ angle: 3
w
/‘ @ (b)

T Boundary condition—

Stem
Figure 3-6: Boundary conditions anidnpactionloadingassignedn (a)
axisymmetric and (b) 3D model

3.4.5 Walking load and boundary conditions

For the most common activity of a human body, a physiologiadking cycle, he
in-vivo Superiorlnferior, MedialLateral and Anterior-Posterior hip loading (see
Figure 3-7) with their respective InternatExternal, FlexiorExtension and
AdductionrAbduction rotationgseeFigure 3-8) have beerdocumentedn literature
(Bergmann et al., 2001, Bergmann et al., 1993, Elkins et al., 2014, Fialho et al.,

2007, Liu et al., 2008, Mattei et al., 2011, Maxian et al., 1997, Zhang 204B)

2500 ~

— — = Superior-Inferior (Fz)
2000 - o Anterior-Posterior (Fy)
/ S m = - ;
1500 - / S Medial-Lateral (Fx)
/ N
Z 4 AN
£ 10001 , N
© 4
© r > ~
O 500 - N
= e, . Sa 7 -
Q foeeeent i "--I- ............. CAMRRALIIIIN . SEPTT LTI T .
0.2 0.4 . . 1 1.2 1.4
-500 -
-1000 - Time (s)

Figure 3-7: Hip loadings during a single walking cycle
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Figure 3-8: Hip rotations during a single walking cycle

The loading and boundary conditions prescribed to the 3D model during the walking
cycle are shown ifrigure3-9. This includes both timeariant rotations and loadings
about the three global coordinate directions. The rotations are applied to a point
located at the centre of the head, this point being coupled to the proximal end of the
stem trunnion. In additionhé outer head surface is coupled with a second point
locatedat the centre of the head which has all of its translational degrees of freedom
restrained but is allowed to rotate. This constrains the outer head surface so that it
can only rotate about thigotre point and therefore locates the head virtually in the
acetabular cupThe hip forces were applied to the model via a third remote point
(located virtually in the femur) coupled to the distal esfdthe truncated stem
component providing realistic ldatransfer to the prosthetic components. These
loads and boundary conditions provide a realistic and efficient model with no
requirement to model acetabular cup and femoral bone. The hip load history was
applied to the model with a peak forcecoft ™ mvhich is 2.5 times higher than body

weight @ssuming a patierttas a weight ofy Ttn).
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Superiotinferior

A

Internal
External ( O)gj
> FlexionExtension § &)

Medial
lateral

AdductionAbduction
0O

Anterior-Posterior

Outer head surface
coupled with a point at
Rotations app“ed to the head centre (Wthh is
a point at the head ~ fixedin x, y and z but
centre coupled with allowed to rotate)
stem

Head

Figure 3-9: loading and boundary condition assigned on BBmodel

For the axisymmetric modelonly the Superiofinferior load cycle(shown in
Figure 3-7) was applied on the head of the model with a peak foree mfd Tand
the base of the stem trunnion was fixed inditeanslational degreef-freedom only

(seeFigure3-6).

A guantitative assessment of walking activity in patients with various types of hip or
knee joint replacements was published Bghmalzried et al. (1998)Electronic
digital pedometers were used in the studyldi patients which indicated that on

average a patient would ta®4.0,310walking steps per year (the estimation being
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very dependent on age, activity and gender)this study an average @f million
walking steps per year fdeenassumed based on the work Bghmalzried et al.

(1998)

The walking cycleis discretised intgp requal time intervalsluring the p& second
cycle time periodThis number of time intervals is adequate to accuratelylabe
the loadhistory for this problem; other loading histories may require morfeveer

intervals dependant on their detail and complexity.

The loading applied on the moddébr each studyn the chaptergo follow included
an initial impact to simulatthe assembly of the head onto the stem trunnion and then

time variant loading cycles to approximate hip loading during walking.

3.5 Updating the geometry

The wear determined at each time interv
depthwhich itself is then scaled b§to provide a sensible wear depth for updating

purposess described in sectiéh3.

Then he contact surface normal directiongla positions of the paired nodesed

to be obtainedThe opposite direction athe normal direction for each paired node is
extracted from its nodal contact normal force (CNORMF) which is available from
the output database of ABAQUS. The CNORMF globatt€sian force components
are divided by their magnitude to obtain tin@er normal directions of the paired

nodes (se€igure3-10).
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(@)

- J—

Figure 3-10: Opposite of ndal normals indicatinghte direction of wear evolution,
(a) axisymmetric and (b) 3Bodel

Wear is then applied to the paired nodes (by updating their coordinate positions)
inward to their nodal normals in order to create the new geometry for execution in
t he nex-t 60staged of the analysi s. The

following each geometry update as they will change due to the wearing process.

3.6 Computational framework

The method to predict wear contains three main phases which are necessary in order
to accurately simulate the effect of impaction of the head onto the stem and the

subsequent walking cycles.

In phase 1 a single dynamic impaction analysis is performedttoa model with
head and stem assembled just into contact. Then, as explained in SeBtite
average displacement of the pastextractedand imported into aew FE input file

for use in phase 2 of the wear analysis method.

In phase2, the method consists of two steps; in the fitepghe parts are assembled

overlapped based on the displacements obtained frphrase 1which create
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interference between theomponents at the contact interfa@ general static
analysis) in the second stepnamplicit dynamic analysis is defined and the walking
loads with relative rotationgexplained in sectio8.4.5 areappliedon the 3D model

(just a single superianferior load for axisymmetric model)

Using the results from the FE analydisr nodal shear stregsr contat pressurg

and dsplacement in the contact zqraandthe wear lanexplained in sectiof.4, the
extent of fretting wear at the taper jun
single walking cycl e. Thi s Ofctg prbvidead wear
wear depth for the specified number o&dling cycles (defined by) and the part

geometry updated axplained in sectio.5. This updating of part geometry will

partially remove the initial overlapf the parts therefore gradually removing the

effect of impaction. The updating of part geometry continues in this manner until the

overlap has been entirely removed at which pttia method continues inphase3.

In phase 3, thestatic overlappednalysis step is removed and only a singhgplicit
dynamic step (representing the walking Igjacs maintained for the rest of the
analysis until the specified number of cycles or wear depth for the study has been

reached.

This method is illustrated ia flownchart shown irFigure3-11.
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. Start

N S

v

Phase 1: Head-Stem assembly
Step: Dynamic Implicit (impact)
Output: nodal displacement

Phase 2 and 3: <
Step 1: static overlap analysis (phase 2 only)
Step 2: Dynamic implicit (walking cycle)

Create a new FE input file for phase 2 based on displacement
results from phase 1 (meshes overlapped in contact zone)

v

v

- Output: contact stress/displacement
- Pair nodes in contact at taper interface
- Calculate cyclic wear depth for each paired node

v

- Update paired nodes coordinates based on calculated wear depth

- Create a new input file

N &
/ .
// \ RN
No Attained “_No \\ Yes No
—— requested number Phase 2? —»—_ Overlap removed? ———
.of load cycle® v Yes

Enter phase 3
(remove static overlap analysis)

VT
. Finish |
h S

e

Figure 3-11: Quantitative procedure to predict fretting wear

3.7 Initial assembly of components

The initial fixation (locking) of the femoral prosthetic head on the stem trunrsion

generated by the surgeon impacting the head onto theirsti@mperatively. This is

simulated here (in phase 1) by a single dynamic impdicélysis undertan using

the FE modek described earlieand the loadime history shownn Figure3-5. It has

been postulated that the initial fixatioh the prosthetidiead on thetemtrunnion is
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reduced over time by fretting wear at their contacting surfacé®y aspect of the

wear methodology presented in this work is the use of an overlapped mesh at the
taper interface with a static cact analysis step to model the weakgnof this
fixation (which is facilitated by the gradual removal of overlap with respect to time).
As such, the contact conditiopsevalent at the taper interface on completion ef th
dynamic analysis stefphase 1need to be replicated at the start @jps® in phase 2

by use of thestatic contact analysis stépcorporating mesh overlastep 1, phase

2).

The dynamic analysis undertaken in phadeprovides pardisplacementghat are
usedat the start of phasgto position the head and stem relativete anotheso as
to providethe necessary overlajpr the static contact analyss&ep. Figure 3-12
shows contact pressure distributismnalong the stem trunnionnterface at the
completion of phasé and at the commencement of step 2 in pl2a@ellowing the
static contact analysis sdef@he figures showhat the contact pressuresmputed
from the dynamic (phase 1) and static contact (phase 2 step 1) analyses are almost
identical and that use of a static contact analysis step (with overlagacibiate

accurate modelling of the effeat impactionon headstem fixation

Figure 3-12 shows a comparison tiie contact pressurebtained from thelynamic
impaction analysis anthe correspondingverlapanalysis. Theressuralistribution
is symmetricalwhich is due to the axisymmetrigeometry andmpaction force
applied. The distributions alortbe taper interface for botan axisymmetric and 3D
model are approximately the sankhese results validathe use ofthe overlap

analysis rather thathe impaction analysis. The error shown kigure 3-12 is less
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than 10% and is due to creating the ovenequielbased orthe average displacement

of the partdrom theimpaction analysis.
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< = = -Impaction Analysis %

o R

©

\E_, 2804 L Static overlapped analysis ®

) T

?) 200 't . “’G:J

7 t : £
L 150 14 :
S A :

Q100 1 % ,’ E

I= ettt teteieneeneeansaetes =

_-.--.-..:...—. ....... 7 =

S 50 - -——- Q

c

IS

0 . . . . . ®

0 2 4 ) 6 8 10 g

Interface distance (mm) 9

g

£

Figure 3-12: Contact pressure distributioalong stem trunnion surface at the end of
phase 1 and at the commencement of step 2 of phase 2, (a) 3D model and (b)
axisymmetric model (swept by 80°)

3.8 Impaction and Overlapped analysis

To predict wear accurately, the model must be capable of accountitigefaritial
effect of impaction of the femoral head onto the stem trunnion in surgery with the
prosthesis then subject to time variant loading cycles to approximate hip loading

during walking.

The fl ofctkel fangp@ head onto the stem trunnion hoparatively is

important regarding the stability of the assembly and the extent of any subsequent
fretting wear occurrig a't the taper I nstaehieved byethe Thi s
surgeon impacting the head onto the stem (a single esalteady discussedt has

been postul at ed tishdaninishecdhower tiime due to ifrettigg wedr f e c t

at the taper itrface. Consequently, the best approach to modelling this redurction
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the taper fixation over time was best facilitatgd but i | i si ng a #Astati
i ncorporating mesh overlap in the cont a
impaction is handled in such a distinct manner (in comparison to the gait cycle) are

best explained by considering other possible optioat/aes for modelling this:

- a dynamic explicit step for the initi
to be followed by a dynamic explicit
duration) which would result in an inefficient analysis computationally

- on completion of the walking cycle, a wear depth is calculated, scaled up and
then removed from the taper interface surfaces (thus separating them using
this approach). At this point therefo
impaction will be remeed completely. To rectify this, another impaction step
would need to be undertaken, however, the required magnitude of this force
will be unknown (it would need to be different to the initial impaction force
to account for the wear that has taken place).

- a dynamic implicit step (for impaction) would need to be followed by a
dynamic implicit step for thn  wal ki ng cycl e. However
approach also suffers from not being able to enforcedaction in the
Al oc ki ndue te wdare(fortthe samee asons as the dbdexpl

explained above).

In this method, considering phase 1, a single, separate dynamic implicit analysis is
used to model Oi mpactiono. The displ acen
analysis is recorded and used to prade an initial Aoverl a
subsequent wear analysis. This initial static contact analysis (phase 2, step 1)

provides the same contact pressure distribution at the taper interface as the phase 1
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dynamic implicit analysis (séeigure3-12). The subsequent wear analygbase 2)
consists, owi fistagebBoo6staged of the analy
analysis step to model the effect of impaie, a dynamic implicit step to model the

walking cycle, calculation of wear for a specific number of cybleend a geometry

update of the contacting surfaces). By using a contact analysis (with overlap) it is
possible to model ktimg rddectiooruien ttoh eveia
cal cul ated wear depth for a particular 0f;

commencement of that particular HAstageo |

It has been hypothegdt her ef or e, the wuse of a stat
overlap) to model the reduction in the locking effect of the head onto the stem seems
to be the most efficient and plausible approach to adopt. The efficiency of the
approaches is even more signiica  on ext ension to 3D and

expected to return an accurate analysis.
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3.9 Algorithms

Calculating wear for the paired nodes at the contact interface and updating their
coordinate positions manually to reflect this time consumingand difficult.
Consequentlythe wearing procesexplainedhas been automated using a Python
script linked within ABAQUS as a user pltig. This helps to develop a generalized

fretting wear algorithm that could be used for different stuaiesmodels

The <ript is executed during phase 2 and 3 of wWear analysis.The scriptis
runnable straight from ABAQUEAE (as aplugrin) requesting iitial input data
from usersFigure 3-13 shows a graphical user interface of the algorithm written in
the ABAQUS Python environmenin order to request input data from user.

Different tabs of this window arghownin theappendix.

After obtaining the input data frothe user, he script initially submits th&E input

file to ABAQUS at which point the head and stem are assembled into contact
(overlappedl The programme then pairs nodes in the contact zone by identifying
which nodes on the two parts are closest to one anothetg@application of the hip
loading. On completion of each time interv@he script extracts the contact stress

and displacements for all of the paired nodes. Using these values the script calculates
the averageontact stresses based on the requested b (t or0 ) and relative
displacement between paired nodes and subsequently the associated wear depth
for a time interval The wear depth calculated is then scaled up by the requested
value of scaling factor! (). The script then obtas the contact surface normal

directions at the positions of the paired nodesdescribed in sectidhb. Wear is

“ Around 2006line script installable on ABAQUS
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then applied to the paired nodéy updding thar coordinate positionsn the
opposite direction to their nodal normals in order to create the newegygofar
executi on stag® of thes anatygisx The ormal directions need to be
calculated following each geometry update as they will changetal the wearing

process.

e Ariyans Wear Algorithm &J

Directory | Recovery | Computer Spec

Set Work Directory

. =
File name:

ZCopy and paste the path of the directory

Modes in contact

Select the nodes on Stemm (Mone)
Select the nodes on Head (Mone)

Note: Parts must be assembled dependently

Mote: For A models, pick nodes from assembly viewport

Wear Data

Wear method | Field cutput | Report |

Wear law:

@ Energy () Archard

Archard or Energy wear coefficient | 1.3E-008

Update Mumber | Scaling Factor

Update Number

Total number of update | 54

Model Data

Model | Element | Element size | Material Properties

Model Type
@ 3D () Axisymmetric

Figure 3-13: Graphical user interface of the wear algorithm, other tabs of this
window are presented the Appendixl
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The Python script contains a numbers of script funstishich are called by the

AKernel 06 in a main script. I n this secti

3.9.1 Input requested from user

In order torun the weaalgorithm inABAQUS, the user needs to assign initial data
for wear modellingThis data can be provided in the graphical user interface window

shown inFigure3-13.

Algorithm1: inputRequest

Input: ABAQUS dialog box builder
Output: Initial data from user

1. Requested data:

2. INP: Initial FE input file

3. NS: Node set

4. NS1: Node set in contact for partl
5. NS2: Node set in contact for part2
6. UN: Number of update required

7. WM: Wear method

8. Arc: Archard

9. Enr: Energy

10. SF: Starting scaling factor

11. OR: wear depth, output request:

12. Off;

13. On: for specific spaced geometry update (SSGU)
14, WC: Archard or Energy wear coefficient
15. MT: Model type:

16. Axi: AXisymmetric

17. 3D: Three dimension

18. ET: Element type

19. Lin: 4 or 8-node linearelement

20. Quad:8 or 20-node quadrati@lement
21. WEF: Fraction of wear depth to be applied on parts
22. WF1: Wear fraction for part 1

23. WF2: Wear fraction for part 2

An ABAQUS input file ¢.inp file) of the model at the commencement of phase 2
required to be browsed from the GUlhis file can be generated in ABAQUS CAE.
Nodes in contact can be selected friirta ABAQUS viewport inthe mesh module.

The rumber of geometry updates, wear huet, scaling factor, model type, type of
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elements used and the fraction of wear to be appliedherparts must also be

assigned.

Furthermore, the user has an option to
written in the output database (*.odif) ABAQUS and/or as a report text file. These

can be set for either all or spec#ily spaced geometry updates. Reducing the
number of results requestcan significantly reduce the computational time. There is
also a recovery option embedded in the progitzath allowsthe user torestart from a

crashed analysis. All the input data will be saved as variables shaMgoirithm 1.

3.9.2 Initial coordinate s of the nodes in cotact

From the node setd§ for both partdhathave been assigned in sect®.1 node
labels and initial coordinates are extracted from the model data bases (MDB) (see

Algorithm 2).

Algorithm2: node®ordinates

Input: NS
Output: NC
1. For each part:
2. For all nodes in NS:
3. nodelLabe] Extract node label
4, nodeData Extract nodecoordinate
Save the date extracted to NC
Where

NC is an aray containingall nodes label and relative coordinates
nodeLabel is a function that returns node label from MDB
nodeDat is a function that returns node coordinate from MDB

3.9.3 Extract data from input file

In order to read results from the ODB, the name of the parts and the name of the
dynamic step defined by the user are required to be extracted from the initial
ABAQUS input file. This data can be obtained and saved in variables shown in

Algorithm 3.
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Algorithm3: dataFromInputFile

Input: INP
Output: PN1, PN2 and SN
1. Search in the wholeNIP file
2. Extract partnames, PN1 and PN2
3. Extract step name, SN
4. Extract number oFrames in Dynamic stg-N
Where

PN1 and PN2 are the part names
SN is the dynamic step name
FN is the number of frames in dynamic step

3.9.4 Nodal normal direction

The wear depth needs to bemovedin the nodal normal direction of thepaired
nodes This nodal normal directiois an average of the normal direction of the
elements attached tbat node Therefore in the function shown irAlgorithm 4, the
normal direction of the nodeis extracted from the nodal contact normal force

divided by its magnitude.

Algorithm4: nodalNormalDirection

Input: NC

Output: NND
1. For each part:
2. For all nodes in NC:
3. Open ODB
4. If contact stress is not zero
5. ReadCNORMF from ODB for the relative node
6. ReadCNORMFmagfrom ODB for the relative node
7. Divide the CNORMF components BGNORMFmag
8. Save the division vector witts node label in NND
9. Return NND
Where

NND is an arrays contains node label and their nataimaldirections,
CNORMEF is theelements ofodal contact normal forc 3 direction
CNORMFmag is the magnitude of CNORMF

3.9.5 Node deformed coordinate

The updatedcoordinates for the ned at the last interval are required to pair the

nodes athe contact interface. The relative displacement for the nodes in contact is

119



Chapter 3: Computational method to fretting wear prediction

much smaller than the element size so that thegawodes are not changing during
the sep time.Therefore, picking thepdatedcoordinate at any time interval satisfies
the paring node function. Theupdatedcoordinates for nodes in contact can be

obtained usinghe function shown irAlgorithm 5.

Algorithm5: nodeDefCoordinate

Input: NND
Output: NDC

Open ODB for the last frame
For each part
For all nodes in NND
Extractupdatedcoordinate defCOORDfrom ODB
Save the data with relative node label in NDC

oukrwppE

Return NDC

Where
NDC is an array contains node label and thgpdatedcoordinate athelast intervals
defCOORDs the deformed coordinate in ODB

3.9.6 Pairing nodes in contact

As explained in sectio.3 nodes inthe contact area on one part needbe paired
with the closest noden the other parfThis is facilitatedby calculating thelistance
between the nodes of the parts in contathe function illustrated inAlgorithm 6

returns an arrawhich contains all pair nodes.

Algorithm6: pairNode

Input: NDC for both parts
Output: PN

Open ODB for the last frame
Foriin NDC1:
For j in NDC2:

x = NDC1[i]

y = NDC2[j]

ds=0 0

if dis is smallest:

Pair node x with bpairNoddi]

. AddpairNode[i] to PN array
10. Return PN

©COoNoUrWNE

Where

[lo dlis theEuclidean distance betweerandx

NDC1 and NDC2 are sets for nodpdatedcoordinate for part 1 and 2 respectively
PN is an array contains arrays of paired nodes
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3.9.7 Wear depth calculation

The wear depthat paired nodes can be calculated based on either Archattieor
Energy wear lawAlgorithm 7 calculates the total wear depth farset ofpaired

nodes
Let:

T <&, ®>: pairdnodes contaiedin PN

T 7Y : is the displacement vector for node a or b (e.g. for note &: (O,
O, 0)atQ time intervas)

1 $/L %is the displacement between (j¥Bnd " time intervals

1 Y is the relative displacement for node a and b betweer(prid [" time
intervals

1 Gug)zl é, T%' @ are the contact pressure and shear stress for node a afid b at j
time interval

70 T is theaverage ofhecontact pressure and shear stress at
consecutive time intervafor node a and b

1 x isthe wear depth calculatedcainsecutive time interval

T 7 " isthe wear depth for the step time

T 7 is anarray contaimg thescaled up wear depth
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Algorithm7. wearDepth

Input: PN, SF, WM, WC
Output: ¢y “®%

1. Open ODB
2. Length (frame) = m
3. For < &, w> in PN:
4. For j=0:(m-1)
5 "Y = DisFromODB (v , j)
6. "Y =DisFromODB ( , j+1)
7 Y = DisFromODB ( , j)
8. 'Y = DisFromODB  , j+1)
9. 0o =Y i
10. 0o =Y 7Y
11. Y-&O O
12. if WM is Archard:
13. 09= CPRES80mODH( , j)
14. GQP = CPRESSfromODRY , j+1)
15. 0%= CPRESSfromODRY , j)
16. 0%, = CPRESSfromODB» j+1)
1. 50 5 Avg04D, )
18 5 A6, )
20, o LH“’?T‘ Avg(O” B ),
if WM is Energy:
21. = CSHEARromODE( |, j)
;2 T%p = CSHEAROmODB(® , j+1)
5 4: T‘g;_ CSHEARomODB(® , j)
o5 T‘ggp = CSHEARrOomODB(® , j+1)
26. 12 Avg(Hfi, )
27. 10 & Avg(fgﬂ%p)
28. 198 Avg(1 %%
29. if WM is Archard i
30. 0080= 065, & 09 Y o
31. if WM is Energy: )
32. 0P8 @ bo; % 1% Y
33. @ 9e= sum 0L Z0Qx SF

34, Return®

Where:

[l dlis theEuclidean distance betweerandx

Avg(l, m) returns average of a and b,

DisFromODB is a function that returns displacement from ODB,

CPRESSfromODB is a function that returns contact pressure from ODB,

CSHEARfromODB is a function that returns contact shear stresses, if model type is 3D, return
resultant of contact shearresses components, tangential to contact surface,
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3.9.8 Geometry update

Section 3.5 described how the geometry of the pamted to be updated. This

proceduras facilitatedby a function illustrated irAlgorithm 8.

Algorithm8: geoUpdate

Input: @ , PN, NND, INP
Output: newINP

1. Createanew input file newINP, based on the old INP

2. For<@®,®>inPN:

3. Findd 4 =i andd 4 4, normal directiors for nodecyand in NND

4. Find 5 T1, thewear depth for pair node €, > in &

S. In inputRequedind WF1 andWF2 for part 1 and 2

6. Calculate weafFraction, 3¢ + andsr e by Multiplying ¢ Tt with WF1 and WF2
for nodecand wrespectively

7. Calculate weaArray, wArrayl and wArray2 by Multiplying®  andw  with
0 0 '0Qand0 6 ‘OQ for nodecyanda respectively

8. Reverse Wrrayl and wArray?2 tmpposite side of their normal direction

9. Search forg | Fq1and F F F4 4, initial coordinate of nodecvandc for part 1
and 2 inthenewINP

10. SubtractwArrayl and wArray2 frond 0 0 "® andd 0 0 "® and save imewINP

11. ReturnnewINP

3.9.9 Results report (*.txt format)

A report on the results and data extracted lbe requested to be writtenatdext file.
Data such athe total number of load cycles, input data, paired node set and results
such as the wear depth calculated for each paired node at each update and also in

total. Algorithm 9 produces this repofA sample of the results is shown in Appendix

).

3.9.10Writing results in output databases of ABAQUS(*.odb

format)

At the end of each wear analysis the total wear depth can be requested to be written
in the ABAQUS output databasesgorithm 10 writes the results into the ABAQUS

output databas@\ sample of the results is shown in Appendix.lil)
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Algorithm9: resultsReort

Input: inputRequest, PNy
Output: Results.txt

If UN isfilo:
Create an empty text filResults.txt
Write inputReqush the Results.txt
At each update:
Write update numbeén the Results.txt
Write the pair node array for the current upda® in the Results.txt
For < &, > in PN:
Write5r T+ in the Results.txt
Write PN1, nodeid andsp T for part 1in the Results.txt
0. Write PN2, nodeband ¢ t for part 2 in the Rasits.txt
é total wear depth éééeé.
Write the number of load cycle, 8BN in the Results.txt

BO®NoORWONE

Algorithm 10: resultsODB

Input: inputRequest, PNy
Output: Abaqus output database

If ORisO o n O
Open ABAQUS.ODB (not read only)
For < &, ®> in PN:
Find the relative nodes in ODB
Write PN1, noden andsp * for part 1in the ODB
Write PN2, nodeband 7= 1t for part 2 in theODB
Close the ODB file

Nook,rwNE

3.9.11Error detection

The algorithm contains an error detection functiomid in the continual running of

the program.

During the wear analysjsiue to theemoval ofmaterial from the modein phase 3
of the analysigwhen the overlaps removed complete)ya capis produ@d between
partson updatinghe geometry If the gap is smalithereis no difficulty to converge
the FE analysisProceedinginto phase 3can lead ta relativelylargegap between
the parts and thatreateseither incorrectcontact stresses convergenceroblens.

At this point the algorithm turns to the eraetectionsection and firstly reassembles
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the parts to remove theap. The distance to reassemtiie parts is calculated based
on the last updatkaverage wear depth. This brinthe pars again into contactlf
this does not help convergdhe result for the next analysihe script turns on the

ficontact stabilizatiomfor the analysis ithe input file.

The ficontact stabilizatiom is found helpful to converge the result®educing the
scaling factoris also helpful to have the FE analysis werge In all analyses
executed in this study, thexror detection functiomallows continuouswear analysis

withoutanFE convergence problem (sakyorithm 11).

Algorithm11: errorDetection

Input: failedInputFile
Output: Try to continue mainAlgorithm

1. If jobMessage is JoBborted:

2. Open the failedInputFile which has not been converged

3. Calculate an average of sum of all wear depth, sumWeatr, for all pair nodes

4. Reassemble the new INP with the sumWearv/*to have the parts into contact*/

5 Resubmit the newINP

6. If jobMessage is JeBborted:

7. Remove the over closure that might happen due to the reassembling the parts
8. Resubmit the newINP

9. If jobMessage is Jeborted:

10. Turn on theficontact stabilizatiod in ABAQUS input file

11. Resulmit the newINP

12. If jobMessage id\borted:

13. Reduce the SF by half

14. Resubmit the newINP

15. If jobMessage is Jeborted:

16. Write fAiThe analysis canno
17. Break from mainAlgorithm

3.9.12Main algorithm

All the functions explained in this section are called in a main algorithnivwhéeo
loop as shown irAlgorithm 12. This main algorithm is calledy t h &erngb in

ABAQUS.
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Algorithm 12 mainAlgorithm

Input: inputRequest, nodeCoordinates, dataFrominputFile

Output:
1. inputRequestrequest data from user
2.  nodeCoordinatesobtain node lables and their relative initial coordinates
3. dataFromInputFile, extract initial data from first input file
4. update=1
5  While update < UN:
6. Create a FE job from INP[updateJlob[update]
7. Submit the Jolp update]in ABAQUS
8. From the model data bases read the message for job situation
9. Open jobMessage from ODB
10. If jobMessagés JobCompleted:
11. Open ODBupdate]
12. NodalNormalDirection obtain nodal normal direction
13. NodeDefCoordinateobtain the deformed coordinate for nodes at last fran
14. PairNode, pair nodes in contact
15. WearDepth calculate wear depth for all pair nodes
16. geoUpdatewrite a newINP[update+1] and update the geometry
17. resultsReportwrite results as a report
18. resultsODB
19. update+=1
20.
21. Else:
22. Return he input file which has been failed to converdgadedinputFile
23. RunerrorDetection
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3.10 Computer specification and computational time

All analysesdescribed in thechaptersthat follow were executed on & tbit
Windows x professionaloperating system with twin dual soore processor Intel
Xeon central processing unit platforms at 2.60GHz configured with 128GB of

random access memory.

The FE analysisandwearalgorithm running time for each axisymmetric mo(fest
geometry updatejs arounduv minutes butincreasing toaround @ hours for each

single3D modelupdate

3.11Convergence

3.11.1Finite elementmeshstudy

Initially a uniform density mesh was generated and a mesh convergence study
undertaken based aontact pressuri@ the modeds femoral head. For tHeE model
used in this study an element sizeapproximatelypd & in the contact zone proved

adequate in achieving converged res(#igure3-14).
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Figure 3-14: Mesh study
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3.11.2Mesh study for wear modelling

Wear depth is calculated #te paired nodes from the product of then&rgy or
Archardwear coefficient, relative displacement and averaggaod stressAs with

any FE analysis model it is vital that a suitably refined mesh is generated in order to
determine accurate results. It was founddoth axisymmetric an8D modek when

there is darge variationin contactstress acrossdividual elemens in the contact
zone (due to a too coarse mesfptly different wear depths foadjacentpaired
nodeswill be calculated (a0 | T orw 0, )i This generates an uneven
worn surface andcan lead to future solution convergence problemd #re
calculation of an inaccurate wear depth (Sepire3-15).
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-------- 0.2mm element size
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—— 1mm element size

o
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0.001 -

Wear depth (mm)
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0 1 2 3 4 5 6 7 8
Interface distance (mm)

Figure 3-15: Wear evolution convergendaterface distance is shown in
Figure 3-12

It is therefore important that the mesh is further refined in the contact zone so that
variations in contact stress values across an individual element are kept to a
minimum. To model the wa@ng process accurately and efficiently an element size

of T@a & (in the contact zone) wdsund appropriatevhich allowed a smooth wear

pattern to develop on the model as the solution progrebsgare 3-15 shows the
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wear depth distribution for element sizes mf & and T&a & at the interface

indicating a smooth wear pattern for the smaller element size.

3.11.3Scaling factor (1)

The scaling factdr used in the angsis has a major impact on solution times, wear
evolution and solution accuracy. A large scaling factor will facilitate a relatively
quick analysis but may detrimentally affect the accuracy of the final calculated wear
for a specified number of loadingags. A comparatively small value for the scaling
factor will increase solution times but should provide an accurate result and wear
profile. This is demonstrated Figure3-16 which shows th@verageveardepththat

has occurred on the stem trunnion surface quaillion load cycles ¢ years) when

usingscaling factos ranging fromu it 1t to ¢ million.
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0.004 -

Average wear depth
after 2 million load cycles (mm)

800hrs1 60hrs32Nrs
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o
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Figure 3-16: Effect of different scaling factor values.
A scaling factor of | p TT was seen as necessary to produce the accuracy
required for the wear depth (a scaling factor of 1 million developing around a 30%
error, sedrigure 3-16). The scalingfactor in the algorithm can bearied (increased

or decreasedf there is any convergence problémwearanalysisstage)throughout

129



Chapter 3: Computational method to fretting wear prediction

the analysis in order to optimise solution accuracy and run tifies needs
consideration of theontactstress distribtion and wear depth calculated during each
analysis stagand the wear progress during the analysisthe following studies
f p T has been used for the start of the wear analysis as it shew®oth and
relatively uniform wear profilecreaed on the nedels, and if necessary, can be

reduced throughout the wear analysis.

3.12 Summary and Conclusion

Thewearmodellingpresentedn this thesicould beimportant in different aspects of
engineering. The method has been developed by considering as many parameter
possible that affect an accurate prediction of fretting wear damage in engineering
designs over time in service. Amputationamethod presented to predithe extent

of fretting wearcan be used in addition to testi(iglkins et al., 2014, Elkins et al.,
2011, Liu et al., 2008, Uddin and Zhang, 2013, Zhang et al., 201®Ipreducethe

weardamage irengineering designs

The method has been automated using a Python script to extract the required results
from the FE analysisand update the geometry to reflect the extent of wear that has
occurred during the period analysddhe quantative analysis of wear attemptis
express linear wear rate, volumetric wear rate and also material rewlocalare

all associated with wear surface damagé we ar patt er no.

The method has beapplied toan axisymmetric and 3BE model ofa THR for a
comprehensivallustration of the wear model. It has been successfully ueed
accuratelypredict the extent of fretting wear which can occur at the taper junction
between the head and stem of a moddiBiR during its expected operational

lifetime. The method could be used in design or applied to clinical practice to help
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facilitate a reduction in wear. These models could be usedetdifly key factors
leading todebris releasat the taper junctiolso that appropriatprosthesisdesign
andsurgcal procedural modifications can be made to mitigate against this damaging

problem.

The method presented here @amtribute toresearchn this areawith the following

advantagesverthe current methods proposed so fahiliterature:

- The method isunique n that it models theprogressive weakening of the
taper fAfixationo due to the fretting
is modelled using a static contact analysis incorporating mesh overlap at the
taper interface. As wear occurs at timerface over time the overlap is
removed accordingly by updating the contacting nodes positional coordinates.
Simulating the reduction in the initial fixation strength of the hstadn
assembly is seen as important to the accurate assessment of wear.

- As the wear coefficientchangesduring wear progression, assigning and
changingthe wear coefficient duringhe wear analysis ismportant If the
variation of the wear coefficient during the wear analysis is known by using
controlled fretting wear testshe method is capablef assiging this
variation into the wear model.

- The method is usdriendly and generalized for any FE analysis with a
graphical user interface. There is no complicated preparation needed to run
the wear analysis.

- All the resultscan be requested (or results by specified spaced update) to be
written to theoutput databases of ABAQUS. This helps to plot the predicted

wear damage on the surfaces but also allows obtaining required results
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straight from ABAQUS.Reducing the numbeof requested resultgby
requesting the results by a specifgghced updatejhough, will reduce the
computational time. Thipart of the settingcan be found on the graphical
user interface window attached in appendix.

- The main algorithntontains an error dettionfunction (seeAlgorithm 11)
that can detect possible errorfhat may occurin the FE analysisdue to
convergence problesnand resolve thee problens without any further
requirementnd effort from theuser.

- Due to the timing analysis, a recovery polds beenconsidered in the
algorithm. If the analysis faildue toany reason, the algorithm allswhe
users to recover the previous results and coatthe analysiffom that point
The recovery tab shown ithe graphical user interface attached in the

appendix.

As with any proposed method and hypothesis, there are podsidrteaning. The

limitations of the proposed methadeasfollows:

- The assssment of wear in this study is solely based on mechanical wear
(fretting) as being the primary mechanism causing damage

- The method is highly dependent on the valuéheffretting wear coefficient.
In addition, the significance of the wear coefficier#eds to be considered
due to its effect omesultingwear depth calculate@his coefficientcanonly
be obtained from controlled experiments.

- Accurate determination of wear of THR components in contact can only be

realised by measurement from retrievedspheses or from fretting wear tests
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which may provide credible wear fractions for application in computational
wear analysis.

- At this stage the role of oxide and other naturally occurring surface films will
be avoided and the study concentrated on phlsitlubricated wear process
only.

- The boundary conditions used (although creating an efficient model by
excluding the requirement to model the acetabular ,cepgate non
physiologic resisting moments at the centre of the head which need to be
acknowledgd when interpreting any results from an analysis. Further, the
boundary conditions provide a restriction to the analysis of certain design /
operational considerations which may be related to fretting wear such as head
size and frictional torque. The ansiy of these aspects of prosthesis design
will require a modified model to that described here which by necessity will
require the inclusion of the acetabular cup and an additional contact region

thus increasing computational effort considerably.

In whatfollows in Chapter 4, 5 and 6, the résuor different studiesre presented

with more detailed explanatisof theaspects of presentethodology.
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Chapter 4

Prediction of fretting wear damageusing
an axisymmetric modelof a total hip

replacement

4.1 Introduction

An axisymmetric model ofa commercialtotal hip prosthesjsas described in
section3.4, has beemprimarily used to develop the algorithihhis modehas helped

to investigate therincipal parameterswith a wider sight on the subjedbhat are
critical for predictingfretting wearaccurately Due to the long computational tinoé

3D FE analysis this axisymmetric modetould beuseful fordifferent parametric
studies such athe effect of mismatch angle (manufacture tolerance) on fretting
wear. This chapter describes key aspects and consitens regarding the
axisymmetric model used in the simulation3he intention is to highlight the
variation of contact stresses and relatim&cromotion with their relationship to

fretting wear.
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4.2 Wear analysisinput

The input data shown ihable4-1 wasassigned fothewearanalysisIn phase 1, the

impaction forcecreates the necessary overlapthe wear analysis in phase 2.

Table4-1: Input data for wear analysis of this study

Input data

Axisymetric

Model (Figure3-6)

Head: Cobalchrome
Material combination Stem: Titanium
(seeTable3-1)

Impactionforce (mmm

P (Figure3-5)
Walking load Superiorinferior
and boundary conditions (seeFigure3-7)
Wear law Dissipated Energy
Wear coefficient V& L pTT OO O

Wear fraction Cobaltchrome: 0.9

Titanium: 0.1
Scaling factor p Tt
Number of load cycles p Tt

The time t&en for eacha n a | y s i was @insaveaageeatourdminuteson the
system specificatiostatedin section3.1Q Therefore, for an analysis a0 million
cycles p myears), there would bp M fi st agu@meing to a total rutime of

aroundy hours.

4.3 Results

Although an energy wear law is used in thisdy which is based on shear traction,

the results which follow ardemonstratedhased on contact pressure distribution for
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clarity. For the axisymmetric model antact shear stress hasomponentangential
to the contact surfac&hiscan be either posite or negative based on direction. As
such, shear stress distributions are difficult to interpret in the context of wear and so

contact pressure has been presented instead.

Values for relative displacement and contact pressure will be equal and opposite
the head and stem taper surfacBse change in relative displacement {stipo),
contact pressure and the wear pattern damagdkisithapterare onlydemonstrated

on the head taper In this chapter, in order to enhance illustration of the reghks,
modelis swept by 80 degreeTherefore, although the results are shown in 3D, they

are fundamentally axisymmetric.

4.3.1 Initial c ontact stress and slip variation

Figure 4-1 shows the variation of contact pressaral relative slipduring the first
analysis and for one walking cyclenly. As discussed earlierp tpredict wear
accurately, e model must be capable of accounting for the initial effect of
impaction of the femoral head onto the stem trunnion in surgery with the prosthesis
then subject to time variant loading cycles to approximate hip loading during

walking.

The fird image inFigure4-1 (at zero interval) shows the contg@cessureat the end
of static overlap analysi@Gtep 1) Thenthe walking cyclediscretisedinto p time
intervalsis subsequently shows expected, a symmetrical contact pressure and

relative micromotion are visible
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Figure 4-1: Contact pressure and slip distribution throughout a walking ldadretisedo 10 intervals during 1.2s
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The very small slip (between T8 toT®' ¢ is due to the high contact pressure
along the interfacwith a pe value ofaround¢ x00 cat the edges of contagtee
Figure4-1). This indicates that a higher iraticontact pressure resultsvary small
relative micromotion between the mating surfacése majority ofthe contact

surface however, is subjected to a tact pressure of approximatepyii 0 @

For each analysistage and at each time intervilde product of the contact stress
simultaneous contact slignd the wear coefficient value are used to calcutag
interval wear depthThe sum of these intervelear depths providethe cyclic wear

depth.

4.3.1 Variation in contact stress, slip and wear depth

Figure4-2 shows the variation of contact pressisigp and wear deptlduring phase

2 of the wear analysiat intervals of onemillion load cycles. It can be seen that
during phase 2 of the analysis the value of contact pressure reduces rasudting
increase in micromotion. The value of contact pressure fhenstart othe analysis
(approximatelyp O 0 Jreduces to arounal 1 0 dfstartof phase) for around half
however the slip increases from around} to p&‘ di.e. around 2.4 timesThis
leads to a relatively constant wear rate in phase 2 chnbéysis(seeFigure 4-7).
The associated wear depth as showrFigure 4-2 starts increasing at the edges
initially due tothe high contact stress and sliprelatively smooth wear deptt the

end of phase fom p' dat centreo ¢&* daat edges of contad visible.
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Figure 4-2: Contact pressure, slip and wear pattern evolutiloming phase 2 of the analysis (fronmlllion to 6.8 million load cycls)
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Figure 4-3: Contact pressure, slip and wear pattern evolutioming thase 3 of the
wear analysis (from #illion to 10million load cyclg)

Figure 4-3 contains the variation of contact pressure, slip and wear depth during
phase 3 of the analysis. The magnitude of the relative motion increases in phase 3
due to removal of the overlap fromoandp&‘ &(end of phase 2) tm&a & (end of

phase 3) This slip follows a varying contact pressure betweesto p Tiiitd (Due

to the large increase in relative displacement, the magnitude of the wear rate jumps

significantly in phase 3 of the analygseeFigure4-7).

Figure 4-4 and Figure 4-5 details thewear depth athe interface of the mating
surfaces athe end of phase 2 and 3 of the wear analysis respectivephase 3, a

relatively uniform wears generated across tivderface A wear depttof pg&s dacan
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be observed on the Titanium stemmparedwith p ¥ & weardepthon the cobalt

chromiumhead
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Figure 4-4: Wear depth alongontactinterface after 6.8 million loadycles (when
initial overlap is removeyj(contact interface shown figure 3-12)
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Figure 4-5: Wear depth alongontactinterface after 10 million load cycécontact
interface shown ifrigure 3-12)

Figure4-6 shows the evolution of the wear depét specific timesrillions of load
cycles)during the wearing process. It can be seen that the wear is fairly uniform

along the contacting surfaces throughthg analysis. In additionthe graphs show
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that at the commencement of an analysis the wear rate is significantly less
(demonstrated by the O6cl osenessd of the |
found for the rest of the analysis up udfil million cycles of load (demonstrated by

t h greafer spaoigo of wear depth lines).

There is a clear indication of the transition in the analysis from pghésehase3
and the anticipated increase in wear rate. The transition from Rhtms@hase 3
occurs at6.8million walking cycles forthis paticular axisymmetricmodel. The

transition points are clearjependant on the wear coefficients used in the studies.
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0.016 -
=2 million
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=
= 0017 ——5 million
2
0O 0.008 - =6 million
3 N
< 0.006 - 6.8 million
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0 - . :
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Figure 4-6: Wear depth evolution (from 1 to 10 million load cgl@longthehead
tape interface(contactinterface shownn Figure 3-12)

4.3.2 Linear and volumetric wear rate

The averagevolumetric wear ratgeneratedt the headtaper,stemtrunnion and in

total during thewearanalysis is shown ikigure4-7. The transition points between

142



Chapter 4: Prediction of fretting wear damage using axisymmetric model

phase2 and phas@& can be clearly identified asjumpin the barsdemonstrating the
increase in wear rate that occurs in phHasehis isdue to the removal of the overlap

and subsequent increase in relative displacement of the paired nodes in contact.
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8 Total
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©
D 0.4
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=)
S} 0.2
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Million of load cycle

Figure 4-7: Variation in volumetric wear rate with respect to time

Table 4-2 compars the linear and volumetric wear raté.can be clearly seen here
that the wear rate in phaseis significantly larger than pha®e The linear and

volumetricwear ratefrom phase? to phases, increass by a factorof aroundp @&.

Table4-2: Linear and volumetric wear rate of the head, stem artdta

Head Stem Total
Phase€ Phase8 | Phas€2 Phase3 (range)
Average linear wear 1.781
rate (Im/yr) 0.237 3.650 | 0.026  0.405 (0.245.49)
Average volumetric 0.428
. .882 . :
wear rate (mrilyr) 0.055 0882 0.006  0.095 (0.0501.311)

4.4 Theoretical validation

Whenthe overlapanalysis is performed (namedy shrinkfit analysi§ betweenthe

head and stem, eontactpressurewill be generatedThe model presented in this
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study is fundamentally axisymmetric and gteink-fit analysis is axisymmetric too.
Therefoe the analytical solution can be calculated baseBwon (1981) As shown

in Figure 4-8 a taper and trunnioare overlapped bydistancew to provide pre

stresses on the given surfaces.

Hea\
Head

f
Cross sectiorg | !1/j/) stem|

_»4_

Figure 4-8: Overlap analysis (theoretical approach)
Contact pressur® is generatedat the inner surface for eachross sectiort by

shrinkfit procedure.

Let:

1 'Y:radius of heaét cross sectign
{ i:radius ofstemat cross sectign
1 « total overlap;

§ 0: contact pressure

T O,7 ,0 and arethe Young's modulus and Poisson's ratio of the drehd

stemrespectivelydefinedbased omable3-1

then, a relationship between total overlag) (and contact pressure ) can be

expressed implicitly as:
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L p— Lot 2o 4-1)
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Figure4-9 shows a comparison of contact pressure between theoretical calaulation
(using Equationd-1) and FE analysis.Differences are seen at tlwentact edges

wherethe theoretical solution is not capable of calculatihg singularity; otherwise

a very good agreement is obtainedtf@random locatios considered

300 - ¢ Theoretical result

250 4 eeeeeees Static overlapped analysis
200 |
150 |

100 &

Contact pressure (MPa)

a1
o
1

0 2 4 6 8 10
Interface distance (mm)

Figure 4-9 A comparisorbetween theoretical anfeE results

4.5 Discussion

As stated, the initial taper overlap enforced at the commencement of phase
determined from the dynamic impaction analysis of phhsghere the impulse

applied to the femoral head is detailedrigure3-5.

The analysis undertaken in gdel is important as it models the actual assembly
event of the surgeon impacting the head on to the stem during an operation. The
subsequent displacements of the parts can be used at the start & fhpssition

the head and stem relative to one taeo and provide the necessary overlap to
generate the same contact conditions, pressures and stresses as seen at the end of

phasel.
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At the start of phase 2 (prior to the application of the walking load cycle), the initial
contact stresses generated by dverlap analysisreate reaction forces on the parts
that help to maintain the head on the staimnionwithout having ® over constrain

the model(see Figure 4-10). It is the initial normal contact forces at the taper
junction (due to thestatic overlapanalysi$ and the specified coefficient of friction

that provide the necessary friction forces tangential to the contacting surfaces that
maintains the head ondlstem. For this to occur, the magnitude of the friction force
must be equal to or more than the resultant force created due to the stresses
distributed on the heabeeFigure 4-10). This fact is crucial for the wear analysis

methodology as it can illustrate when the procedure needs to transfer to phase 3.

Resultant component
N force in Y direction due
\  to the initial stresses
\ distributed in the model

\
| \
1

|
|
|

/

/ Friction force in Y

Y \ /" direction due to contact
! A pressure and friction
x L coefficient

Figure 4-10: Reaction forces generated by overlapalysis
During phase 2 the progressive wear that occurs due to the applicgthe walking
load cycles results in a reduction in the magnitude of the contact stresses at each
geometry update. Eventually the wearing process reduces the overlap to such an
extent that the associated normal contact forces produce lower fricties fthan
head reaction forces and at this point the head will lose its fixation to the stem. This
loss of fixation generally occurs when the initial overlap is almost completely

removedn ame |l y Al i miatthougly thisois @so Idependant on theltot
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overlap and the value of the friction coefficient used). At this point it is necessary to

move into phase 3 of the analysis.

In phase 3 of the analysis the overlap has been completely removed and only the
walking load cycle is applied to the modelidtseen here that due to the removal of

the overlap (and therefore loss of the effect of initial fixation), in comparison to
phase 2, the contact stresses are reduced in magnitude but the relative displacements
of paired nodes have increased by a greatgvqution leading to a rise in the wear

rate. The significant increase in relative displacements in phase 3 for some sets of
paired nodes leads to large differences in wear depth calculations at discrete points
across the contact interface leading to aaven wear pattern. To mitigate against

this occurring, the scaling factor is reduced automatically within the algorithm which
effectively reduces the wear depth applied for a particular update encouraging the
development of a smooth wear pattern. The sgalactor is modified during the

wear analysis based on changes in stress and displacement from the previous update.
Furthermore the script is able to reassemble the model automatidtlany gap

occurs during phase 3 due to the wearing progression.

4.6 Condusions

It has been demonstrated that the total dissipated energy wear law incorporated into
the method can predict linear wear deptfd subsequent volumetric wear rate
effectively over a period of time when compareatsimple controlled experiments

The comparisons undertaken here showed considerable promise but are clearly
dependent on the use of an appropriate wear coefficient and knowledge of the

retrieved prosthesékading history.
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The accurate and smooth evolution of wear across the contadaéetdas been
demonstrated with the guideline to refine the mesh in the contact zone to an element
sizeofl@adat o avoid | ocal Ospikesd in the con

size.

The methodology and FE model incorporates the effect tidlihieadstem assembly

in surgery on the wearing process by modelling this effectstatia overla@mnalysis
procedure. The work presented here shows ttsiditec overlapanalysiscan model

this effectively. The wear algorithm removes the effect ofmddy impaction as the
solution progresses by removing overlap in line with the calculated wear depth for a
particular stage of the analysis. As the overlap is removed the contact pressure and
shear stresses at the interface decrease, however, the rdispiaeements increase

proportionally moreleading to a greatly increased wear rate.

The advantage of this analysis is thesymmetric nature of the mod@élithoughthis
inhibits the application of more realistioading and boundary conditiorfas he
loads necessarilgeedsto beapplied in three directions following three rotatipns
reduces the computational time and is useful for coativarand parametric studies
As such the following Chapter will demonstrate3D version of thisvear model

with realistic loading conditiomn
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Chapter 5

Fretting wear evaluation and evolition at

taper junctions of total hip replacements

5.1 Introduction

In this chapter, theomputational methodology presentedchapter3 is used to
predict fretting wear at the taper interaoetween the head and stenTbfRsusing
a 3D FE model The followingsectionsare presented to demonstrated discusgey
features and functionality of the methodolagyd the findings from th&HRs taper
junction wear analysisn the 3D model with realistic loading conditsoapplied in

three directions following three rotations
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5.2 Wear analysisinput

The input data shown ihable5-1 is usedfor the 3D wear analysisThe realistic gait
cycle loading and rotatiora¢ shown irFigure 3-7 and Figure 3-8) applied to thd-E

modeloverp& second duration.

The wear analysis for this 3D mddesbeen consideredp to 5 million load cycles.

This is becausgéhe instances of prematufailure of these implants (<5 years) has
been reported and attributed to aseptic loosertirangton et al., 2011, Mattei et al.,
2011)Based ortheimpactionanalysis in phase 1ihe overlapped model is prepared

for the wear analysis in phase 2.

Table5-1: Input data for3D wear analysis

Input data

3D

Model (seeFigure3-9)

Head: Cobalchrome
Material combination Stem: Titanium
(seeTable3-1)

Impactionforce rmmn

P (Figure3-5)
Walking load Loads with relative rotations
and boundary conditions (seeFigure3-7 andFigure 3-8)
Wear law Dissipated Energy
Wear coefficient Y pmm OO ®
Wear fraction Cobaltchrome: @

Titanium: T

Scaling factor p T
Number of load cycles VU pTI
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Thetimethk en f or each 3nAsoaavardgy aoursd 6 Nours @lighalyo
longer in phase 3) on the system specification mentioned in s&1i@nTherefore,
for an analysis of 5 million cycle® (years), there would be T s t asgrensng to

a total runtime of o 1T MOUrS.

5.3 Results anddiscussion

Similar to what has been explaineddhapter4, in this Chaptelninstead of presenting
sheartraction thatwas used to calculatéhe wear depthall the resultsshown are

based on contact pressure distribution for clarltyis is becauseni3D models,

contact shear stress has two components tangential to the contact surface and can be
either positive or negative based on directiboe to this fact, this has been found
difficult to interpret in the context of wear and so contact pressuredespresented

instead.

As values for relative displacement and contact pressure will be equal and opposite
on the head and stem taper surfaces, the
shown orfiguresas distributed on the stem trunnion, whertéhee variation in contact

pressure is shown only on the head taper surface.

5.3.1 Variation in contact pressure and relative displacement

during the walking cycle

In Figure 5-1 the distributionsshown at time intervakero secondsare those
determined from the initial static contact analysis (the contact conditions
immediately after assembly of the head onto the stem). It can be seen that both the
contact pr @eds udiiestandudsebns are symmetr.i

maximum values occur at the edges of the taper contacts (both proximal and distal)
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with values of around vUrtd andds & . The majority of the taper surface is subject
to a contact pressure of aralp ¢ 00 ¢whereas the relative displacements are seen

to reduce in magnitude from the taper edges to the tapéral contact.

Figure 3-7 in section3.4.5indicates that the largest loading on the hepuss in the
s up-e nf e direatian owith the load increasing to its largest magnitudes
between time intervals gf®i and&i oft he gait cycle (the sa

besaidabout oadi ng i # atthee af ne-hmalt direaianet®o0). o r

Without considering th edge contacts, it can be seen that during the gait cycle the
distribution of contact pressure changes, such that the largest pressures occur at the
centre of the tapdi s u p esurfiace right hand side of taper plots), and the lowest

valuesoccurattkh centre of the taper o6inferioro6

The maximum value for contact pressures occur betwsgnand T seconds

(¢ TOmd dat i, €) in parallel with the applied loading. The relative displacements
are seen to vary throughout the gajitle with the largest values due to edgetact

(o &) occurringalso during the time intervals when the loading is maximu@nt6

i) and reducing nearer to the end of the cycle. It can be observed that the
micromotion values are very small as gbedistributions are those occurring

immediately after impaction.
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Contact slip (mm)
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Figure 5-1: Variation in contact pressure and relative displacement during a walking cycle
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5.3.2 Variation in taper wear over 5 year period

Figure5-2 shows the variation of contact pressure and relative displacement as well
as the evolution of taper wear over a five year period of time. Duringréte2.6
million cyclesof loading it canbe seen that the contact pressure generally reduces
from the initial uniform distribution op ¢ 00 dbollowing assembly Kigure5-1) to

a nonuniform distributionwith the majority of the taper surface subject to contact
pressure values of aroundii U cat the last time intervgFigure5-2c). Conversely,

t he O0bul kapgerrelaivedispkcernehtd s hrée geén o increase during the
same time period from a value of arougidd (Figure5-1) at assembly to around

o (a at ¢@million cycles (Figure 5-2b). This reduction in contact pressure and
increaseims| i p6 is due to the gradual weakeni
reductionin mesh overlap due to wear) with respect to time;@&million cycles the

initial overlap has been completely removed and the analysis moves from phase 2 to

phase 3 of the methodology.

During the loading periody to umillion cycles the contact pressudstribution

remains relatively constant with only a small reduction in contact pressure. During

the same time periothe relative displacements continue to increase on the inferior

taper surface (left side) with values approactpng‘t in localisedareas ; on the
superior taper surface (right side) t he
localised areas indicating values of betweerand o ftd. The greater relative

i ncrease in o06slipd with minimal change

increase in weanate in localised areas.
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1 million

2 million

2.6 million,
Transfer to
phase 3

3 million

4 million

wWearDapth
0.002000
0.001889
0.001779
0.001668

(ww) ydaq Jeapn

0.009495
0.008484
0.007474
0.006463
0.005453
0.004442
0.003432
0,002421

0.001411
0,000400

(ww) Yydaq Jeapn

Figure 5-2: Evolution of
contact pressure, slip and
wear pattern during wear
analysis, row (a) and (b)
show the pattern of wear
depth in mm and contact
slip changes on the stem
trunnion, row (c) and (d)
show the contact pressure
in MPa and the pattern of
wear depth in mm on the
head taper, results shown
at the last time interval
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It can beseen fromFigure 5-2 that the wear depth on th&anium stem trunnion
(Figure5-2a) and in thecobalt chroméhead tape(Figure 5-2d) at v million cycles

are different by a factor cfroundp ( as di ct ated by the Owear
with each part) at' @& andp &' & respectively on the inferior surface taper edges

(left hand side of plots). It is necessary in the wear analysis of hestdstem taper
junctions(and for MoM prosthesg) to updatehe contact surface geometof both

parts of the prosthesisas this has an effect on the wear rate and wear pattern
following each analysiBstag®. The wear pattern develops from a uniform zero wear

pattern at the outset of theudy to a noruniform pattern with maximum wear

occurring at the taper edges and on the superior surface of the taper, and minimum

wear on the inferior surface anillion cycles ( years).

5.3.3 Volumetric and linear wear rate

The volumetric wear rate was determined based on the reduction of element volume
for all elements in the contact zone. The volumetric wear rate was calculated
following eachpmillion cycles as the solution progressé&iure5-3). It can be seen

that the lowest wear rates occurred during the frgears ¢million cycles) with

total values ofi@ and™® @ & Fwi Subsequently it can be seen that the wear rate
increases to a value of® @ & fwiatt years. This is aroundwa 1t Fncrease in the

wear rate and can be attributed to the removal of the initial taper locking effect and

the subsequent increase in relative displacement at ac@madlion cycles.

The ingeasem wear rate can b epoimt whelekeydhe inibal a At |
locking effect of the headtem taper has been fully removed and increased

micromotion occurs resulting in an increase in wear rate.
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0.8

— m Head
0.7

ﬁ‘ 0.6 m Stem

Total

1st 2nd 3rd 4th 5th
Million of load cycle

Figure 5-3: Variation in volumetric wear rate with respect to time

Table5-2 details the average linear and volumetric wear rates over ykar period
of study. The wear rates for the head we@® p‘Yt Fwi andrmg@ @dxa Fwi

whereas the stem wear rates wegp ¢4 fowiandmdt 1 @ ol

Table5-2: Average linear and volumetric wear rate on head taper and stamiti

Head (CeCr) Stem (Ti) Total
Wear fraction 0.9 0.1 1
Average linear wear rat 1.917 0.213 N/A
(um/yr) (range) (0.871 18.5) (0.01-0.4)
Average volumetric wea 0.467 0.459 0.513
rate (mni/yr) (range) (0.3291 0.603) (0.024-0.065) '

5.4 Validation

The results for taper we@Figure 5-2) determinedrom the numerical wear analysis

can be compared favourably with images and measurements from retrieved
prostheses (retrieval prior toyears service)Figure5-4 shows a comparison of the
wear patterns associated with the numerical analysis and images of wear occurring
on the head taper of a retrieved Birmingham XL femoral head. Sevelalveetr
prostheses were available for inspection, all of which demonstrated similar wear

damageas that shown ikigure5-4.
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It can be seen ifrigure 5-2 that the vear pattern at any stage of phase 3 of the
numerical analysis tends to be fairly constant and can be effectively compared
against the wear observed in retrieved prostheses wheraaomear patterns tend

to prevail too (as walking is overwhelmingly the most common activityaitients

with a hip implant). Observation &igure5-4 shows that ta extent of wear damage

and patterns on the FE model are similar to the areas of wear shown on the images of

the retrievegrosthesis.

The wear damage seen on the surface of the retrieved prosthesis has been categorised
as severe, moderate and minor. e tareas of severe wear it is likely that initial
adhesive wear due to fretting has developed into abrasive wear due to retained wear
particles which have subsequently promoted corrosion. In the areas shown as having
moderate damage it is possible that argar particles have been able to exit the
contact zone so exhibiting a less damaged surface likely generated by adhesive wear

and corrosion.

The smooth surface highlighted as minor wear will be the result of adhesive wear
only. It can be seen that the avealgorithm has identified accurately the areas of
severe, moderate and minor wear damage based purely on the assumption of
mechanical fretting wear. This is to be expected as any corrosion ocoomritige

taper surface will be due thlechanically Assised Crevice Corrosion (MACC)
whereby fretting wear continually disrupts the protective surface oxide passivation
layer of the taper junction materials exposing the metal and making it more

susceptible to corrosion.
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FE model Retrieved
head taper prosthesis
head taper

WearDepth (& &)
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0.016266
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Area of severe wear
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Area of moderate wear
(adhesive wear and corrosion)

Increase in weal

_____ Area of minor wear
(adhesive wear)

Increase in wear

Figure 5-4: Validation against retrieved prostheses; figuage rotated anticlockwise based atabel shown ag*)
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In addition to these observationsetvear pattern andiear ratesleterminedn these
studies are similar to thosebtained byLangton et al. (2012jor measuements
obtained for retrieved Articular Surface Replacement XL THRs (ASR; DePuy,
Leeds, United Kingdom)Langton et al. (2012used a highly accurat CMM
(accuracy0.8um) to measure linear and volumetric wear occurring at the head taper
surface of retrievedarge diameter MOM THRs (Articulezet§ components) and
ASR XL (63 components), Depuy). The median timevivo for the Articuleze and
ASR XL prosheses was approximatefy to v years respectivelyith the mean
volumetric wear rate for Articuleze beimgd ¢ a Twi (ranget@t p o® ) and

the ASR XL measured at8 o & Fwi (ranget@dt ¢ Y& J. The small differences

in volumetric wear rate deterned in this study (se@able 5-2) in comparison to
Langton et B (2012) can be attributed to differences in the hetgin material
combinations, wear coefficient, material loss due to corrosion and THR design. In
addition, the effect of initial assembly of the head and stem is unclear and could be

one of the reasw for the slight differences in weates too.

Malviya et al. (2011)also used the same CMM asington et al. (2012pnd
presented the wear pattern on thgear follow up of a retrieved Birmingham hip
replacement . The investigation showed no material loss or corrosion otichaar
bearing surfaces, but a wear depthpofi on the head taper. The wear pattern shown
in Figure5-2 at 2 million load cycles (2 years) on the head taperitisimvthe same
range of wear depthresented balviya et al. (2011)The results obtained are also
comparable with the expemental results demonstrated bhart et al. (2013)and

Matthies ¢ al. (2013)

160



Chapter 5: Fretting wear evaluation and evolution at taper junction of THRs

Figure5-5 shows a comparison betweER wearsimulation andCMM measurement

(after Langton et al. (2012) The wear pattern damagebtainedhere compaes
favourably withthe CMM measurement resultSigure 5-5a shows thd-E fretting

results after applying 3.9million walking load cysl&igure 5-5b shows the CMM
measurement on a retrieved prosthesis that had been in service for less than Syears

(the exact loading history is not available).

@

4
0.01

WearDepth (& &)
0.010000
0.009375
0.008750
0.008125
0.007500
0.006875
0.006250
0.005625
0.005000
0.004375
0.003750
0.003125
0.002500
0.001875
0.001250
0.000625
0.000000

0.008

)

0.006

\

+0.004

40.002

Linear wear depth in mm

4-0.002

4-0.004

-0.006

(b) -0.008

Measurement of head taper o
retrieved prosthesis, CMM,
in service less than 5 years

(

FE wearsimulation
Head taper
after 3.9milion load cycle

-0.01

Figure 5-5: (a) wear modelling and b coordinate measuring analysis of the
retrievedheadtaper

The close similarities shown between the numerical analysis and the observed and
measured wear damage of retrieved prostheses demonstrates the effectiveness of the

3D FE model, loading, boundary conditions and wear algorithm used.

° Figure 55b was contributed by Prof Thomas Joyce and Mr David Langton, Newcastle University,
Newcastle upon Tyne, UK, and it is reproduced here with permission.

161



Chapter 5: Fretting wear evaluation and evolution at taper junction of THRs

5.5 Conclusions

A 3D FE model of a commercial THR is used to demonstrate the method and to
highlight key tatures of the wear algorithrithe wear damage, depth, rate and
patterns of wear are shown to be comparable with those found in the literature and

from olservation from available retrieved prostheses.

The methodologydemonstrates that a static contact analysis incorporating mesh
overlap can effectively model taper fixation (created during assembly of head and
stem in surgery) analso the progressive weakrg of this fixationdue to the
wearing processThis is achieved by removing overlap in line withlculated wear

as the solution progresses and is seen as a novel aspect of the wear method described.

The total dissipated energy wear land the3D FE malel describedccan predict

linear wear depthand damage patternsffectively when compared to typical
observed wear patterns and measured wear déutmsretrieved prosthese$he
comparisons undertakesmowconsiderable promidaut are clearlydependent io the

use of an appropriate wear coefficient and knowledge of the retrieved prostheses
loading history Accurate determination of wear imidividual THR components can

be realised by measurement from retrieved prostheses or from fretting wear tests.
These measurementgan then provide accurate wear fractions for application in

computational wear analysis.

In addition, itshould be noted that the wear coefficiens related to the component
pair in contact and is used in the calculation of total wedget not differentiate as
to the extent of wear occurring on each surface, as such, the use of confip@aent

f r acaisreqonired
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The accurate anégmooth evolution of wear across the contact interface has been
demonstrated with the guideline itcorporate a highly refinednesh in the contact
zonet 0 a v o ispiked irotheacbntadi stresses dueadtoo large element size.
Further, the wear scaling factor used in the analysis has a major effect on simulation
run times and can affect the accuraxfythe analysis results and the evolution of
wear. A too large scaling factor can create an uneven wear profile across thé contac
i nterface duehottsp o beng lovertly inareaged. Inficontrast, a
comparatively small scaling factor will fdicate an accurate and smooth
development of wear but with the cost of a much increased run time. In this specific

application, a scaling factor agpmillion wasappropriate.
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Chapter 6

Effect of different taper fixation of the
headand stem onthe extent of fretting

wear

6.1 Introduction

Non-standard assembly of the prosthesis femoral head onto the stenduaper
surgery isknown to have an effect on the stability of the fixatiés. discussed in
Chapter 2the effect ofvariability of impaction forces on fretting wear is unclead
could be one of the reasons for higher initial wear r@téassef and Schmalzried,
2013) This chaptelinvestigatesand comparethe effect of varyingthe initial head
stemassemblyfrom a hand presgorce up to a high impaction forc@Q( on the
extent of subsequent fretting wedrhis chapteralso describes key aspects and
considerations regarding the impacti@sts,pull off tess andthe resultsobtained
from the computationaimpaction andvearanalysis that islescribed in Chapter 3,

with regard to the effect of magnitude of assembly force on fretting Wearnesults
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obtained have been comparedith observationand also measement of fretting

wear damage availableretrieved prostheses

6.2 Experimental procedure

Several impaction tests were performed to determine typical impact magnitudes that
could be applied during the surgeries. After impaction tests, pull off tests were
peformedto determine the stability of the fixation&s discussed in Chapter 2, in

order to assemble a head to a particular stem, manufactures usually provide general
and vague guidelines for surgeons with
impactedbeing the norm to describe the magnitude of any impaction force to be
used. In factthe magnitude of thiorce usedto assemble the componergsaed on

a sur geons éxpepence thee type wfcpeosthetic femoral head, and the

qudityofthepat i ent s6 bone stock

6.2.1 Impaction tests

Figure 6-1 shows a schematic of an impaction applied on the headtatal hip
prosthesis.In order to investigate and quantify typical impaction cases, several
primary and revision surgeries have beattended at Broadgreen Hospital,
Liverpool, UK (20142015) to explore what could be a realistic impaction force
applied during surgery. After replacing the modular stem and acetabular cup, trial
heads are placed on the top of the femoral stem in @aodeheck the size and
adequacy of the hip motion. When the appropriate head size is therntdunnion is

being carefully cleaned and dried and the actual head is placed on the stem trunnion.
Most of the surgeons normally apply two firm impactions in ordefixt the head

into the stem trunnion. Some surgeons check the stability of the fixation by hand

pulling the head slightly to be confident of the fixation condition.
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Mallet

Impactor

Modular head

Modular stem

Femur bon

Figure 6-1: Total hipreplacemenin situ, impactiorof themodular headnto the
stem trunnion

In addition tothe controlled drop testexplained in sectiol.4.4 a more realistic
experiment has beeregormedto further investigate the impaction of the head onto
a THR stemIn this experiment, a simple model ahead and sterwasassembled
(ust into contact and placeand fixedon asinglepedestal load cell with a force and
moment transducerFour different scenarios were used to fix the compongnts
namelyfi h aprde $ $ @npactioro , A meangdctionn a n d impdctiorg h
(seeFigure 6-2). The Alowo, Aimediun® andihighd impactions have physicallyeen
assessed amapplied based on the observation of the sur@soeerformanceduring

the primary total hip replacements.

For all of the impaction cases, a mallet and impactor was used as shown in
Figure6-2. A hand pressalthoughit is rare in clinical practicewas aso performed
in this exgeriment For each scenario, the experiments have been performed several

times to determine the approximate magnitude oftlifierentassembly force
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Marker for motion

Mallet ¥ / tracking
A
Impactor NG
Polyethylene
cap
Assembly of the \
head and stem \
/ Taper Trunnion

Singlepedestal load cell

Figure 6-2: Impaction experiment osinglepedestal load cell

Consideringthe hand pressaissemblycase the loadhg durationwas recorded for
aroundg second. The amplitude of the force is shown kigure 6-3 with the pesk

forcebeingrecorded ap @uT

180 -

160 -
£140
o120 -

O T T T

0 0.5 1 1.5 2
Time (S)

Figure 6-3: hand press load (predg) amplitude

For low impactioncasespes forces betweenp® to ¢& QUOwererecordedgiving an

approximatdoad amplitudeasshown inFigure 6-4 with a maximum value of¢c’Q0
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(the curvehasbeenmodified to remove noise)Jmpaction forcedetweeno® to
18 Q0 and vgo to & QU were recorded forthe medium and high impactionases
respectively.Therefore,impaction forcs of ¢, 3, T and QU havebeen definedfor
Al ow i mpactiono, Amedi um i mpactiono and

Figure6-4).

On considerationf @QUimpaction forcejt would seem prudent to apply as large an
impact force at assembly as possible within the limits of safety for the patient and

structural integrity of the prosthesis design.

7000 2kN (low)
6000 - . = - =3kN (medium)
> L 4kN (medium)
Py 5000 - / \, — - BKkN (high)
S 4000 - - '
i / N
= 3000 - . .~
§ / .7 IRN ) \
£ 2000 - -7 N \
. ~
1000 - ,/,-’ ‘.\-
.z )
0 '!. T T T \\‘ 1
0 0.0002 0.0004 0.0006 0.0008
Time (s)

Figure 6-4: Approximate average impaction force from tests

6.2.2 Pull-off test

The effect of arying the assembly forcehas an effecton the stabilityof the taper
trunnionconnectionand has typically been assessed and basele pull-off force
after assemblyn the literaturgHeiney et al., 2009, Pennock et al., 2002, Rehmer et

al., 2012, Lavernia et al., 200&ection2.6.2.
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A Tinius Olsentensiletesting machingH50K-S UTM Benchtop Testgwasused to
determine the magnitude of pulff forces for the assembly describeth
section6.2.1 (seeFigure6-5). An average pulbff force aroundr m ko 1 X Bf the

impaction forcevasrecorded for albf thedifferenttest assemblies

Tinius Olsen,
tensile teter

Assembly of the
head and stem
shown in
Figure6-2 after
impaction

Figure 6-5: Tinius Olsen, tensile tasgy machine

Based on this experiment, the greater impaction fonea® indicated the greater
pull-off forces and as such better stability and fixation between the head and stem;
however, the effect of different assembly forces on the extent of fretting wear at the
tapertrunnion interface has not been reported in the liegat This study
investigates how increasing the assembly force could have an effect on the extent of

fretting wear damage, wear rate and total volume loss during the wear process.

6.3 Finite elementmodelling of the initial forces(phase 1)

In phase 1 of the wear analysis, a single separate dynamic implicit impaction analysis
is executedwith the head and stermitially assembled just into contadthe load
historiesobtained fromthe experimens (seeFigure 6-3 andFigure 6-4) are used for

this analysisFigure 6-6 shows the variation of contact pressure altrgtrunnion

surface obtained from phase 1 of the wear analysis

169



Chapter 6: Effect of different taper fixation on the extent of fretting wear
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Figure 6-6: Variation of contacpressure for different assembly load (MPa)
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The effect of increasing the assemilyor ce fr om @@ nd op rMers Ydh
impact o (&) increases the initial contact pressure at the mpanion interface
(seeFigure6-6). An increase in the impaction foreésoresults inanincrease irthe

axial displacement that is used to create the static ovaskgmblymodel for phase

2 ofthe wear analysis

Figure 6-7 shows the magnitude of the overlap used to start the wear analysis in
phase 2. The contact pressures obtained from the impactionisiaa/gquivalent to
those obtained at the end of step 1 (static overlap analysis) of phase 2 of the wear

analysis for all specific cases (similarRigure3-12).

6
5 A
€4 /I/
=2
o 3 /.
«
T 2
C>) [ ]
1l g~
O T T 1
0 2000 4000 6000

Load (N)

Figure 6-7: Initial overlap created for phase 2 of the wear analysis based on
different assembly load

6.4 Wear analysis input (phase 2 and 3)

The input data shown ifable 6-1 was used forthe four different wear analyses

(hand press;, T and@QUimpaction forc:.

Each wear analysis took arouwdrt to v Tt ftours to simulate fretting weaver

umillion load cycks using the computer specificatispecifiedin section3.10
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Table6-1: Input data for wear analysis

Input dda

Model

Material combination

Assembly force

Walking load
and boundary conditions

Wear law

Wear coefficient

Wear fraction

Scaling factor

Number of load cycles

3D
(seeFigure3-9)

Head: Cobalchrome
Stem: Titanium
(seeTable3-1)

Handpress(p @Un)
(seeFigure6-3)
¢ TMMyr T MmaNdE 1T 1T
(seeFigure6-4)

Loads withrelative rotations
(seeFigure3-7 andFigure 3-8)

DissipatedEnergy
p&p pmm OO D

Head,Cobaltchrome: 8o
Stem,Titanium: 1@

p T

U P

6.5 Results

Similar to Chapter 4 and 5, contact presssresed to demonstrate the results rather

thanshear stressThe contact pressure andaté/e displacement are symmetrieadd

oppositeon the head taper and stem trunni@s, sucththe resultcan bepresented on

either.

6.5.1 Transition point from phase 2 to 3 of the wear analysis

The transition point idefined aghe time at which the wear analysiansfersirom

phase 2 to 3. This ithe time at whichthe overlap is completely removed from the

model and thre is naequirement for atatic overlamnalysis in thdurtheranalysis.
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At the transition poit) it can be hypothesised that the effect of initial assembly has
been removed from the mod@&he transition point is therefore very important as far
as the production of wear debris is concerned and its implications to ASTR following

arthroplasty.

Maintaining thelocking effectdue toimpaction for a long as possible in phaseas2
thekey to reduced wear rateFor assembly forces @iand pressand impaction of
¢, 0, T and@Q{ the transition points occur after approximatedy, p& , o®, T and

@8omillion load cyclegespectivelyseeFigure6-8).

2 Va

Millions of load cycle

0 2000 4000 6000
Impaction force (N)

Figure 6-8: Transition pointfrom phase 2 to 3 of the wear analysis

Figure 6-8 shows anrearly transition into phase 3 for the models assembled using
fhand pressforce and¢'Quforce This sibjects the prostheses to a much increased

wear rate which couldxplainthe early failure ofomedevices.
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6.5.2 Evolution of wear pattern damage(phase 2 and 3)

Figure6-9 details the evolution of wear along thead tapeover a period associated
with vmillion load cycles(approximatelyv years of walking activityfollowing the

application of varying heastan initial assemblyforces.

Figure 6-9a (fhand presy showsthat the evolution of wear alorthe head taper
surface is of a fairly smooth wear pattenth a variation of aroundpf & at each
million of load cycle. After umillion load cycles, the majority afhe head taper
surfaceshows a wear depthf aroundy®t & (with a peak value op @t a atthe

proximaledgeof the taper inferior surfage

Figure6-9b, candd (¢'Q({ c Qbandt QUwear analyses) show a similar wear pattern
distributed at the taper surfaadbeit with lower wear depth shown for thet Q0
impactionanalysis The largestivear damageccursat theproximal and distaédge
of the taper inferior surfacéor both andyses; however, the edge weiarat its
smallestat the distal edgef the taper superior surfader the 1°QU0 impaction

andysis.

Again, the largest wear depth is distributed at the distal and proximal edge of the
taper inferior surface for thg' Q0 analysis(Figure 6-9e). Almost no vear damage
occurs at the distal edge of the taper superior surface. This is due to the high contact
pressure and very small relative displacement at this area during the time intervals

and at each fnstageo of the wear analysi s.
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Figure 6-9: Evolution of weapattern during wear analysis mm row (a) for hand
press (b), (c), (d) and (¢ for different impaction forceesults shown at the last time
interval of cycle.
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6.5.3 Variation of contact pressure and slip during the wear

analysis(phase 2 and 3)

The contact pressure and slip are the key factors to assess the wear depth and rate.

1 Contact pressure

Figure 6-10 detaik the contact pressuréistribution along theheadtaper surface
duringphase 2 and 3 of the analysiie resultareshown at the lastrtie interval of
theloading cycle Figure6-6 showed thathe average contact pressure increasts
increasingassemblyforce (phase 1) This is also the case shown here with the
magnitude of the contact pressurecreasing with increang impact force
(Figure 6-10 (a) to €)). Also, it can be seem Figure 6-10c, d and ethat during
phase Zhe initial contact pressureducesontinuouslyuntil the overlags removed
from the model. In phase 3, the contact presslis&ibution remains relatively
constant over the contact interfacefor the remainder of theanalysis (see

Figure6-10).

Figure 6-10a shows the variation of contact pressure twg hand press wear
analysis.The model transfers to phasea8 @ million load cycle. The contact

pressurgthen remairs relatively constanbver the taper surface

Consideringhe ¢'Q0impaction Figure6-10b), the average contact pressure reduces
up to p& million load cycles and then remains relativelyonstant througbut the
remainderof the analysis.It can be seen thaafter 2 million load cycle the
maximum contact pressure occurs at thstal and proximal edge of the taper
superior surfacavith values around 0 ¢Fhe majority of the taper surface is

subject to a contact pressureaobundt ¢ 0 cat each analysis stage
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Figure 6-10: Variation of contact pressurduring wear analysisn MPa, row (a)for
hand press(b), (c) and (d¥or different impaction forceesults shown at the last
time intervalof cycle.
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In Figure 6-10 d and e,it can be seen that the average contact pressure reduces
during the wear analysis. After applying one million load cycles, the majority of the
taper surface is subject to contact pressur@ @f 0 ¢candx ¥ 0 cwith maximum

values ofp plu0 ¢andp ¢ 0 dat both proximal and distal edges for th@Gand

@QU analyses respectively. The contact pressures then reduce over the duration of
the analysis to approximately ¢ 0 ¢andt @ 0 c¢for 1 Q0 and ¢'QU impaction

analysis respectively.

1 Contactslip

Figure6-11 showsthe variation of resultant contact slip which occurs simultaneously
with the contact pressure shown kigure 6-10 (results shown at the last time

interval of the loading cycle Comparing the contact pressure and the slip in
Figure 6-10 and Figure 6-11 shows that when the contact pressure is highest the

contact slip is correspondinglgw.

It can be seen here that as the impacti ol
reduces Figure6-11 (a) to €)). Furthermore,tican be seen ikigure6-11 that in

generalfor all casesthe slip increases during the wear analysis.

Figure 6-11a shows that the contact slip increases significanith a peak value
of i vpa localisedat the distal and proximal ed@é trunnion superior surface

during the analysis

The magnitude of slip is reduced peak value of aroundT® ocdpd at localised
area on the trunnion superior surfacafter v million load cycles for the ¢'Q0
impaction analysislt is further significantly reduced to a fairly uniform value of

Yt & for thet QlOwearanalysis (se€igure6-11 (b) to ().
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Figure6-11e again shows a lower and more uniform contact sliprofindot & at
the trunnion surface for thgQbimpaction analysis. This significant change is due to
the early transition into phasef3or t he model s assembl ed

¢"Quimpaction.

In general it can be said that the contact pressure reduces in phase 2 due to the
reduction in initial overlap and then remains relatively constant in phase 3; however,

the magnitude of sligs lowin phase &nd then increa&ssignificantly inphase 3.

6.5.4 Volumetric wear rate for different impaction loads

Figure6-12 shows the variation imolumetricwear rate over thperiod of5 million
load cycles for the different assembly nedsl In general, tican be seen that in phase

2 of the wear analysithe wear rate is relativelyrall in comparison to phase 3.

Monitoring the results in phase 2 of the wear analyses shows that increasing the
assembly force leads to an increase in thealncontact stresses but a significant
reduction in the magnitude of the slip. Progressing through phase 2 of the wear
analysis leads to a gradual reduction of the contact stresses (due to the reduction in
the initial overlap) and a slight increase in tomtact slip. The proportional increase

in slip is slightly less than the proportional reduction of contact stresses. For instance,
there isu w eduction in contact pressure (approximaielyy 0 dot ¢ 0 Pand a

v Tt Bincreasein slip (¢ to 1t &) for the QU analysis over the duration of the
analysis in phase Zhis leads to a continuous (small) reduction in volumetric wear

rate in phase 2 of the analysis (§égure6-12 for ¢ QUimpaction force).
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Figure 6-12: Total volumetric wear ratavith respecto assembly load anolverthe
wear analysis

Where the overlajs removed completelfrom the modelthe magnitude o$lip is
increased Therefore, the wear ratecreasest the transition point This is because

the slip increases but the contact pressure stays relatively constant.

After transferrig to phase 3 of the wear analysise magnitudeof the contact
stresses remairelatively constanthowever, the slip increasesgnificantly. This
leads todramatically increase in wear rate during phase 3 of the analysrs
instance from the 3 to 4", or from the 4" to 5" million load cycles for hand press

and¢'QOwear analysis respectivelseeFigure6-12).

Comparingthe magnitude of contact pressuaéer eachp million load cycles,for
different assembly forces indicates that fréfvand pressto 1 QU0 impactin the

initial contact stress dhe contact interfacencreasegseeFigure6-10). This increase
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in contact pressurteads toa reduction inthe magnitude ofthe contactslip (see
Figure 6-11). The proportioal increag in contact stress is lower thathe
proportionalreductionin the magnitude otontact slip This leads to aeduction in
wear ratefrom fhand pressto T QUimpaction analysisFor instanceduring the3™
million load cycle the wear rate reduces from@d & Fwito @ & & Fwifrom
hand press taQu impaction Comparatively,from 1Q0 to ¢'QU0 impaction the
contact pressure increases with no significant change in contacttibgeads to a
slightly higher wear rateof the QU modelthanfor thet™ Q0Omodel (T ¢ & Twi
during the 3 million load cycles forthe ¢'Q0 wear analysissee Figure 6-12).
Further, the total initial overlap isigher for the@ QU analysiswhich causes the
modelto stayin phase 2 for a longer timén phase 2 the wear rate keeps reducing
and as such the modeill take longer to transfeinto phase Jthe relationship for

transferring to phasei8 not linear as shown iRigure6-8).

Table6-2 details the average volumetric wear rates for different initial assembly over
av-year period. The wear rates we@® vod fwiandm® pdod Fw ifor the hand
press and; QOimpaction. The average wear rate, though, is reducegbty ata ¥

Wi ™ capa Toiand @ odga Foifor the o, T and @ QO impaction assembly
respectively (slightly higher fop Q0 due to the larger overlap and higher initial

contact pressure).

Table6-2: Average of totalolumetric wear rate

Hand press 2kN 3kN 4kN 6kN

Wear rate (mriyr) 0.353 0.213 0.170 0.128 0.132
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Figure 6-13: Total volume loss after 5million load cysler different assembly
forces

Figure6-13 details the total volume loss after applicatiorvofillion load cycles for

the different assembly forces from the cobhltoene taper, titanium trunnion surface

and in total. The highest n@tal loss occur§ or fihand presso, the
reduces as the assembly force increases uj@id Similar volume loss can be seen

for thet QOand@QUimpaction analysis.

6.6 Validation

The results for taper weabtainedin this study from the numerical wear model can

be compared with observation and measurements of retrieved pessthes

Sixteenretrieved prosthesdsave beerscrutinisedn order todeterminethe possible

fretting wear damage that could occur on the taper surfagelve of thosehave
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shown similar fretting weardamageas seenin Chapter 5 (seéigure 5-4). The
observation of these twelve retrieved prostheses have shahnfretting wear
damage orthe taper inferior surfacand comparativelylower wear damage on the
taper superior surfac€ircumferential edge wearing has also been observed on all of

these twelve prostheses

In this study the fretting wear damage obtained frdhe ¢'QU0to T°QU0 impaction
wear analyseshas shownfairly similar wea patterrs to thoseobserved on thd2

retrieved prostheses (similar to what has been sho@hapter SFigure5-4).

Nonethelessthe ¢'Q0 impactionwear analysis showsigher circumferentialedge
wear damage tharthe 1°Q0 impaction analysisObservation offive (out of 12)
retrieved prosthes has shown similar edge wewahich is higher onthe taper

inferior surfaceandslightly lower on thesuperior surfacéseeFigure6-14).

head taper head taper

’ FE wear model, Retrieved prosthesis

g

Taper superior vi

(@ a)
WearDepth

0.007949
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0.005465 ~~"TTTTTTTTTTTTTTTTTTTTT
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0.002484
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0.001491
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0.000000

Area of sever abrasive and corros|

wear
Area of moderate wear

Taper inferior view
===== Area of severe adhesive wear

*

Figure 6-14: Comparison of fretting wear damage between FE waadel (2kN
initial impaction) and a retrieved prosthesfgjuresare rotated180° based ora
label shown ag*)
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Figure 6-14 compares favourably the’Q0 wear mode with one of the retrieved
prosthesesThe differences invear damage distribution specifically at the centre of
the taper surfaces in the wear modellingcomparison tahe retrieved prosthesis,
could possiblybe attributed to differences in the hestdmtaper mismatch angle
wear coefficient, material loss due to corrosion and THR design. In additidnathe
history of the retrieved prosthesssunclear and could be one of the reasons for the

slight differences in weadamage distribution too.

The wear analysis performed withe QU initial impaction has shown a different

wear pattern compared to the other analyses. In this analysis, a significantly high
wear distribution has been obtainatithe distaland proximaledgeof the taper
inferior surface and very low wear distributiahthe taper superioproximal edge

with almost no wear damage at tlagpersuperior distal edgd=igure 6-15 compares

the wear analysis that has been performed withe'QU initial impaction with a
retrieved prosthesis. Similar wear damage has been observed in three more different

retrieved prostheses.

One of the retrieved prostheseaf of 16) has shown a relatively high and smooth
wear damage which is circumferentially distributed at the taper inteFapee6-16

shows high and smooth wear damage at the taper surface (both inferior and superior)
of this prosthesis compared with the area which was not in cofitaetextent of
wear damage and pattern obtained from
assembly issimilar to the areas of wear damage shown on the images of this

particular retrieved prosthesis (degure6-16).
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Figure 6-15: Comparison of fretting wear damage between FE wear model (6kN
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Figure 6-16: Comparison of fretting wear damage between FE wear model (hand
press initial assembly) and a retrieved prosthefigjresare rotated180° based on
a label shown ag*)

In addition to the observation of the retrievpstheses,he average volumetric
wear rates calculatdtere as shown imable6-2 for different assembly forceare in
the range of thealues obtained biangton et al. (2012pr measurements obtained

at the head taper for retrieved MOM THRI®®(¢da fwifor Articuleze and
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m@ U a fw ifor DePuy ASR XLlat aroundp to v years in vivo). Differences can be
attributed to differences in material combinations, THR design, as well as the loading

history and the wear coefficient used in the numerical study.

It should be noted that although the wear distringiand wear rates for the different
assembly models have been shown to be similar to that from retrieved prostheses, it

has not been possible to prove how the retrieved prostheses were initially assembled

or their loading history. As such, the retrievedgtheses used for the validation here

have been assumed to have been assembl e
impaction based on their wear patterns and the comparison of the wear patterns from

the wear models.

6.7 Discussion

The wear algorithnproposedcdculates wear depth at the taper interface following a
specified number of wearing cycles and then modifies the surface geometries
gradually by removing the overlap based on the accumulated Fe#nermore, the
algorithm is able to consider the effectimtial fixation of the heaestem of the total

hip replacementsThe impaction force applied during assembly of the prosthetic
femoral head to the stem intoperativelyis seen to havan effect on subsequent
fretting wear at the taper junction of THR$he gradual removal of overlap
simulates the effect of weam weakening the initial fixation whicthen has an

effect on the magnitudef contact pressure arstip.

The greater the magnitude of the impaction force the longer the period of time the
beneficial effects of fixation remain with the taper junction only subject to low wear
rates.A transitionpoint exists where the beneficial effects of fixation are completely

removed and a significant increase in wear rate occurs.
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It was found that inciesing the impaction loads led to an increase in contact stresses
but asignificantreduction inslip resulting in a decrease in the initial wear rate. As
the taper locking effect diminishes dugithe weamanalysis due to the fretting wear
process, it wa®bserve that theslip increasedeading to a significant increase in
wear rate. The results demonstrate the relevance of the impaction force used intra
operatively by medical professionals to provide an optimum fixation to minimize

wear due to fretting.

Whenthe model is still in phase 2 of the analysis it can be hypothesised thatahe
debris mayremain traped at the contact interface and ordysmall portion of the
debrismay be releasd into the body. Whenhe modeltransfes to phase 3debris
can potentially escapefrom the taper junction,be released into the body and

accumulate at theurroundingissue which may lead to ASTR.

Design features such as taper angle and taper mismatch andhg(se®-17) have

been hypothesiset havea significant effect on the strength of the taper fixation

and edge wearin Ho hman et al ., 2011, Langton et
Pennock et al., 2002, Schmidt et al., 7p9n the opinion ofHohman et al. (2011)

the head stertapermismatchanglehasasignificant effectonthe wear rateMi | o g e v

et al. (2000)showedhigh edge weadamage in the taper junction of THRs and
presumed that fretting weac@elerates due to the mismatofglebetween the taper

trunnion interfacesLangton et al. (2012have shown tapewear damage more
pronounced on one side thdre other. They postulated that this might be uthe

taper mismatclanglebut this needs to be investigated by further analysis.

Althoughthe taper mismatch angke seen to havan effect on stability, strength and

edge wearing of the tap&unnionsurfaces, this study has illustrated that even with
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zero mismatch angle there would gignificant edge wearing and side wearing due

to the initial assemblforces

__-- Taper
Head
| 1/ f\\: \
| e 4 '\-\.‘
\ X
KR ,:' Trunnion _

Stem ] ) .
No mismatch ve mismatch ve mismatch

Figure 6-17:Zero, posiive and negative mismatch angle

A studywasperformedusingthe same wear algorithmith an axisymmetric model

of the same head and stem of THR used here. The results from this axisymmetric
model withdifferent impaction loaslshoweda linearrelationshipbetween the wear
rate and increasing the impaction force. TWesar analysisusing the axisymmetric
model indicated that increasing the initial impaction force reduces the wear rate
significantlywith a linear relationshipFurthermore, the impaction force and poff
force has also showed to haweelinearrelationshipwhere increasing the impaction
force increasedhe pull of forces.These resultsvereobtained due to the limitations

of the axisymmetric modelslhis studyshowedthat wear rate depends omany
different factors The initial contact stress, contact pressure distribution during a
walking stepand durig the wear analysis artie contacslip variation under the
accurate loading and boundary conditiatishavean effect on the wear ratedepth

and wear damage patterhherefore,it can be said thaa simplified axisymmetric

model cannot simulate thisquess accurately

It has been suggested the literature(Heiney et al., 2009, Pennock et al., 2002,

Rehmer efal., 2012)that impaction forces of betweenTt ftutmt 1@ Twill maximize
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taper strength whilst mitigating against damage to the femuhis study the total
volume loss fort QU and ¢ QUimpaction analysisvas almost equal; however, the
analysis witht ‘QGimpaction transferred to phase 3 aft@ million load cycle and
from this transition point a higher wear rate can be expected (cedhfzar6kN
impaction wear analysisfurthermore, the wear analysis wigf2 0initial impaction
showed signifiantly high edge and side weanm the taper inferior surfaceith very
low wear damage on theper superior surfacand also Imits of safety for the

patient and structural integrity of the prosthesis desigads to be consideradhile

applying veryhigh impact

Mai nt ai ni ng firga®long asfpassibietibe keynt@ reduced wear rates
and as such the transition point should occur after the longestitine/o as
possible. As such, to minimize fretting wesuygeons should appéyrelativelylarge
impaction force at assembly (idealiroundt™ Q0 and not lesgshancgQ() whilst

ensuring the integrity of the patient femur and prosthetic device.

The limitation of this studys againdueto the magnitude of the wear coefficient
used.Increasing the wear coefficient increases the wear rate and the transition point
may occur earliethanhas been predicteds such, further investigatiois required

to obtain accurate fretting wear coefficierty controlled experimentAnother
parameter that could affect the results is the magnitude of the friction coefficient.
The friction coefficient could change the magnitude of slid consequently wear

rate Further study is required to investigate the effectheffriction coefficient on

thefretting wear damage.

Furthermore, as discussed in Chapter @nes prosthetic deves have threaded

trunnionsurfaceqseeFigure 2-9) in order toincrease friction andmprove fixation

190



Chapter 6: Effect of different taper fixation on the extent of fretting wear

of the componentisThe initial impaction assembly may plastically deform these
threads. As such, further investigation is required to tiy&te the effect of threaded

stems on the fixation of the components and also on the fretting wear occurred.

6.8 Conclusion

The wear algorithm and FE model presented here is able to model the effect the
impaction forces (used to assemble the femoral prasthead to the stem trunnion)
have on subsequent fretting wear at the taper junction in a THR. This is achieved by
modeling the effect of assembly as a static overlap analpsecedure then
simulating the development of wear by removing overlap inwitle the calculated

wear depth for a particular stage of the analysis.

Prior t o t Ipant, asttmeaoweslap tisi remmoved by wear, the contact
pressure and contact stresses at the interface decrease whereas the relative
displacements increase sligh At the transition point (when the overlap is
completely removed) a significant decrease in contact pressure occurs coinciding
with a proportionally greater increase in relative displacement at the interface leading
to a much increased wear rate. Sgjosat to the transition point the contact pressure
stays relatively constant with the magnitude of the relative displacanwagasing
gradually over several years resultingnoreasingwear rates. It can be seen that in

this application a reduction ithe interface contact pressure results in an increase in
relative displacementsljp); whereas an increase in contact pressure (due to

increasednitial impaction) results in reducestip and fretting wear.
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Chapter 7

Conclusionand future work

7.1 Conclusion

Researchn tribology whichis based on theories aided with computational capability
and experiment can indeedmplementach other in order to increase the longevity

of mechanical devices in service. Furthermore,thaoretical approachwith
computational capability can be used to predict long term behaviour of these devices

which otherwise requirexpensive antime consumingests.

Experimental testing to determine wear that occuesprosthess is time consuming
expensive and complicated. Therefore, computational wear modelling is an
alternative method to predict weak. computational method to determifietting

wear is a useful toolt will allow speedyassessient ofdesigrs and its performance

in service tadetermine functionality of the prosthetic devanedto validate existing

and new design It could also provide guidelines for clinicgkactice so asto

perform surgical procedusenoreefficiently.
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The aim of thisresearchwas to develop @omputationemethodologyto predict

fretting wearaccuratelyat the taper interface between the head and stem of a THR.

Based on theavear modelpresented in this thesithe main contributions of this

research can be summarised as fadtow

1 The fretting wear method presented has been developed based on an
axisymmetric model of a commercial total hip replacement. The
axisymmetric model reduces the computational time and is useful for
comparative and parametric studies.

1 The unigueness of theethodology is thathe methods able to simulate the
progressive weakening of the initial hestem fixation due to the wearing
process. Simulating the reduction in the initial fixation strength of the-head
stem assembly is seen as important to theratewassessment of wear and
has not been reported in the literature before.

1 The fretting wear metholdas been developes a3D model of the total hip
prosthesewvith realistic loading and boundary conditions

1 The resultsobtained using the 3D modehave keen compared against
observation of retrieved prostheses and from fretting wear measurements
found in literature. From these roparisons, the results computstiow
considerable promise but are clearly dependant on the use of an appropriate
wear coefficient

1 The fretting wearmethod presented has been generalized to be fosed
different design of THRs and also fother prosthetic devices such as knee

and shoulder modular implants
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1 The method habeenused to investigate the effect of different taper fodati
of theheadandstem ortheextent of fretting wear.

1 The computational resultSom the different initial assemblyforces were
comparedwith different wear damagecaurring at the taper surface of
severalretrievedtotal hip prosthesedhis comparisorshowed that the side
wearing and edge wearing thatcurat the taper surfacsould bedue to the
different assembly forces used to fix thesenponents

1 The method an consider different material combinat®mandspecific wear
fractions for differentdesign of the THRs to predict fretting wear at the taper
junction

1 The method isable tovary thewear coefficient during the analysis. This
variation of the value of the wear coefficierdan be obtained from a
controlled fretting test.

1 The method coulde alsousedfor any FE analysisubjeced to oscillatory

loads and micromotion

It is hoped that the method and algorithm developed in this study can be used for
furtherinvestigations irthefuture These investigations could indeed help designers,
physicians and surgeons to minimise the effects of fretting wear, give a good
indication ofthe fretting wear pattern, surface damage and increase the longevity of

the designs in operation.
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7.2 Future work

Fretting wear is a very complex phenomenon to be predicted computationally. This
research ig step to predict fretting wear between components that are in contact and
under oscillatory loads. As discussed in Chapter 2, a review lgerature has
highlighted area that needurther investigatioa The present study completed
computational approach to fretting wear prediction in total hip replacemrtt

againwarrantsfurtherinvestigationsFuture research can be listed as below:

1 It is apparent thaturther research is required to help inhibit the effects of
corrosion however, the work presented here focuses solelfyatting wear
as being the primary mechanism causing damage aheahdstem taper
junction in THRs.

1 Accurate wear coefficients forithapplication have not yet been presented in
the literature and as such this is an area for further investigation and testing.
The wear coefficient will change during the wearing process and as such
specific applications will benefit from knowledge of @ndependant wear
coefficients (in terms of loading cycled). controlled fretting test could be
carried out to obtain the variation of wear coefficient during the wear
analysis.

1 Friction plays a critical role ithe wear process mainly due tbe changen
the magnitude of thslip. The effect of increasinthe friction coefficient on
fretting wear at taper junction of THRs could be an area to be investigated.

1 The method can be developed for Adhesive, Abrasive wear with longer

relative displacementsor instance, fotheheadcup bearing.
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Appendix |: Graphical user interface of the wear algorithm

P
o= Ariyans Wear Algorithm g

Directory | Recowvery | Computer Spec

Set Work Directory

File names; |

#Copy and paste the path of the directory

Modes in contact

Select the nodes on Stem (Mone)
Select the nodes on Head (Maone)

Mote: Parts must be assembled dependently

Mote: For Axi models, pick nodes from assembly viewport

Wear Data

Wear method | Field output | Report |

Wear laws:

|:§-:| Energ}r l:::' Archard

Archard or Energy wear coefficient |13 E-003

Update Mumber | Scaling Factor

Update Murmber

Total number of update|5q |

Model Data

Model | Element | Elementsize | Material Properties

Madel Type
i@ 3D (01 Axisymmetric

Graphical user interface of the wear algoriti{ti* tabs)

206



Appendixes

-

= Ariyans Wear Algorithm

Directory | Recovery | Computer Spec

Recovery:
|: ::I I:]-n |§| I:}H:

Recover from update Mumber: |1

Modes in contact

Select the nodes on Stemn (Moneg)
Select the nodes on Head (Mone)

Mote: Parts rmust be assernbled dependently

Mote: For Axi models, pick nodes from assembly viewport

Wear Data

Wear method | Field output | Report

Write wear depth in Field Qutput
|§| On |:::| Off
1
11
Every spaced update

Update Mumber | Scaling Factor

Scaling Factor
Each analysis Scaled up by | 100000

Model Data

Model | Element | Element size | Material Properties

Element Type

@ Linear (71 Quadratic

Graphical user interface of the wear algorit{@® tabs)
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-

L.

¢ Ariyans Wear Algorithm

Directory | Recovery | Computer Spec

Murnber of Threads: | 24 =

Modes in contact

Select the nodes on Stem (Moneg)
Select the nodes on Head (Mong)

Mote: Parts must be assembled dependently

Mote: For Axi models, pick nodes from assembly viewport

Wear Data

Wear method | Field output | Report

Write nodal results in a report text file:

@ Yes i No

Update Mumber | 5caling Factor

Scaling Factor
Each analysis Scaled up by | 100000

Model Data

| Model | Element | Element size | Material Properties

Wear fraction for:
Stem: |01 Head |0.9

Concel

=

Graphical user interface of the wear algoriti8® and 4" tabs)
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Appendix Il : An example of output request, text format (*.txt} Axisymetric model

HHHSHHH A R R R R R R R R R
### The following parametersave been submitted for the wear analysis

###  Input file and work directoryD: \ * \ Job-1.inp
### Total load cycles15000000

### Wear methochoseris Energy

### Scaling factor is: 100000

### Energy war Coefficient is: 5.7568

### Model is Axisymmetric

### Elements are Linear

### Approximate element siz€.08

### Wear fraction fothe Stem0.1

### Wear fraction for the Hea@:9

HH AR R R R R A A R R R

Update Numberl
HHHHHRHHH R B T R R R R B R R R R

Paired Nodes

[[3, 4], [6, 1], [31, 140], [32, 139], [33, 138], [34, 137], [35, 136], [36, 135], [37, 134], [38, 133], [39,
132], [40, 131], [41, 130], [42, 129], [43, 128], [44, 127], [45, 126], [46, 125], [47, 124], [48, 123],
[49,122], [50, 121], [51, 120], [52, 119], [53, 118], [54, 117], [55, 116], [56, 115], [57, 114], [58,
113], [59, 112], [60, 111], [61, 110], [62, 109], [63, 108], [64, 107], [65, 106], [66, 105], [67, 104],
[68, 103], [69, 102], [70, 101], [71, 100], [72,]9873, 98], [74, 97], [75, 96], [76, 95], [77, 94], [78,
93], [79, 92]]

SHHBEHEHE T GO EHH E i
Wear depthfor paired nods:

Wear depth, paired node N&4 = 0.000106920437805

Wear depth, pairedagle No:6-1 = 0.000176679257303

Wear depth, paired node N&1-140= 8.95696756702685
Wear depth, paired node N&2-139=5.3479217797165
Wear depth, paired node N&3-138=4.975562999665

Wear depth, paired node N84-137=4.3785790179965
Wear depth, paired node N&b-136=4.338536641965

Wear depth, paired node N&6-135=4.0928394917865
Wear depth, paired node N&7-134=4.1065003234€5

Wear depth, paired node N88-133=3.9843267445385
Wear depth, paired node N&9-132=3.9777378069265
Wear depth, paired node N40-131=3.7185374211485
Wear depth, paired node N$1-130= 3.4452654633585
Wear depth, paired node N¢2-129= 3.13630973387685
Wear depth, paired node N¢3-128= 2.8843699234265
Wear depthpaired node Nod4-127=2.6208867269385
Wear depth, paired node Ng5-126= 2.3835687707365
Wear depth, paired node N46-125=2.158901051865

Wear depth, paired node N§7-124=1.9536779594385
Wear depth, paired node N§8-123=1.76228446098€05
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Wear depth, paired node Ng9-122=1.6276966081165
Wear depth, paired node Nae0-121=1.5075342000865
Wear depth, paired node N&l-120=1.3993052189965
Wear depth, paired node Na2-119=1.2913712690965
Wear depth, pairedode N0:53-118=1.1881458736665
Wear depth, paired node N&4-117=1.0869039127665
Wear depth, paired node Na5-116=9.9021811235166
Wear depth, paired node N85-115=9.0609725770166
Wear depth, paired node N®7-114=8.7655397576866
Wear depth, paired node Ne8-113=8.4900842889166
Wear depth, paired node Na9-112= 8.815645237€6
Wear depth, paired node N&0-111=9.2035108962166
Wear depth, paired node Ngl-110=9.5961939368266
Wear depth, pagéd node No62-109= 1.0192040299665
Wear depth, paired node N&3-108=1.12839941697685
Wear depth, paired node N&4-107=1.2815213713265
Wear depth, paired node N&5-106= 1.43456794671685
Wear depth, paired node N&5-105= 1.5907094836e05
Wear depth, paired node N&7-104=1.7470440768565
Wear depth, paired node N&8-103=1.9259559796665
Wear depth, paired node N&9-102=2.1092786689565
Wear depth, paired node NoO-101=2.2972949500365
Wear depth, paired noddo: 71-100= 2.4909999472165
Wear depth, paired node Nt2-99 = 2.6836773478985
Wear depth, paired node NG63-98 = 2.9126414657 785
Wear depth, paired node Ni4-97 = 3.1160789968685
Wear depth, paired node Ni5-96 = 3.4192958636985
Wea depth, paired node N@6-95 = 3.6660543255985
Wear depth, paired node N67-94 = 4.2036786193585
Wear depth, paired node N68-93 = 4.6610763894185
Wear depth, paired node Ni®-92 = 7.0618249406 785

HARRR R AR R A R AR R R R AR A R R A AR R AR A R A A

Total Wear Stem

Total wear depth after 1st updates on Stem nod&: Nd69e05
Total wear depth after 1st updates on Stem nodé: No/67e05
Total wear depth after 1st ugda on Stem node N&i: 8.96e06
Total wear depth after 1st updates on Stem noda2\6.35e06
Total wear depth after 1st updates on Stem noda3\d.98e06
Total wear depth after 1st updates on Stem noda4\d.38e06
Total wear depth after lapdates on Stem node 186: 4.34e06
Total wear depth after 1st updates on Stem nodaa\d.09e06
Total wear depth after 1st updates on Stem noda@m™d.11e06
Total wear depth after 1st updates on Stem nod83\8.98e06
Total wear depth after 1st updates on Stem nod89\N8.98e06
Total wear depth after 1st updates on Stem nodéa\8.72e06
Total wear depth after 1st updates on Stem nod4IN8.45e06
Total wear depth after 1st updates on Stem nod42\N8.14e06
Total wear depth after 1st updates on Stem nodé3\&.88e06
Total wear depth after 1st updates on Stem nodé4\8.62e06
Total wear depth after 1st updates on Stem nodé9\8.38e06
Total wear depth after 1st updates on Stem nodéa\@16e06
Total wear depth after 1st updates on Stem nodémMa&.95e06
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Total wear depth after 1st updates on Stem nod48\a.76e06
Total wear depth after 1st updates on Stem nodéd\a&.63e06
Total wear depth after 1st updates on Stem nod&\N&.51e06
Total wear depth after 1st updates on Stem nod&INa.4e06
Total wear depth after 1st updates on Stem nod&2\&.29e06
Total wear depth after 1st updates on Stem nod&3\ad.19e06
Total wear depth after 1st updates on Stem Nml84: 1.09e06
Total wear depth after 1st updates on Stem nod83\6.9e07
Total wear depth after 1st updates on Stem nodga\e.1e07
Total wear depth after 1st updates on Stem nod&m™8.8e07
Total wear depth after 1st updates on Stem Nml88: 8.5e07
Total wear depth after 1st updates on Stem nod&d\8.8e07
Total wear depth after 1st updates on Stem nodéd\Ne.2e07
Total wear depth after 1st updates on Stem nodéIN®.6e07
Total wear depth after 1st updates on Stem Nmlé2: 1.02e06
Total wear depth after 1st updates on Stem nodé3\ad.13e06
Total wear depth after 1st updates on Stem nodé4\a.28e06
Total wear depth after 1st updates on Stem nodéa\a.43e06
Total wear depth after 1st updates on Stexte No66: 1.59e06
Total wear depth after 1st updates on Stem nodéMa.75e06
Total wear depth after 1st updates on Stem nodég8\a.93e06
Total wear depth after 1st updates on Stem nodéa\g.11e06
Total wear depth after 1st updates ean$node N&0: 2.3e06
Total wear depth after 1st updates on Stem nodélNg.49e06
Total wear depth after 1st updates on Stem nodé2\g.68e06
Total wear depth after 1st updates on Stem nodé3\Na.91e06
Total wear depth after 1st updates®tem node N@4: 3.12e06
Total wear depth after 1st updates on Stem nodéa\8.42e06
Total wear depth after 1st updates on Stem nodéa\8.67e06
Total wear depth after 1st updates on Stem nodémd.2e06
Total wear depth after 1st updsien Stem node NG8: 4.66e06
Total wear depth after 1st updates on Stem nodéaNG.06e06

BHHHHH R R R R R

Total Wear Head

Total wear depth aftetstupdates on Head node M09.623e05
Total wear depth after 1st updates on Head nodg: Rd0015901
Total wear depth after 1st updates on Head nod&4908.061e05
Total wear depth after 1st updates on Head nod&3904.813e05
Total wear depth after 1st updates on Head nod&3804.478e05
Total wear depth after 1st updates on Head nod&3¥03.941e05
Total wear depth after 1st updates on Head nod#3€03.905e05
Total wear depth after 1st updates on Head nod#3803.684e05
Total wear depth after 1st updates on Heade Nol134: 3.696e05
Total wear depth after 1st updates on Head nod&3803.586e05
Total wear depth after 1st updates on Head nod&3203.58e05
Total wear depth after 1st updates on Head nod&3403.347e05
Total wear depth after 1st updaton Head node NI8Q: 3.101e05
Total wear depth after 1st updates on Head nod&2902.823e05
Total wear depth after 1st updates on Head nod#2802.596e05
Total wear depth after 1st updates on Head nod&2¥o02.359e05
Total wear depth adr 1st updates on Head node N 2.145e05
Total wear depth after 1st updates on Head nod&2801.943e05

211



Appendixes

Total wear depth after 1st updates on Head nod&2401.758e05
Total wear depth after 1st updates on Head nod#2801.586€05
Total wear depth after 1st updates on Head nodd 2 1.465605
Total wear depth after 1st updates on Head nod&2401.357€05
Total wear depth after 1st updates on Head nod&2901.259605
Total wear depth after 1st updates on Head nod#1901.162e05
Total wear depth after 1st updates on Head nod&1801.069é05
Total wear depth after 1st updates on Head nod&1¥09.78e06
Total wear depth after 1st updates on Head nod#1§08.91€06
Total wear depth after 1st updates on Headeridal115: 8.15606
Total wear depth after 1st updates on Head nod&l¥o7.89e06
Total wear depth after 1st updates on Head nod#1807.64€06
Total wear depth after 1st updates on Head nod#1207.93€06
Total wear depth after 1st updatesHead node Nd11: 8.28e06
Total wear depth after 1st updates on Head nod&1008.64€06
Total wear depth after 1st updates on Head nod&(909.17€06
Total wear depth after 1st updates on Head nod&(0801.016€D5
Total wear depth after 1st dates on Head node N@7: 1.153eD05
Total wear depth after 1st updates on Head nod&(€01.291e05
Total wear depth after 1st updates on Head nod&(801.432e05
Total wear depth after 1st updates on Head nod&(401.572e05
Total wear depth after 1st updates on Head nod&(d801.733eD5
Total wear depth after 1st updates on Head nod&(0201.898e05
Total wear depth after 1st updates on Head nod&(02.068€05
Total wear depth after 1st updates on Head nod&(902.242e05
Total wear depth after 1st updates on Head nod@9dNp.415e05
Total wear depth after 1st updates on Head nod@a\N@a.621e05
Total wear depth after 1st updates on Head nod@mM@a.804e05
Total wear depth after 1st updates on Headerdol96: 3.077e05
Total wear depth after 1st updates on Head nod@3\N8.299e05
Total wear depth after 1st updates on Head nod@4N8.783e05
Total wear depth after 1st updates on Head nod@3Nd.195e05
Total wear depth after 1st updates on Head nod@2\6.356€05
HH A R R R R R R

Total No of load cycle i400000

HHHHHH AR AR
HARRH AR AR AR A A A A A R A
HARRR R AR R A R AR R R R AR A R R A AR R AR A R A A

HH R R R R R R R R R R
Update Number2
HHH B R T T T

Paired Nodes

[[3, 4], [6, 1], [31, 140], [32, 139], [33, 138], [34, 137], [35, 136], [36, 135], [37, 134], [38, 133], [39,
132], [40, 131], [41, 130], [42, 129], [43, 128], [44, 127], [45, 124, [125], [47, 124], [48, 123],

[49, 122], [50, 121], [51, 120], [52, 119], [53, 118], [54, 117], [55, 116], [56, 115], [57, 114], [58,
113], [59, 112], [60, 111], [61, 110], [62, 109], [63, 108], [64, 107], [65, 106], [66, 105], [67, 104],
[68, 103], [69,102], [70, 101], [71, 100], [72, 99], [73, 98], [74, 97], [75, 96], [76, 95], [77, 94], [78,
93], [79, 92]]
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HHH T T T R T T
Wear depthfor paired nods:

Wear depth, paired node N&4 =0.000102829952488
Wear depth, paired node N&1 = 0.000157613616695
Wear depth, paired node N81-140=8.6227632153285
Wear depth, paired node Ng2-139=5.6820338098€5

€ and so orup to:

HHH B R R R R R B R T R R R R
Update Number: 153

AARHH AR AR AR AR R AR AR AR AR AR AR AR AR AR AR AR AR A AR AR AR

Paired Nodes

[[3, 175], [6, 137], [31, 136], [32, 135], [33, 134], [34, 133], [332]., [36, 131], [37, 130], [38, 129],
[39, 128], [40, 127], [41, 126], [42, 125], [43, 124], [44, 123], [45, 122], [47, 120], [48, 119], [49,
118], [50, 117], [54, 113], [55, 112], [56, 111], [57, 110], [58, 109], [59, 108], [79, 176], [199, 1],
[200, 140]

HH AR R R AR A R R
Wear depthfor paired nods:

Wear depth, paired node N8:175=0.00037085212738
Wear depth, paired node N6:137=0.00058901912849
Wear depth, paired node N81-136=1.1022752702965
Wear depth, paired node N82-135=0.000113908290225
Wear depth, paired node N83-134=9.3301333299@5
Wear depth, paired node N84-133=0.000285674751725
Wear depth, paired node N85-132=0.000207459581091
Wear depthpaired node N036-131=5.07588150853@5
Wear depth, paired node N87-130=0.00010663823987
Wear depth, paired node N88-129=7.35394502589@5
Wear depth, paired node N89-128=9.04853831394@5
Wear depth, paired node Nd0-127=3.9888066902e05
Wear depth, paired node Nd1-126=9.37404410961@5
Wear depth, paired node Nd2-125=6.66798222269@5
Wear depth, paired node Nd3-124=0.000328204563419
Wear depth, paired node Nd4-123=0.00029646901692
Wear depth, paired node Nd5-122=6.67196957019@5
Wear depth, paired node Nd7-120=7.06586537356@5
Wear depth, paired node Nd8-119=0.000731150787109
Wear depth, paired node Nd9-118=0.000447425021158
Wear depth, paired node N60-117=5.30217862197@5
Wear depth, paired node N64-113=0.000122520909333
Wear depth, paired node N65-112=0.00135313136862
Wear depth, paired node N66-111=0.00192006356796
Wear depth, paired node N&7-110=0.000858041218831
Wear depht, paired node N0o58-109=0.000371850426631
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Wear depth, paired node N69-108=0.00131849908208
Wear depth, paired node NG9-176=4.96583022221@5
Wear depth, paired node NA991=5.8322786344365
Wear depth, paired node N@00-140=0.00038778904776

HHRH AR AR AR R AR R AR AR R AR

Total Wear Stem

Total wear depth after 153 updates on Stem nodg 0161062128
Total wear depth after 153 updates on Stem nodé: dd037176
Total wear depthfger 153 updates on Stem node 8lo 0.00330802
Total wear depth after 153 updates on Stem nod82\6.00337916
Total wear depth after 153 updates on Stem nodd3N6.00340185
Total wear depth after 153 updates on Stem nodd4\6.00335303
Total wear depth after 153 updates on Stem nod@3\N6.00330533
Total wear depth after 153 updates on Stem nodga\0.00342166
Total wear depth after 153 updates on Stem nod@Mo6.00351946
Total wear depth after 153 updates on Stem nodad\e.00330615
Total wear depth after 153 updates on Stem nod@dN6.00328778
Total wear depth after 153 updates on Stem nodé\N0.00353012
Total wear depth after 153 updates on Stem nodéIN6.00335119
Total wear depth after 153 updates on Stee No42: 0.00329491
Total wear depth after 153 updates on Stem nodé3\N0.00338817
Total wear depth after 153 updates on Stem nodéAN6.00340746
Total wear depth after 153 updates on Stem nodé3\6.00339765
Total wear depth after 153 ugda on Stem node N&6: 0.00349141
Total wear depth after 153 updates on Stem nodémMo6.00336716
Total wear depth after 153 updates on Stem nodéa\0.00340137
Total wear depth after 153 updates on Stem nodé9N6.00340226
Total wear depth &r 153 updates on Stem node 50p 0.00326029
Total wear depth after 153 updates on Stem nod8IN6.00334663
Total wear depth after 153 updates on Stem nod82\N6.00342553
Total wear depth after 153 updates on Stem nod83N06.00340296
Total wear depth after 153 updates on Stem nodéMN®.00334831
Total wear depth after 153 updates on Stem nod83\N6.00343209
Total wear depth after 153 updates on Stem nodsa\6.00336561
Total wear depth after 153 updates on Stem nod®8M0.0033625
Total wear depth after 153 updates on Stem nodga\N6.00327721
Total wear depth after 153 updates on Stem nodgdNe.00339932
Total wear depth after 153 updates on Stem nodéiN6.0034075
Total wear depth after 153 updates on Stedengo61: 0.00322452
Total wear depth after 153 updates on Stem nodé2\N0.00324147
Total wear depth after 153 updates on Stem nodéaN6.00328411
Total wear depth after 153 updates on Stem nodé4aN6.00317278
Total wear depth after 153 updates on Stem nod&3N6.00329568
Total wear depth after 153 updates on Stem nod&a\N6.00340147
Total wear depth after 153 updates on Stem nodém™6.0032128
Total wear depth after 153 updates on Stem nodéd\a00322062
Total wear depth after 153 updates on Stem nodé@IN6.00339012
Total wear depth after 153 updates on Stem nodéiN6.00318755
Total wear depth after 153 updates on Stem nodéIN6.00328931
Total wear depth after 153 updates on SteaterNo72: 0.00326759
Total wear depth after 153 updates on Stem nodé3Ng.00330292
Total wear depth after 153 updates on Stem nod@4aN0.00328102
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Total wear depth after 153 updates on Stem nodéaN6.0034053
Total wear depth after 153 updaten Stem node N6: 0.0031567
Total wear depth after 153 updates on Stem nodémM6.00362169
Total wear depth after 153 updates on Stem nodéa\N6.0035986
Total wear depth after 153 updates on Stem nod@édNe.00314197
Total wear depth aftef53 updates on Stem node Rl@il: 0.00328025
Total wear depth after 153 updates on Stem nod20000.00201367
Total wear depth after 153 updates on Stem nod&9900.00084378

Total Wear Head

Total wear depth after 153 updates on Head nodé: 993108249
Total wear depth after 153 updates on Head nodg: 93327276
Total wear depth after 153 updates on Head nod#4900.03259467
Total wear depth after 153 updates on Head nod#3900.0305635
Total wear depth after 153 updates on Heatkndo138: 0.02923528
Total wear depth after 153 updates on Head nod&3¥00.03307427
Total wear depth after 153 updates on Head nod&3600.03033169
Total wear depth after 153 updates on Head nod&3%00.03045535
Total wear depth after 153 updates on Head nod&3¥00.03042903
Total wear depth after 153 updates on Head nod&3800.03065642
Total wear depth after 153 updates on Head nod&3200.03055048
Total wear depth after 153 updates on Head nod&3400.03036886
Total wear depth after 153 updates on Head nod&3900.03037759
Total wear depth after 153 updates on Head nod&2900.03061305
Total wear depth after 153 updates on Head nod&2800.03045112
Total wear depth after 153 updatestbead node N@27: 0.0304696
Total wear depth after 153 updates on Head nod&2600.03047995
Total wear depth after 153 updates on Head nod&2800.03048722
Total wear depth after 153 updates on Head nod&2¥00.0305234
Total wear depth after 153 updates on Head nod&2800.03044921
Total wear depth after 153 updates on Head nod&2200.03057558
Total wear depth after 153 updates on Head nod&2400.03124722
Total wear depth after 153 updates on Head nod&2800.03056599
Total wear depth after 153 updates on Head nod&1900.03059766
Total wear depth after 153 updates on Head nod&1i800.03050126
Total wear depth after 153 updates on Head nod&lN00.03034412
Total wear depth after 153 updateskbead node N@16: 0.03033095
Total wear depth after 153 updates on Head nod&1800.03049722
Total wear depth after 153 updates on Head nod&1¥00.03041046
Total wear depth after 153 updates on Head nod&1i800.03023158
Total wear depth aftr 153 updates on Head node N@: 0.03066356
Total wear depth after 153 updates on Head nod&1M00.03121623
Total wear depth after 153 updates on Head nod&1900.03027695
Total wear depth after 153 updates on Head nod&0900.02989742
Total wear depth after 153 updates on Head nod&0800.03045828
Total wear depth after 153 updates on Head nod&0¥00.02936342
Total wear depth after 153 updates on Head nod&0600.02939366
Total wear depth after 153 updates on Head nod&0800.0294623
Total wear depth after 153 updates on Head nod&(0400.02938912
Total wear depth after 153 updates on Head nod&0800.02989556
Total wear depth after 153 updates on Head nod&(d200.0294816
Total wear depth after 153 updatesHtead node NA01: 0.02941148
Total wear depth after 153 updates on Head nod&0900.02960983
Total wear depth after 153 updates on Head nod@a\g.02962093
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Total wear depth after 153 updates on Head node N0.08939543
Total wear depth after5B updates on Head node Bif: 0.02955586
Total wear depth after 153 updates on Head nod@ay0.02957698
Total wear depth after 153 updates on Head nod83N0.02960646
Total wear depth after 153 updates on Head nod@4\6.0297007
Total wear dpth after 153 updates on Head node9800.02955171
Total wear depth after 153 updates on Head nod82N6.02938088
Total wear depth after 153 updates on Head nod#7800.02934043
Total wear depth after 153 updates on Head nod&/N00.0333092
Total wear depth after 153 updates on Head nod&n600.02960112
Total wear depth after 153 updates on Head nod#7800.02170698
HHHHHH R R T

Total No of load cycle 45,000,000
B
HH AR R R R R R R R R R R R
HH AR R R R R R R R R R R R
The wear analysis reacheslt§000,000load cycles

End ofthewear analysis
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Appendix 1ll: An example of output request, from ABAQUS Field Output database

(*.ODB); Axisymetric model

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkhkkkkkkkkkkkx

First update

k*kkkkkkkkkkk kkkkkkkkkkkkkkkhkkkkkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Field Output Report,

Source 1

ODB: D:/* lJob1.0db

Step: Steg-DI

Frame: Increment  10: Step Time = 1.250
Loc 1 : Nodal values from source 1
Output sorted bgolumn "Node Label".
Field Output reported at nodes for part: HEAD

Node WearDepth

Label @Loc 1
1 159.011©6
4 96.2284EH6

92 63.5564E06
93 41.9497806
94 37.833186
95 32.99456
96 30.7737H6
97 28.044786
98 26.213886
99 24.1531806
100 22.41908€6
101 20.675786
102 18.98356
103 17.333686
104 15.72348€6
105 14.316486
106 12.91116
107 11.53378€6
108 10.155686
109 9.17284#6
110 8.6365786
111  8.28316#86
112 7.9340886
113 7.6410886
114 7.888996
115 8.15488E06
116 8.91196#6
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117 9.7821386
118 10.6933H6
119 11.6223©H6
120 12.593786
121 13.5678806
122 14.649306
123 15.8601B6
124 17.583186
125 19.4301B6
126 21.4521©6
127 23.5880H6
128 25.95936
129 28.2268H6
130 31.0074B6
131 33.4668806
132 35.79966
133 35.85896
134 36.9585H6
135 36.83566
136 39.0468H6
137 39.4072€6
138 44.7801B6
139 48.131306
140 80.61278€6
Minimum 7.64108B6
At Node 113
Maximum 159.011B6
At Node 1

Total 1.4383503

Field Outputreported at nodes for part: STEM

Node
Label

WearDepth

@Loc 1

3
6
31
32
33
34
35
36
37
38
39
40
41
42
43

10.6920806
17.6679E6
8.95697H6
5.34792E06
4.9755686
4.3785816
4.338546
4.0928406
4.1065086
3.98433H6
3.97774106
3.71854106
3.44527H6
3.13631H6
2.88437H6
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44  2.62089H6
45 2.38357H6
46 2.15890H6
47 1.9536886
48 1.76223H6
49 1.62770H6
50 1.50753H6
51 1.39931H6
52 1.291378©6
53 1.1881586
54 1.08690H6
55 99R18E09
56 906.097©9
57 876.554M9
58 849.008MH9
59 881.5659
60 920.35189
61 959.619M9
62 1.01920806
63 1.12840E06
64 1.2815286
65 1.434576
66 1.5907186
67 1.74704€6
68 1.92596H6
69 2.1092886
70 2.297298D6
71 2.49100806
72 2.6836816
73 2.9126416
74 3.11608€6
75 3.419308D6
76 3.6660586
77 4.20368H6
78 4.6608E06
79 7.061828D6
Minimum 849.008B9
At Node 58
Maximum 17.667986
At Node 6
Total 159.81686
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After 15000000 load cycles

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkx

*kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkx

Field Output Report,

Source 1

ODB: D:/* /Job153.0db

Step: StegR-DI

Frame: Increment  21: Step Time = 1.250
Loc 1 : Nodal values from source 1
Output sorted by column "Node Label".
Field Output reported at nodes for part: HEAD

Node WearDepth

Label @Loc 1
1 33.272803
4 31.082583

92 29.380903

93 29.55178©3

94  29.70078€3

95 29.606503

96 29.577003

97  29.55598)3

98 29.39548)3

99 29.620903

100 29.609883
101 29.411583
102 29.481683
103 29.895683
104 29.3891#3
105 29.46238B3
106  29.393783
107 29.363483
108 30.45838B3
109 29.897483
110 30.2769803
111 31.216283
112 306636E03
113 30.231683
114 30.410583
115 30.4972€3
116  30.330983
117 30.344183
118 30.501383
119 30.597783
120 30.5660E03
121 31.247283
122 30.575683
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123 30.44928€3
124 30.5234€3
125 30.4872€3
126 30.4799B3
127 30.4696©3
128 30.45118€3
129 30.613083
130 30.377683
131 30.3689©3
132 30.550583
133 30.6564€3
134 30.4290€3
135 30.853E03
136 30.331783
137 33.0743B3
138 29.235303
139 30.563583
140 32.59478€3
175 21.7070€©3
176 29.6011€3
177 33.3092E03
178 29.3404©3
Minimum 21.707083
At Node 175
Maximum 33.309283

At Node 177
Total 1.66063

Field Output reported at nodes foart: STEM1

Node WearDepth
Label @Loc 1
3 10.6213©3
6 3.71760E03
31 3.308028€3
32 3.3791683
33 3.4018583
34 3.35303H3
35 3.30533H3
36 3.4216683
37 3.5194683
38 3.306158€3
39 3.2877883
40 3.53012803
41 3.3511983
42 3.294918€3
43 3.3881883
44  3.407468©3
45 3.397658€3
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46 3.49141©3
47 3.367168€3
48 3.4013E-03
49 3.402268€3
50 3.26029©3
51 3.34663®3
52 3.42553®3
53 3.40296H3
54 3.34831©3
55 3.43209©3
56 3.36561E03
57 3.362508©3
58 3.27721©3
59 3.39932H3
60 3.4075083
61 3.22452©3
62 3.241478©3
63 3.2841183
64 3.17278®3
65 3.29568H3
66 3.40147©3
67 3.2128083
68 3.22062H3
69 3.39012H3
70 3.1875583
71 3.2893183
72 3.2675983
73  3.30292©3
74 3.28102©3
75 3.4053083
76 3.156708©3
77 3.621699©3
78 3.5986083
79 3.1419E-03
199 843.781H6
200 2.013678€3
201 3.280258€3
Minimum 843.78186
At Node 199
Maximum 10.6213B3
At Node 3
Total 184.515©3
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Appendix IV: Publication s

Journal of Wear, 2015

Availableonline: http://www.sciencedirect.com/science/article/pii/S0043164815003488
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LIJMU research conference, 2015
Awarded the best research impact
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