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Abstract

Hip resurfacing arthroplasty teuted as amttractivealternative to total hip arthroplasty
for treatment of severe jointap and limited mobilityin young patients because it is
bone conseimg and allows fola greater range of motionthere is concerim the ortlo-
paedic communityhoweverregardingsurgicallyinduced deformation of hip resurfacing
cups. Cup deformationoald potentially compromise the tight clearance between the
femoral head and cupesulting inincreased wear, acoustic emissions, and joirdilgn
This phenomenon has been investigated bajementaly and with finite element
analysis (FEA) Finite element studies haw®ntributed significantlyo our understad
ing of cup deformation, such #we efect ofdifferentcup dimensionsn deformation e-
sults, but unfortunatelguch studies were deficient in a number of walke first objec-
tive of thisthesis was to createthreedimensionalfinite element model of resurfacing
cup deformation that addressed the limitatiohgrevious models pertaining to pelvic
geometry, meshing, material properties, and cup inseitioorder tomore fully elug-
date cup deformation. The second objective was to derstrate that twalimensional
characterization of cup deformation at the cup rimssifficient, by more fully charaate
izing cup deformation in thregimensions The geoméry was obtainedvia laser sca-
ning and digital processingf a hemipelvis replica meshingwvas performed without the
use of shell elementdinear elasticity with straimardening after the onset of yiglid

was assigned to the cup and bam@lthe most appropriate method for simulatiaf cup



insertion was determineda two-dimensional axisymmetric analyseslso, cup defo-
mation was characterized in thrdgnensions. The key findings of this thesis are that
bone yield behaviour has important implications on pfigtssg simulation andthe cup
deforms irregularly angossiblypladically during presditting. A threedimensional if

nite element model of resurfacing cup deformation that addressed the limitatioms of pr
vious models was successfully created. Measurement of defonnaatiloe rim of thea-
surfacing cup for characterization of cup deformation is insufficient; full characterization
of cup deformation in thredimensions is necessaryFuture work should incorporate
clinical testing to obtain model inputs such as impadtrmuscle forces, as well as model

validation.
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Chapter 1

Introduction

This thesis involvedinite element modeling of hipesurfacing cup deformation -
dresdimitations of previous studiesThe motivation foperforming thisresearctwas to
provide the orthopaedic commiymiwith a better understanding of how a resurfacing cup
may deform during surgeryThis chapterbegins with relevant background information
on hp replacement surgery areh overviewof finite elanent analysis That section is
followed by the statemenf the problem and objectives siens, which also discusso-
tivations for this thesis workThe final section of this chapter presents an overview of

the matrial found in the thesis

1.1  Background

Hip replacemst surgery, also known dsp arthroplastyis a procedure tharamatcally
improves the quality dife of patients suffering witlsevere joinpain and limited mobi-
ity. The main cause of joint pain is osteoarthrigisrippling disease that is chetexized

by loss of articular cartilagehang (i.e.,remodeling) of the bone underneath the ¢art
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lage (subchondral boneand formation of fibrous and cartilaginous bony growths called
osteophytegBuckwalter and Etienne 2006; CIHI 2009Hip replacement sgery in-
volves replacement dhe diseasedndbr damagedgoint tissuewith a prosthesis that-e
fectively forms anewball-andsocket joint. Thetwo maintypes of hip prostheseseto-

tal hip and hipresurfaing prostheses The cawentional total higrosthesicorsists of a
metallic femaal stem andattachedhead thats implantedinto the femur(thigh bone),
anda plastielined metalic acetabular shethat is implanted into the acetabulum of the
pelvis, as shown ifigurel. Themetaton-metalhip resurfamg prosthesisillustrated in
Figure2, consists oa cobakichromium (CoCryesurfacing heathatcapsthe head of the

femur, and a CoGeupthat is implanted into the acetabulum.
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Figure 1. Implanted Total Hip Prosthesis

The hemipelvis consists of three fused bones: the llium, Pubis, and Ischitirer
anatomical regions that are referenced in this thesis are also depicted. The anatomical
directions, S, I, A, P, correspond to Superior (above), mfébelow), Anterior (-

fore), and Posterior (behindgspectively.
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Resurfacing cup.

Resurfacing head

Figure 2: Implanted Hip Resurfacing Prosthesis

The hip resurfacing prosthesis is touted as an attractive alternative to the total hip for
younger p#ents lecause it requires leg®neremoval andit allows for a greater range
of motion (Ebied and Journea 2003) The metalon-metal hip esurfacing prosthesis
was introduced in 1967 by Maurice Mullemd it had promisingearly clinical results.
Unfortunately, it was abandoned in favour of metalplastic prodtetics andlid not -
appearuntil 1988 (Roberts et al. 2005) At the time of writing, themajor orthopaedic

implant manufacturers offer metah-metal hip resurfacing prosthese#though the total
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hip remains the prosthesis of choiceany clinicians. Worldwidehip resurfacing pre-
theses comprisenly 6-9% of all implanted hip prosthesesln Carada,this number is
2.7%(CIHI 2009; Huo et al. 2008; Roberts et al. 2005)

Finite element analysis (FEA) is a numerical modeling tool that is used in a wide
range of engineering fieldscluding structural analysis, heat transfer, fluid flow, mass
transport, and electromagnetic potenti&or the sake of brevity and relevance to this
thesis, thisoverview of FEA is presented from a structural engineering perspeé¢iva.
is used to dee problemsfor which analytical solutions (i.e., mathematical expressions)
cannot be obtainedAlthough analytical solutionprovide exact values of desirea-u
known quantitiege.g., displacement, stress) any locabn in the body being analyzed,
they are limited in their utility because they can only be obtained for spetjficcally
simplified problems.In contrast, FEA can be applied to a broad rangepofplexeng-
neering problem$§ecause it usediscretization. Discretization involvessibdividng the
body into a system of smalégions called finite elements/hich areinterconnected at
common locationsalled nodes Solutions are then formulated for each element and
combi ned iunp 6a adpbportotaocnm t o obt ai n. Hathele- sol ut i
mentlevel solution is determined via approximation of the displer® at each node
with a displacement functiothat is typically polynomia in form. Consequently, FEA
solutions provide approximate values at a discrete number of pointe otly(Desai
and Abel 1972; Logan 2002)

Finite element modelingorsists of three stagesnodel creation(pre-processing)
analysis processinyy andpresentation of result§postprocessing).Preprocessingcon-

sists of four stepsThe first stegs creation ofgeometries that repsentthe bodiesbeing



1.1 Background 6

analyzed The fcondstepis discretizéion of relevangeometries into finite elements, a
process more commonly known as meshing. Several types of elements are available for
use in different types of models. Triangular or quadrilateral elements are typically used
in two-dimensional geometries, while tetrahedral, triangular prism (wedge), ordiexah
dral (brick) elements are used in thdimensional geometriesCommon forms of &-
ments includdinear or quadratic Quadratic elements use secarder polynomial -
placement functions (i.e., they have amside nodes) and are therefore less stiff muode
acarrate tharequallysizedlinear elements, but they are more conaionally expensive.
The thirdstepis the assignment of material properties. The geometries aigned na-
terialspecific stresstrain curves, thereby providing measures of stiffness on which to
base the forceisplacement relati@hnips. The fourtlstepis theapplicaton of boundary
condtions which are thehysical inputs to the modelThe geomegies are subjected to
known or assumed loadador displacementgnd are fixedria kinematic coatraintsso
that rigid body motion( i . e . , 6 fddey monogur (Adarasyaidd) Askenazi 1999;
Desai and Abel972; Zienkiewicz et al. 2005)

Once creation of the model is complete, matrix equations are set up by the software
processor and calculations are perfornmethe processing stagdf the analysis succes
fully calculates a accuratesolution to the prdlem as defined in the created model, the
analysis is saido be weltconditioned, otherwise it is #itonditioned An analysisis ill-
conditionedf the model hasveen st upsuch thathes o f t wratrixeequsitions cannot
be solvedaccurately, caused Ipoorly shaped mesh elements, or singular boundary co
ditions, for example After a solution is obtainedpecifiedresults of interest are gene

ated and presented iformats such as contour oryxplots during the postprocessing
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stage. After theresuls are generated, the next step is to establish the credibility of such
results(Adams and Askenazi 1999; Simulia 2007; Yew et al. 2006)

A vital part of finite element modeling is the estahir@nt of modebccuracyvia the
processes oYerification and validation. Verification is performedto ensure that the
mathematical models of a finite elemembdelarecorrectly implemergd This nvolves
both code verification and calculation verificati Code verification is performed by
FEA softwaredevelopers and involves comparibgnchmark problensolutions gene
atedby t he codeds al g cnaiyticdl sesianalgticalpoohighlyeas pondi n
curate numerical solution<alculation verificion typically involves mesh conwgence
testingto minimizethe discretization erroof each finite element modelDiscretization
error can besignificant if the mesh consists of too few elements (i.e., the mesh is too
coarse), such that the correspomgddisplacement functiondo not yield accurate saoi-
tions. Analysis @nvegence testingninimizes discretization error by generating several
meshes with increasing numbers of elements tmifesults of intereste(g., displae-
ment, total strain energwtress, etc.) do not change significar(ilg., the results have
converged) Validation is performed to assessodeling error by determining how
closely the finite element model represents the actual system being modeled. Modeling
error arises from inawsistencies between the model and the actual syhieno assupr
tions made in geometrynaterial properties, and boundary conditiofitie dfect of such
inconsistencies on model accuracy can be assessed via validation, which invoives co
paring the finiteelement model results to experimental measurementsdasianshould
be performed after model verification so that mathematical errors are isolated frdm mo

eling errors(Anderson et al. 2007; Beaupré and Cart&2] ®esai and Abel 1972)
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1.2  Statement of the problem

Concerrs existin the orthopaedic commugitegardingpossibledeformation of thee-
surfecing cupduring the surgical procedure of prdgsng (Burnell 2007; Ong et al.
2008) During presditting, the surgeonmplantsthe resurfacingcup into the acetalr-
lum, which has beereamed of cartilage and subchondral boned@meter 12 mm less
than that of the cuplyy strikingan attached impactseveral times with a mallePost n-
sertion he cup is fixed in place via compressive and frictional foreestd the diffe-
ence in diameters, or diametral inteeilece Long tem fixation is achievedvia growth
of cancellous bone into the porous backing of the resurfacin¢fcupouche et al. 2006;
Burnell 2007; Schmalzried and Harris 1992; Shimmin et al. 2008)fortunately, sch
compessive forcesleform the resurfacingcup. Sincethe difference in diameterseb
tween the rsurfacing head and cup (i.e., diametral cleararscenly 807 120 um, de-
formation could adversely affect tlikeid-film lubricationregime, resulting ircompio-
mised implant performance in terms iotreased wear (i.eincreasednetal ion gener-
tion), acoustic emissions, and joint bindifdin et al. 2006; Langton et al. 2008; Ong et
al. 2008; Shimmin et al. 2008)

Resurfa&ing cup deformatiorhas been studiesh experiments with cadaverfam
models,andwith FEA (Jin et al. 2006; Udofia et al. 2007; Yew et al. 200Bxperimen-
tal studies of resurfacing cup deformation are limitethat cadaver pelvises and resu
facing cups are expensi¢én et al. 2006) Previous FE/Astudies were limited in regards
to model creation and characteripatiof cup deformationThe FEA models consisted of

simplifying assumptionthatmayhavecompromisd model validity. A striking example



1.4 Thesis layout 9

of this, as described i@hapter 2is thesimple threedimensionalgeometry Yew et al.
(2006) used to represea reaned hemipelvis Cup and bone material properties were
also assumed to be linear elastic, without consideration of yield behavioaddition,

cup deformationwas not fully characterizeth threedimensions as deformationwas

only reportedin terms ofdiametral deformation (i.e., the change in distance between two
opposng points) at specifietbcations around the rim of the cupiametral deformation
may be insufficient for thoroughly understanding cup deformation, especially in more
complex anatomally accurate models. For example, a thdgrensional characteaz

tion of cup deformation may be nesasy tounderstandnd researcthe implications of

cup deformation on we&Ebied and Jaumeaux 2003)

1.3  Objectives

The first objectiveof this thesis wa$o create a finite element model of resurfacing cup
deformation that addressetdkficiencies of pvious models in the aspects of pelves g
ometry, meshing, cup and bone material properties, and cup insertion (i.e., boumdary co
ditions). The second objective wa® demonstrate thatiametral deformation measir
ments at the cup rim are insufficient, byore fully characterizing cup deforthan in

threedimensions.

1.4  Thesis layout

This thesis consists of five chapteiGhapter 2 contains a literature review axglores

previous finite element studies of resurfacing cup deformation to identify modeling def
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ciencies, and establishes means of addressing such deficiencies in the 3D model of this
thesis. SubsequentlyChager 3 contains the methodology of this thesis deskcribes in

detail the creation of the 2D axisymmetand 3D models. Chapterptesentsand ds-

cusses keyesults generated by the 2D axisymmetric and 3D analyses. Thisdbesis

cludesand provides recommendations for future worlkChager 5



Chapter 2

Literature Review

This chaptebeginswith anoverview ofprevious studies that haveviestigated resuréa
ing cup deformation.This is followed by a critical assessment of the methodologies e
ployed in the FEA studiet® identify deficiencies and to establish a methodology for the

creationof a finite element modehat addresses such w&fncies.

Hip resurfacing cup deformation was first investigated experimentally in caddver pe
vises and foam models by Jin et al. (2006he experimental study usédo prototype
DePuy ASRM (DePuy Orthopaedics, Inc., Warsaw,) INp resurfacing cups of 60 mm
diameter The firstwas athin walled cup(2.3 mm at the equator addmm at the pole)
and the secondhaddst i f f eneddé walls (3.5 mm. 8dth t he e
types of cupsvere pressit into cadaver pelviseasinga nominal interference of 1 mm
but the atual interferencaveraged 0.5 mrdue to variations in hargaming. The ai-
thors doserved that the cups exhibited compressive deformation predominantly at the ilial
and schial columns (i.e., the superianterior acetabular rim at the ilium and the inferior
posterior rim at the ischium). This observatagreedwith previouspressuresensitive

film experiments, wherein the compressive forces on two types of-fir€sgps were
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predoninant between the ischiahd ilial columngWidmer et al. 2002) Jin et al(2006)
created a foam nu@l geometry to simulate this cup pinchifsgeFigure 3), and con-

pared cup deformation resultsereinto those of the cadaver test¥he maximum d-

metral deformations observea the cadaver testwere 63 pm in the thiwalled cups
(average 50 um), and 22 um in the stiffened cups (average 20Time)oam model -
periments showed good agreement with cadaver tests at 0.5 mm interferencei- Specif
cally, the maximum diametral deformations in the tiled and stiffened cups wer
approximatelys5 pm and 30 pnmrespectively. In addition, a femoral head with a rom

nal diametral mismatch of 100 um was observed to articulate smoothly withirethe d

formed cups in both theadaver and foam tests.

Figure 3: Foam Model Geometry

Representation ohte s i mgploe ndt wada nchi n gt@l.(2p@p et ry of
two openings adjacent to the acetabular casétye to reproduce thkal-ischial cup
compressiorobserved in cadaver tests. This geometry was qubsdy used in an

FEA study conducted by Yew et al. (2006).

A follow-up FEA studywasperformed byyew et al.(2006)to investigatehe effecs

of cup wall thickness, cup size, and interference on hip resurfacing cup deforimation
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the foam model geometr This was done bincludingaé t h DePkytASRY (DePuy
Orthopaedics, Inc., Warsaw, JNdup that was available on the market at the time bf pu
lication (4.6 mm wall thickness at the equator and 7.9 mm thickness at tharpabj-

tion to the thin andtiffened {ntermediatg cups of Jin et al(2006). Also, different cup
sizes ranging from 46 70 mmwere used.Yew et al.(2006)showed that for the 60 mm
cup having a interferenceof 0.5 mm, maximum diametral deformatierwerel20 pm

43 pm and 17um in thin, intermediateand thickcups, respectively. Theseresults were
not entirely consistent with the correspondexgperimentatests coducted by Jin et al
(2006). Although the maximum diametral deformation differed by only 13 pm in the
stiffenedcup, the deformation was overiesated by 65 pm in the thin cup.

Udofia et al. (2007) also presented a finite element analysis of hip resurfacing-cup d
formation, although the majority of their study focused on the micromotion and contact
pressure betweethe resurfacing cup and acetabulum under simulated mid to terminal
stance loading of the gait cycle. Udofia et(2D07)examined a conceptual design of a
58 mm diameter Durofff (Zimmer, Warsaw, IN resurfacing cup, with uniform wall
thickness of 4 mmunder presditting configurations of 1 and 2 mm diametral inteffe
ences. Diametral deformation of the seated cup was determined in the anteroposterior
and superoinferior directions at the rim of the resurfacing ¢qgy.the cup presst with
1 mm of irterferencelJdofia et al(2007)reportedcup deformations of 24um and 49um
in the anteroposterior and superoinferior directions, ctisedy.

In the finite element modelsf Yew et al.(2006)and Udofia et al(2007) there were
deficiencies regardingelvic geometry and measurement of resurfacing cup deformation.

In the study of Yew et al2006) the complex geometry of the hepelvis was repe-



2.1 Literature review 14

sented by a simple 3D (foam model) geométageFigure 3). Cup deformation was
symmetric due to the symmetry of the simple 3D geomeingd wasneasured via dt
metral deformatiorat the rim In reality, cup deformation is expected to be highly iureg
lar, andmeasurement of diametral deformation at the rim of the cup may not heesuffi
for describing cup deformation; full deformation characterization inttgid provides a
measure of cup asphericityay be necessaryJdofia et al. (2007used an anatomically
accurate geometry, but unfortunately they reported oty diametraldefamationat the
cuprim. Threedimensional cup deformation has important implications on wean, as
vitro wear simulations have shown that the main contributor to wear is head and cup
asphericity(Ebied and Journeaux 2003Jhis thesis addresses this isfyeusingan am-
tomically accurate 3D geometry for modeling of resurfacing cup deformation,yaad b
ploring ameans of charaetizing cup @ormation in 3D.

Regarding meshing, deficiencies were present in the model of Udofia(20@F.).
The cortical bone was not geometrically delineated but specified with a layer of shell
elements. Shell elemenof a specified thickness arsed on the surface of the pelvic
geometry in lieu of creating a thin cortical bone layer and meshing with continuum
(solid) elements in order to avoid element distortion in the thin cortical bone(Riyer
lips et al. 2006) Unfortunately, there may be problems with the solution accuracy when
combining the shell elements of the cortical bone with the continuum elements of the
cancellous bone. The combination of shell elements with contirlemments may yield
inaccurate results, given that shell elements have three translatigngl (4) and three
rot at i, o,madegréesiof freedom at each node, but continuum elements have only

three translational degrees of freedom at each iBdevers et al. 2001; Shim et al.
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2002) When shell elements are attached to continuum elements, the rotations in the shell
elements cannot be transferred properly to the continuum elements, causing potential
problems with solubn accuracy. This thes&voids suchissuesby geometricdy defin-
ing a uniform layer of cortical bone in the anatomically accurate geometry and meshing
the entire geometry with aanuum elements.

Deficiencies were also present wittatarial propertiesn the studies of both Yew et
al. (2006) and Udofia et al2Q07). Yew et al.(2006)and Udofia et al(2007)assumed
the CoCrcup andpelvic bone to be linearly elastic, btitis does not allow for the pass
bility of both materals exhibiting yield behaviourduring presditting. The inclusion of
yield behaviouris necessary to determine if the cup and bone may permanently deform
during presditting. This thesis addresses this issue by including yield behaviour for the
cup and boneRegarding linear elasticity of bone, Youngds modulaus and
tio of 17 or 18 GPa and Q.3espectivelyare typically usedor cortical bonen finite
element studieAnderson et al. 2005; Ong et al. 2006; Bellini et al. 200Hese values
are based on data obtained from the human femur or &biao data on pelvic be is
available Yew et al.(2006)and Udofia et al(2007)a s sumed a Youfh7gds mo
GPa and a Poissonds ratio of 0.3

For cancellous bone, seversiudies havealeived heterogeneous o ungos modul
valuesvia densitymodulus relationship®btaired from Computed Tomograhy (CT)
(Anderson et al. 2005; Dalstra et al. 1995; Ong et al. 2@@B¢rs have assumed aneo
stant value throughout the pelyBellini et al. 2007;Spears et al. 2001; Udofia et al.
2007) Yew et al.(2006)assumed a YoungO6s mo dialeuad. of 8

(2007)assumed a value of 500 MPa, Otherdirothet-wi t h a
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ment studies pertaining to the pelvis have usedegis low as 100 MPa and 0.2, respe
tively, based on a landmark study of the mechanical and textural properties of pelvic ca
cellous boneconducted by Dalstra et al. (199@ellini et al. 2007; Dalstra et al. 1993;
Spears et al. 2001)In this studyPDalstraandcavor ker s (1993) found t
modulus rarely exceeded 100 MPa, and determinbde Poi ssonodsAlsa,ati o t
Dalstra et al(1993)discovered that candeus bone exhibits little anisofpy, and as a
result, some researchers have concluded that modeling cancellous bone as isotropic is a
reasonablessumption (Phillips et al. 2006; Bellini et al. 2007).

Deficiencies werealso present in the predgting simulations of both Yew et al.
(2006) and Udofia et al(2007). Prior to conducting their 3D FEA simulations, Yew et
al. (2006)tested two different predgting methods using a 2D axisymmetric pelvie-g
ometry to determine which was most appropriate for use in their 3D modeRDréve-
symmetic geometry cosistedof a crosssection of the ilium and acetdbm that, when
rotated 360e about a n pal« of theacefabulsnyyieldedda r y t h
threedimensional remsentation of the @tabulum and surrounding pelbone(Spears

et al. 1999) A repesentation of the 2D crossection isshown inFigure4.
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Figure 4: 2D Axisymmetric Geometry

Representation of thevb-dimensional axisymmetric geometry used by Yew et al.
(2006) in their simulation of presgiting of resurfaing cups

The two pessfitting methodsthat were tested included thaultiple-displacemen{MD)

and multipleload (ML) methods(Yew et al. 2006) The MD methodsimulates multiple
mallet impacts via a series of increasing impactor displacements applied to theheup. T
first impact issimulated by applying a dissgtement equivalent to theitial distance b-
tween the pole of the cup and the floor of the acetab(lem the polar gapgfter which

the cup is allowed to rebound Igeactivating thempactor displacementSubsequent
impacts are simulated by increagithe displacement by 1 mm for each additional impact
until the cup does not penetrate any further into the adetabfie., the polar gap no
longer dcreases) Also, if during impactivergence of solution occurs, the displacement
is decreased by).5 nmm and the analysis is rerun to obtain solution convergence. In the

ML method,loadsare applied to the cup via an impactorhe initial load is obtained
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from theforce data outpuby the correspondingVD analysis, and eackubsequentm-
pactincreases théorce by a factor of 1.5 until the analysiserges.

Yew et al.(2006)ultimately chose to use the MD method in their 3D model because
i t A uequieetldsy cdmputational time, in spite of their views that the ML method
was more realistic.Yew and ceworkers(2006) noticed that the force on the impactor
corresponding to the initial displacent in their MD model a san uirealistally high
| oad of THDIGaH Nas a@eemed to be unrealistic in comparison to the- press
fitting loads used by @ars et al. (1999), siache maximum load used in tratidy was
only 4 kN. Yew et al.(2006)conjectured that one of the reasons why that the load was
so high was due to the use of one large initial displacement instead of several incremental
displacenents (this was done to reduce the number of impacts, and therefore @omput
tional time). Unfortunately, Yew et dR2006)did not investigate thisAlso, the rationag
behindYew et ald §£2006)statementhat the ML methd was more realistic is not clear
asthe initial impact force in the ML model was obtained from the output of the MD
model, andhe polar gap and cup deformatimesults between the two methods were in
agreement. This thesis addresses these discrepaii2® axisymmetric analyses)
order to determine the most suitable prsisig method to use in the anatomically aec
rate 3D model of this thesislhe 2D axisymmetric analyses are used for this purpese b
cause analysis runtimes are much faster compared to 3D analysis runtimessicand
pared to days).

Udofia et al. (2007) simulated prefging via the interference fit method instead of
using a displacement or force method. The interference fit method consists of positioning

the resurfacing cup in the fully seated positiothi@ acetabulum and realigning the Bve
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lapping cupacetabulum surface nodes. This method is easy to employ and is aemput
tionally inexpensive, but it may not be appropriate for studying cup deformation because
the physical process of prefiiing is not ®nsidered; the mallet impacts and rebounding

of thecup after each impact anet taken into account.

During presditting, Udofia et al.(2007) fully constrained the saciibac and pubic
symphyss joints, as done in previous finite elemshidies that &ve used anatomically
accurate pelvic geometri¢Speas et al. 2000; Spears et al. 200Bellini et al. (2007)
suggestd that fully constraiing these joints may natllow true pelvic bone response to
external loading In their finite element study of the effect of pagterative weight bea
ing on implantstability, Bellini et al. (2007)allowedrelative translation at the interfaces
of these twgoints in the supericinferior direction to simulate sacral and pubic suppo
A recent finite element study by Phillips et @007)supports the boundary odition a-
gument of Bellini et al(2007). Phillips et al. (2007fompared the é&ct of fixed versus
springsimulated muscle and ligament boundary conditions on the stress and strain distr
butions in a sing leg stance pelvis model. Phillips et al. (20@und that stress was+
duced and distributed ore evenly throughout the pelMimone in the model with muscle
and ligament boundary conditions compared to the model with fixethdary cond
tions. Phillips et al. (2007) didbserve similar stressestime acetabular region between
the two modelshowever,and suggested that the udeixed constraintanay suffice for

studies pgaining to this region.



Chapter 3

Methodology

This chapter describes the methodology usdtis thesigo create finite elment models

of pressfitting of a resurfacing cup Included in this description are details about the
credion and meshingf the geometries, the assignmentadchanical properties, atioe
simulaion of cup insertion First, geometriesvere created vidaser scanning and CAD
modeling, andcorsisied of both twe and threedimensionakepresentations & reamed
hemipelvis, a resurfacing cup, andnimpactor Laser scanningvasused to obtain the
hemipelvis geometrypecause it was a cesffective altenative to using Computedo¥
mography to obtaira geometry that was closely representative of an actual geometry
(i.e., anatomically accurateMeshing was then performed on thelvic and cup geoet
tries usinglinear elementsdifferent mesh densities wetsed for convergence testing
andelement distortion was reducad everymesh. Material propertiesand contact &
haviour assumptiong/ere assigned to the pelvic bone, resurfacing cup, and iforpac
Finally, the simulation of cup insertiorinvolvedinitial cup placement followed by press

fitting using prescribeddundary conidions
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3.1 Creation of model geometries

Two-dimensional(2D) axisymmetricand threedimensional (3D) finite elememhodels
were createdisinggeometic representations @surgically pepared (i.e.;eamedl hemk
pelvis, resurfacing cup, armhimpactor The 2D axisymmetric nael usesa simple re-
resenttion of a reamed henpelvisto determinghe most apmpriate simulatedpress
fitting methodto usein the 3D modelthe 3D model couldot be used because it is more
computaionally expensive (i.e., analgsiuntimes that take days instead of minutdsje
3D model usean anatomically accurate representation tdaanechemtipelvisto inves-
tigate the magnitude and mode of deformatiba pressfit resurfaing cup This setion
describes thenethodologies usetb create 2D and 3D pelvic geometries, andvides
the specificationsusedfor the resurfacing cup anochpactor gometries.
Thereamedhemipelvis geometry used in ttaatomiclly accurate 3D modedf this
thesisconsists ofa 2 mm uniformly thickcortical bone layethat surrounds cancellous
bone rgion, with a reamedacetabulum.A 2 mm thickness was chosen for the cortical
layer because previous studies have assunrfedfn cortical bone thickness, and 2 mm
would avoid any potential element distortion problems associated with a 1 nkmetbsc
(Phillips et al. 2007) This geometryvascreated bylaser scaning a large plasticSAW-
BONES” right hemi-pelvis replicawith a 5 mm acetabuluniitem no. 12971) (Pacific
Research Laboratories, Vashon, Washingtrgdigital postprocessingf the scanned
data. The exterior surface geometry of the hpelvis was obtained with the use of a
ShapeGrabb&r3D Laser ScanngShapeGraber, Ottawa, Ontario) with 0.2 mm sea

ning accuracy.Threedimensionalpoint clouddatasets representing different oratioins
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of the surface of the herpeelvis replica werebtainedand registered together in Ge
magic Studi® reverse engineering softrea(Geomagic, Research Triangle Park, M)
within an average distance of & (SD: 80um) of one anotheforming a point cloud
sampling of thehemi-pelvisd c ont i n u dhesesukingpointeclous wasube-
guently convertethto atriangulatedodygonal surfaceo within an accuracy of 2Gm of
the point cloudand then corerted to a NURBS (NetUniform Rational BSpline)exte-
rior surfacegeometrythat was within an average ®fum (SD: 27um) from the polyg-
nal surfacefor import into ABAQUS. Figure5 shows the resultinl URBS exterior st

facegeometryof the hemipelvis
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Figure 5: NURBS Exterior Surface Geometry of the Hemi-Pelvis

The cortical and cancellous bone regions of the hehiis geometrywere defined
by creatinga corticallcancellous boundary geometigd mergingt with the exterior st
face geometry of the herpelvis. The geometryof thecorticaltancellous boundamyas
created byfirst offsettingthe triangulateaxteriorsurfece of the hemipelvis 2 mmto its
interior using the surface offset procedure in Geomagic Stadid therdigitally proc-
essingthe offset geometryThis dgital processing involved the manual removainiér-

secting triangleqas detected by the softwarand cornersthat appeared to be non
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smooth (i.e., jagged, or sharp in appeargrae)vell agemoval of the acetabular fossa
in order to elimnate illdefined (i.e., less than 0.1 mm in thicknjeaslumes that cannot
be meshedAs with the exterior siace geometry of the herpelvis, the resulting tria
gulatedcortical/cancelloupoundary surface geometryas converted tca NURBS su

faceandimportedinto ABAQUS. The geometrys shown inFigure6.

Figure 6: NURBS Cortical/ Cancellous BoundarySurface Geometry

The reaming of the acetabulum was simulated by sul@gch sphere from the

acetablar regionof each of the exterior and cortical/cancellous boundary surfaceegeom
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tries of the hempelvis (Bellini et al. 2007) and then merging the reamed geometies t
gether to produce the reamed hgralvis geometry In Geomagic Studio, a sphere was
fit to the lunate surface of thacetabulunti.e., inner surface, excluding the floon) the
exterior surfacegeometry of the henpelvis to obtainthe cente and diameteof the
acetabulum.The size of the reaming sphere was determinetlagg into cmsideration
that the sphere had to be at least 4 mm larger in diameter than that of thiespéstre in
order to completely remove the cortical bomken subtracted from the acetabul(ma.,
the 2 mm of cortical bone on opposite sides of the sphere would be removed). Also taken
into consideration was than approximate interference fit of 1 mm for a givep size
had to be createdThe diameter of the befit sphere wasneasured in Geomagic Studio
to be55.8 mm,and as suchg reaming sphere af least 60 mm in diameter weegjuired;
but given that the available cup sizes were 60, 62, 64, and 6@&ar6&mm cup (outer d
ameter = 62.6 mmyictated asphericalreamingdiameterof 61.6 mmto achieve & mm
interference

The 61.6 mm diameter ghere was ciegedand positionedn ABAQUS, such that its
centre coincided with theentre of the bedtt sphere. Tie61.6 mm sphere wasitially
subtracted froneach of the extericaindcorticalcancellous boundary geometribsit the
cortical bone rgion near the floor of thacetabulum in thenerged hempelvis ggometry
was too thin(i.e., less than 0.1 mm thick) toesh without element distortiohe rean-
ing sphere watheniterativelyrepositionedand subtracted to find a suitable reaming-co
figuration. Repositioning of the sphere involvigsitranslaion towards the acetabulum
along the line normal to a plane dime acetabular rim and through the centre of the best

fit sphere by increments of 0.1 mm (the definition of the acetabular plane is described in
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the next paragraph, which details the creation of the 2D axisymmetric geontéip)-
tunately, no suitable psition was found usg this method with this size of reaming
spherebecauseaegions withthin cortical bone could not be completely eliminateh-
other reaming configuration wasenattempted by creatingreamingspherewith a63.6
mm diameer thatcoresponedto a 64 mm cup(o.d. = 64.6 mmyvith aninterference of

1 mm Again, excessively thin cortical bone regions were present in the initial merged
hemipelvis geometry,so he sameiterative translatiorsubtractionmethodology was
used to attempt téind a suitable reaming configurationUltimately reaming of the
acetabulum without introducing excessively thin cortical bwas achieved by transia
ing the 63.6 mm diameter sphe2emm and subtracting it from the acetabulum.nyA
small faces createdlringthe reaming procedure were repaifeé., removed)n order to

avoid associated meshing difficultieBigure7 depicts the reamed heipelvis ggometry
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Figure 7: Reamed HemiPelvis Geometry

The 2D axisymmetric geometry was derived from measurements taken of a cross
section through the acetabulum of the reamed {pmivis geometry. Prior to cross
sectioning,an acetabular rim plane was created via three points defined on the exterior
surface (ie., unrearad) geometry of the henpielvis Figure8). The normal to the regul
ing plane served as an axis of symmetry in the final 2D axisymmetric méHdelcross
sectionitself was obtained via a partitioning plane in ABAQU&ich was defined by

selecting three points ahe reamedemipelvis geometry(Figure9). The points were
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chosen such that the resulting plane yielded a @estson through the centre of the
acetabulum (as defined by the béssphere), and through a thin section of the aaetab
lar wall. After crosssectioning, a line orthogonal to the acetabular rim piathe axis of
symmetryi was specified through the centre of the acetabyfigure 10). A 2D axi-
symmetric geometry was sketched on the esesdion by approximating the geometry
with straight lines. The dimensions and anglesssary for creation of tH2D axisyn-
metric geometry were obtainednd are depicted iRigure11. The followng figures

summarizehe processf obtaining the 2D axisymmetric measuonents.

Figure 8: Three Acetabular Rim Pointsfor Plane Ftting
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Figure 10: Acetabular Cross-Section
Crosssectionthrough theacetabulum of theeamed hempelvis geometry, with the
acetabular rim plane (horizontal line) and axis of symmetry (vertical line) shown.
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Figure 11: 2D Axisymmetric Geometry Measurements

A Birmingham Hig" (Smith & Nephew Memphis, Tennesseeresurfacing cup is
modeled in this thesis. sAdiscussed earlier,caip size of 64 mm was chosen becabhse
sizewas amenable to a suitabieaming configuration.The cup geometrys based on
meaurements taken from an-ray template, andvas created with the native pre

processor CAD tools in ABAQUS/CAEThe 1 mm thick CoCr bead coating on theesext
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rior of the cup was ignored, in that it wassumed to be solid CoCr throughastwas
done in pevious works(Udofia et al. 2007; Yew et al. 2006)I'he dimensions of the 64

mm resufacing cup are shown iRigure12.

25mm

Ak

F=322mm

Figure 12: Dimensions of the 64 mm Birmingham Hig" Resu facing Cup

The impactor was simulated this thesisby an analytically rigid circular platge-
ometrywith a radius of 31.8 mm, 0.8ds than the outer radius of the resurfacing cup. A
flush or overhanging radius was not specified in order to avoid ftproblems assac
ated with physical interference of the impactor with the rim of the acetabulum during

pressfitting.

3.2 Meshing

This section describeslement selection, meshing for convergence testing, and mesh

verification ofthe 2D axisymmaetc and 3D finite elemengeometries The types of &-



3.2 Meshing 32

ments usedvereselected based dhe geometri¢ contactcomputational efficiency ce
sidgations. Thecomputational accuracy of tHaite element modelsvas verified via
convergence testingvhich involved successive mesh refinements until the results of |
terest did not change significantlypistorted elements weidentified via mesh verfica-
tion checksthat usedspecific distortion criteriancluding shape factor, small and large
face corner angles, and aspect ratio. Distatethentavereeliminated via remeshg to
reducea source oEomputational error.

Three criteria were used toabse the appropriate element typ@smeshing the g
ometries the ability to mesh the geometries without introducing excessiigtortion
amenability to contact anais, and tocomputaion. In the anatomically accurate 3D
model, the resurfacing cup geetry was meshed with linear hexahedral elements (i.e.,
C3D8R) and the pelvic geometry was meshed with linear tetrahedral elements (i.e.,
C3D4). Hexahedral elements were chosen because they have good contact analysis ¢
pabilities and they are computatidigaefficient (Simulia 2007) Tetrahedral elements
were used because the highly irregular shape of the reamegblsiis not conducive
to meshing with hexahedral elements. When using tetrahedral elements in conyact anal
ses, ABAQUS recommendseimodified quadratic tetrahedral elemef8snulia 2007)
Unfortunately, modified quadratic tetrahedral elements could not be used because they
proved too computationally expensjve that analysis times took on the order of weeks,
even on a worksteon with 8 GB of RAM In the 2D axisymmeic mode| the resurfa-
ing cup was meshed with ear quadrilateral elements (i.€AX4R), and the pelvige-
ometry was meshed witlnear triangle elenents (.e., CAX3). These elements were

chosen tde consistet with the3D model.
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Convergence testing waserformed to verify the computational accuracy of the 2D
axisymmetric and 3D finite element models. This involved the comparison of results
generated from successive mesh refinements, until the results ceshvergithin an e-
ceptable error tolerance?ercent changes in nodal displacements (deflections) aond/or t
tal strain energy between successwmlysesare typically used as convergence irdic
tors(Luo and Haussle€ombe 2003; Marks and Gardner 1993; Ramos and Simdes 2006;
Stolk et al. 2001) This thesis usetbtal strain energy to determine when further mesh r
finement wasio longer requigd. Each model was considered to be converged wien
total strain energyf an analysigelative to the energies of three consecutive analyses
werewithin an error of 2% The erroiin total strain energy betweamalysesvas calad-
lated ugng theformula:

UN -G

AU = U 100% (1)

Where | is the total strain energyf the curreneinalysis and); is the btal strain energy
of a given previous analysisThe total strain mergy was calculated in ABAQUS as total
internal energyoutput variable: ALLIE).

For convergence testingfe geometries of theD axsymmetric and 3D modeisere
meshedusing the automatic mesh generator with globaéding followed by localre-
seedingto eliminate distorted elementd-or each model, several successively refined
meshes were created by decreasing the global seed size (average element edge length),
thereby inceasing the number of elemer{end therefore degrees of freedomtach

generated mesh wasljected tomesh verifiction checls in order to identifyoverly dis-
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tortedelements Verification checks were performed using shape metrics including shape
factor, small face corner angle, large face corner angle, and aspecasatierification
criteria. The criteridimits were derived from the ABAQUisetdefauls (Simulia 2007)

and are shown imablel .

Table 1. Shape Metrics Mesh \érification Criteria and L imits

Quadrilateral/  Triangle/

Verification Criterion Hexahedral Tetrahedral

Shape factor N/A 0.01/0.0001
Small face corner angle 10 5
Large face corner angle 160 170
Aspect ratio 10 10

Any elementghat did not meet the defauitits were eliminated via local mesh redin

ment. The number oflistorted elements was greatly reduced via local meshenedin

but they could not be completely eliminatelixcessive kment dstortion did not occur

in the2D axisymmetric meshes, bataccurredoredominantlyin theacetabularegion of

the 3D meshes Local remeshing efforts were concentraitethe acetabulum because it

is a critical region in these analysdsocal mesh refinement was performed by malyual
reseeding the edges of corresponding NURBS faces at a higher density and remeshing.
The following tables provide detaits the meshes created for each of the 2D axisyimme

ric and 3D modks. Convergence data based on total internal energies from theo8Bl

is also included.



3.2 Meshing 35

Table 2: 2D Axisymmetric Model Mesh Densities

The proposed mesh densities for useghe convergence tests of tHe a@xisynmetric
model. The cup was seeded such that the number of elements across time ri
creased by one in each successive analj}sB the rim of the cup in analysis é-r
quired local seging to achieve five elements across).

Analysis Global Seed No(mm) No. of Elements

No. Cup Pelvis Cup Pelvis Total
1 15 3.0 62 211 273
2 1.25 20 111 454 565
3 1.0 15 184 811 995
4 0.9225 1.0 250 1655 1905
5 0.8 0.75 342 3086 3428
6 0.7 0.6 462 4805 5267
7 0.65 0.5 568 6842 7410

Table 3: 3D Model Mesh Densities

The proposed mesh densities for use in the converdesiseof the 3D model. As in

the 2D axisymmetric model, the cup was seeded such that the number of elements
across the rim increased by one in each ssoeeanalysis.

Global Seed Local Seed No. of Elements %

Analysis  No. (mm) No. (mm) ' Distorted
No. Cup Pelvis Acetabulum Cup Pelvis Total Elements
Remaining

1 1.25 6.0 2.0 12,540 185,745 198,285  0.07

2 1.0 50 15 26,112 223,937 250,049 0.01

3 09 40 1.0 40,540 270,471 311,011 0.03

4 0.75 3.0 0.75 70,656 370,568 441,224  0.03

5 05 20 0.6 182,868 609,871 792,739  0.02

Table 4: 3D Model Convergence Data

Total internal energgt the end of reboul 1 for each analysis in the anatomicalty a
curatemodel. The greatest absolute difference in total internal energiveeiatthe
third analis is shown.

Analysis  Total Internal Bergy

0
No. ) % a2l
1 4.466 |
2 4.351 |

3 4.434 1.9
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3.3 Assignment of mechanical prope rties

This ction defines the materiahd contact properties assigned to the impactory-resu

facing cup and pelww geometries. The materiplr oper ti es i nclude Yo
Pos sonds r at i o,ultimate stierdit asdistraia sContact gnopkrtiesere

chosen tdacilitate solution convergence and are based on previous studies anid exper

mentd data.

3.3.1 Material properties

The materal properties ofthe resurfacing cup and pelvic bone (the impacs a rigid
suiface),were assumed to be homogeneous isotropic linear elastic with-sarai@ning

after the onset of yieldinguch that failure coulde etimated via thevon Misescrite-

rion. Suchanassumption is typically applied for ductile materials such as méiatist

is not very realistic for bone because it assumes equal strength (ultimate stress) in tension
and compression.Notwithstanding this assumption has been used extensivelyeby r

searchers for estimating bone fracture (Bkblaré et al. 2004)Thevon Misesformula:

\/(62' 6)+(6-6)+(0-6) _ ¢ @
. ..

Where:U,, Us,, Us are the three principal stresses, and

Uy is theyield stress
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Figurel3illustrates a stresstrain curveor a linear elastic material with strairardening

behaviour.
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Figure 13: StressStrain Curve for a Linear Elastic Material with Strain -Hardening
The stresstrain curve shows thattmat er i al wi t h a (sbmpewithgd s mo «
first portion of the curvegxhibits linear elastic (i.e., ngeermanent) strain (i.e., defoam

tion) until the yield stressﬂly, is reached. Further deformationelasteplastic (i.e., pe
manent), until the ultimate stres8, is reached, at which point the material fails (i.e.,
fractures). After fracture, the materiadcoverselastic strain Uee from the ultimate

strain, Lo.!m (the slope of the recovery line is parallel to the linear elastic portion of the
stressstrain curve, and i s t her e fwihroaly pésticu a | t o

strain,U}, remaining
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The CoCr resurfacingupwas assigned afYQUOgds amo au lIPws
ratio of 0.3, a yield stress of 450 4, andan ultimate strength of 655 Fa with 8%
elongation (Gilbert 2007; Katz et al. 2004)The materialpropertiesof pelvic bone s-
sumed in the finite elememodek of this thesis are based on experimental data ard va
ues used in recent finite element studies of the pelvis. The 2 mm cortical bone layer was
assigned a Youndgds amoPdoaticuso.d e fseldlstress Gf 181
MPa, ard anultimate strength of 2081Pa atan ultimate strain of 0.03Cezayirlioglu et
al. 1985; Udofia et al. 2007; Yew et al. 2006The cancellous bone wassigned a
Younggs mod W0 MPs, oaf P30 i s s o ragiad streastof 102 Rhfand@. 2 ,
ultimate strength of 2.23 P& at an ultimate strain of 0.014Bellini et al. 2007; Koppe
dahl and Keaveny 1998; Spears et al. 2001)ABAQUS, isotropic hardening of mater
als is specifiedvia plastic strains.To calculateplastic strain for each materidhe fd-

lowing equation is used

&p = Cult- E 3

Where:

LOFB is the plastic strain,
LOJm is the ultimate strain,

Uyt is the ultimate s@ss, and

E is the Youngés modul us.
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3.3.2 Contact properties

The contact interactions between the exterior of therfia@sog cup and the acetabulum
were based on previous studies argerimental data wherer available This involved
sel ection od&s|obanvaesét esrwdr faancde s , and choice of
methods, sliding modes, and Coulomb friction models
The surfaces that are expected to come into contact with one another duringaa simul
tion must bespecified as contact paiirs ABAQUS. Inthis study, impactecup and cup
acetabulum contact surface pairs were specified. The impagborontact pair consists
of thebottom surface of thenpactor andhe surface of theup rim;the cupacetabulum

contact pair cosists of theexteriorof the cup andthe acetabular surfaces. brder to

—

model contacbetween a given contapair,one surfaceid e si gnat ed as t he
t he ot he.b Sedlebtien ofitle lapprom@iateirface to act ahe materis based on
masterslave contact paing convention.For the impactecup contact pair, the impactor
surfacewas specifiedas the master because an analyycadjid surfacemust always be
the master surfaceFor the cugacetabulum contact pair, the cup was specified as the
master surfaceecauseABAQUS recommends that traiffer body in a contact pair be
specified as the master surfdeadthe cup is stiffer than bon€pimulia 2007)
Eachcontactpaiwas r equi red t o u sdscretipagon mdiodsABAQU S
nodeto-surface dicretizéion, or surfaceto-surface discretizatioriSimulia 2007) In
nodeto-surface discretization, contact is defined by the projection of the slave surface
nodes onto the master surface. During the analysis, the slave nodes do not penetrate the

master surface, but the master surface can penetrate the slave surface. In contrast, su



3.3 Assignment of mechanical properties 40

faceto-surface discretization averages contact between the master and slave surfaces,
providing more accurate pressure and stress distribg8onulia 2007) In order to
achieve analysis convergence in fimte elementmodesk, it was necessary to usede
to-surface discretization in the 2D axisymmetric model, surfhaceto-surface disatiza-

tion in the 3D model Surfaceto-surface discretization could not¢ lused in the 2D &x
symmetric model because this resulted excessive overclosure of the contact surfaces,
given the relatively small number of nodes involved in contact. Noderface discret

zation could not be used in the 3D model because this resukedessive penetration of

the master nodes into the slave surface, given the relatively large number of modes i
volved in contact.

The mode of sliding between therfaces of each contact pair wegecifiedafter se-
lecting the discretization methad ABAQUS provides two sliding formulations: finite
sliding, and smaidkliding (Simulia 2007) Finitesliding was specified for the cup
acetabulum contact pair becausis @&inappropriatdormulationfor surfaces that undergo
arbitrary separation and mon relative to one asther. $nall-sliding was specified for
the impactoicup contact pair because i appropriate for surfaces that undergo little
relative motion Both of these choices were also usethmrelated work byYew et al.
(2006).

Lastly, thetype and magnitudef friction between the surfaces was specified for each
contact pair.While real world measurements show that the relationship betweemitange
tial force and displeement is in fact nonlineathis thesis makes a typical simplificaij
that the friction between contact pairs is Coulomb fric{@hiraztAdl et al. 1993; Yew

et al. 2006) The available Coulomb fion modelsin ABAQUS are: Frictionless, e
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alty (stiffness), StatiKinetic Exponential Decay, Rough, Lagrange Multiplier, and User
defined(Simulia 2007) ABAQUS6s Frictionl es s friciandbe-l was
tween the impactecup contact pair, lmause itwas usedby Yew etal. (2006) and it

specifies that the surfaces in contact may slide freely alongnotiees.

The Renaltymodelwas used to modéiiction between the cup and acetabuluihis
model allows for some relative motion (i.e., elastic slip) between the contact surfaces
when they should be sticking, in order to facilitate rapid solution convergesietic
Kinetic Exponential Desty and Usedefined friction modds were not usedecause
measurement ahe required experimental parametetss beyond the scope of thisth
sis. The Rough friction model was not used because this nasdeimeshat the stfaces
camot slide along one aither. ThelLagrange Mulfplier mode] although similato the
Penalty model in that @lso allows for stickslip motion, was not used becausenforces
sticking more strictly and is therefoneore computationally expensive and ¢amder ®-
lution convergencéSimulia 2007)

The coefficient of friction between the resurfacing cup and the reamed acetabulum
during the preséitting procedure has significant implications on modelgup seating
(Spears et al. 1999)Previous studies have specified the degree of friction between the
cup and acetabulum with friction coefficient values ranging from 0.5 to (Ué&fia et
al. 2007; Yew et al. 2006)These values are based on a study of friction betweenlcance
lous bone of cadaveric tibiae and two different brands of titanium-cestel metal, n-
der various normal pressures at the inter{&eraztAdl et al. 1993) This range of fig-
tion values may not be valid for cortical bone, however, but the amount of cortical bone

in contact with the cup is relatively small (i.e., at the rim of the acktabanly) con-
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pared to the amount of cancellous bone involvAdcoefficient of friction value of 0.57
wasusedfor the finite elementodesk of this thesis, as it is the average of the six friction
coefficients measured by Shirakd| et al (1993); andtiis also acompromise between

the values of 0.5 and 0.62 used by Udofia et al. (2007) and Yew et al. (2006¢- respe

tively.

3.4  Simulation of cup insertion

This section describes the methodologies used to simulate the surgical procedipe of
insertion which involves intial placement and presiting of the resurfacing cumto
the acetabulum Three different methods of pref#sing were tested in the 2D axisy
metric moel to determine what method would be most suitable for use in the anatom
cally accurae 3D model.

To simulate the surgical insertiai the cup into the acetabulurihe cupin the 3D
model mustfirst be carefully positionedbefore presditting can take place.In clinical
practice, the resurfacing cctionp,andd®220gp-iannal |y
version(Burnell 2007) Unfortunately,determination of this positioning inot possible
with the hemipelvis alonesothe cup was oriented and placed in alignment with a plane
fit to the acetabular rim instead. The plane was defined by selecting three points on the
rim of the acetabulumN.B. this is the same plane definedridg the 2D axisymmetric
geometry construction, as shown kigure 8 in Section 3.1). The cup was then pbs

tioned such that it rested on the ilial and ischial bony prominences of the acetabular rim.
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The drection of implantabn wasdefined via a line normal to the plane and through the
centre of the cup.

Three methods of pregiting are simulated in this thesisaultiple-displacement,
multiple-displacement variation, and multigiead. The multipledisplacement methods
simulate pressitting via applied displacements, and the multifgdad method simulates
pressfitting via applied forces. The procedures for these methods are quite similar. In
each of these methods contacfiist established between the cup and aadtab, and
then between the impactor and cup rim, after which the cup is pushed into the-acetab
lum. Contact between the cup and acetabulum is established in the first step ofythe anal
sis by specifying a nominal cup displacement into the acetabulum wf ib the muli
ple-displacement methed and 25 pm in the multiplwad method(a displacement
smaller than 25 um resulted in analysis abortiobyring this step, the rigid impactor is
fully constrained at a position of 1 um above the cup rim to prevgidt body motion
and interference wh contactestablishment Physical constraints are also applied to both
the cup and pelvis in this step. In the anatomically accurate model, lateral translation
constraints are specified through the pole of the cugomstrain the cup to only move in
the direction of implantation and to prevent lateral translation and rotation of thereup du

ing insertion(seeFigure14).
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Impact

|

Figure 14: Cup Constraints

Constraints arepplied through the pole of the cup such that lateral translations ere pr
vented (red arrows) and only translation in the direction of implantation is allowed (green
arrow).

The cup constraintare specified becauseirgeos normally otserveno lateral tansh-

tion nor rotation of the cup during the prdgsng procedure(Turgeon 2009) Con-
straintson the pelvisare specified in botthe 2D axisymmetric and 3D model§he base

of the pelvic geometry is fully constrainedthe 2D axisymmetric modél.e., all degrees

of freedomof nodes and elements in the base constrained)Yew et al. 2006) The
sacraliliac and pubic symphysis joint regions aienilarly constrained in the 3D model

(Udofia et al. 2007) Figure15 depicts the constrained region in 2D axisymmetric ehod

andFigurel16 depicts the constrained regions in the 3D model.
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Figure 15: 2D Axisymmetric Pelvic Geometry Constrants
Thebase of theD axisymmetric pelvic geometry fully constrained

Sacral-iliac
region

Pubic symphysis
region

Figure 16: 3D Pelvic Geometry Constraints
The sacralliac and pubic symphysis joint regions are fully constrained.
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After the first stepestablishes conta between the cup and acetabulum, contact is
then established between the impactor and the rim of the cup. In the multiple
displacement methods, a displacement of 1 um is assigned to the impactor indhe dire
tion of implantation;in the multipleload mehod a displacement of 26 um is assigned
(again, a smaller displacement resulted in analysis abartionaddition, a small neg
tive pressure of 1000 Pa is applied to the rim of the cupry establishcortact by
preventingthe potential forecurrentopening ad closing of the contact nodés., cha
tering) arising from poorcontact establishment vidne small impactor displacements
(Simulia 2007) In the multipleload method, a stabilizing load of 0.05 N is appi¥édw
et al. 2006) The small displacement constraappliedto the cup in the previous step
maintainedn this step.

Once contact is established between the cup and acetabulum, and betweendhe impa
tor and cup, the next steps simulate pffdsag by pushing the cup into the acetabulum
via prescribed displacements or applied forcEsstly, the small cup displacement and
the-1000 Pa pressure on the cup rim are deactivated, and then two steps are required per
simulated impact. In the miple-displacement methods, the impactor displacement is
modified to push the cup a specific amount into the acetabulum to simulate impact. The
impactor displacement is then deactivated in order to allow the displaced cup to rebound
in the second step. h& multipledisplacement and multipléisplacement variation
methods differ only by how the cup pushed thelistance equal to the initial gag-b
tween the poles of the cup and acetabulum. The cup is pushed this distance in one impact

step in the former Bthod, and in threequivalentimpact steps in the latter. After the
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cup is pushed a distance equal to th&ahpolar gap, subsequent impacts push the cup
by several additional 1 mm incremental displacemg@rasv etal. 2006)

The multipleload method follows the same procedure as that of the multiple
displacement method, but with applied fargastead of displacements. thre first m-
pact, the existing displacement on the impactor is deactivated to allow forafiptiea-
tion. The force applied in the first impact is the force corresponding to the apgied di
placenent in the first impact of the multipllisplacement analys{80.5 kN in this tle-
sis) The force is then deactivated in the next step (and in alt otheund steps) to
simulate cup rebound. Each of the subsequent impacts increases the force by a factor of
1.5 until the analysis diverges The stabilizing load is also propagated in all steps to

maintain contact between the ingp@ and cup rim duringup rebound.



Chapter 4

Results and Discussion

This chapter presenend discusses thesults obtained from the twdimensionalaxi-
symmetric and anatomically accurateeedimensionalffinite elementanalysesf press
fitting of a resurfacing cupThe 2D axisymmetriaesults show whiclef the testegress
fitting method is the most appromate for use witlananatomically accurate modeThe
3D anatomically accurate results shtve elastic and plastic deformation of a ptiitss

resurfaing cup.

4.1 2D axisymmetric analyses

One of the objectives of this thesis was to determine the most appropriatéitpness
method to use in a 3D finite element model of hip resurfacing cup deformation. This was
motivated by unresolved issues pertaining to the compaoktwo presditting methods

i namely multipledisplacement (MD) and multiplead (ML) i in a previous finite &-

ment study conducted by Yew et al. (2006). In this thesis, a series of 2D axisymmetric

analyses were run to assess different piiigsy methods.Several analysesere run for
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each of the three 2@xisymmetric modelsn order to determine which of threested
pressfitting methodsi multiple-displacement (MD), multipkelisplacement variation
(MDV), and multipleload (ML) T is most suital® for use in the anatomically accurate
3D model The first analysis of each modelas used teestablishwhen cup seating
within the acetabulumvas achieved during the simulation afultiple impat-rebound
cycles Impactor force versus displacement curwese then generated for each model.
Convergence test results were analyzed to deterth@@oint of convergence, ancw-
ous results were comparbdtween the maals.

The aim of the first series of analyses in this thesis was to compare the impagt force
between the MD method, and a variant of this methtte multipledisplacement vaar
tion (MDV) method. The MDV method was investigated because Yew 04l6) ob-
served an unrealistically high impact for¢800 kN) in their MD 2D axisymmetric
model, @d suggested that incremental displacements may reduce impact Gugeto
acetabulum contact duringe presditting simulation wasexamined in order to dete
mine when cup seating was achievedhe extent of contact between the cup and
acetabulurat the end of each rebound step vdgtermined bygenerating contour plots
of gap distancédenoted as COPEN or contact opening in the following figussjn
the limit of bony ingrowthwhich in this case was chosen to ®& Om (¥ew et al.

2006) as demnostrated inFigurel7.
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Figure 17: MD Model Cup-Acetabulum Contact Gap

Gap remaining between the cup and thetaloulum at the end of each rebound step in
the MD (multiple-displacementjnodel (COPEN = Contact OpeninglRed indicates
areas having gaps #te bony ingowth limit of 350 micronsplue indicates areas
where no gaps are presétitis includes areas withegative gapresulting from ove
closed surfaces)The grey area in rebound 4 indicates gaps greater thanig8stns
Units in metres.
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The plots show thahe gap betweerupand acet abul um waand | ess
therefore the cup could be considered seatatthe end of rebounds 1, 2, andA& the

pole of the acetabulum, the ga@assmallest at the end of rebouBdand then got larger

in rebounds 3 and 4Therefore,the bestseating appears tave beemchievedat the end

of rebound 2 The gap thereafter increagedue to deformation of the floor of the
acetallum, as shown iFigure 18. Nearly idetical cup seating results weeghibited

by theMDV model

Figure 18: MD Model Acetabular Floor Deformation
Deformation at the end of rebound 4 in the MD model circled in red.

Von Mises stress distributioms the cortical and cancellous bone regioreseexan-
ined tofurther assess cup seatiagcording to the Von Misesriterion (Doblaré et al.

2004) It must be notedhatthese stresses weogerestimated because tplastic strain
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values used as bone material inputs were miscalculaitbd plastic strain values were
underestnated by3% inthe cortical bone, and 16% in the cancellous bdve. believe

the complexities of the models are well represented despite this error, and that the m
dalities of deformation seen are likely to appear in a real sys@wntour plotsof the
stress valuesying between thassumed yield and ultimate strength limits for each bone
type at the end of impacts 1 and 2 were generddete fracturavas assumenh regions

where the wn Mises stress reached the ultimate strength, lasitdpicted inFigure19.
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Figure 19: MD Model Von Mises Stresses

Von Mises stresses in the corticaldacancellous bone regions (top and bottom panels for
each impact, respectivelg} the height of impacts 1 and 2 in the MD mlodBlue ind-

cates areas whe the wn Mises stress has reached the yield stress (i.e., where bone has
deformed plastically)red indicates areas where thenvMises stress has reached the u
timate strengtli.e., where bone has ttared). Units in pasals.
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The won Mises stress plotsr both the MD and MDV models show tredmeplastic -
formation and fractureoccured towardsthe rim of the acetabulum in the cortical and
cancellous bone regions, respectively, during the first impa@lesestressdistributions
occurred because the cressction through the acetabulum near the rim is relatively thin
compared to the rest of the pelvic geometry. In the second impact, ietcharyd fra-
ture occurred throughout most of the cancellous bone region, ain icottical bone at
the floor of the acetabulum in addition to at the acetabular Tinesestress distributio
occurred because the cup was pushed beyond the puliai gap distance by 1 mm,
pushing the floor of the acetabulum down and thereforeirmescessive deformation.
Therefore,cup seating wasonsidered to haveebn achieved after the first impactefr
bound 1) instead of the secondpact in order to preserve the structural integrity of the
acetabulum. This is in contrast to the studies ¥ew et al. (2006) and Spears et al.
(2999), wherein multiple impacts were used to seat the cup. These studies did not i
clude yield behaviour in bone, but assumed only linear elasticity. This thesis has shown
that such an assumption results in pifeisgg simulations that give the illusion of resli
tic pressfitting in that multiple impacts are used, when in fact only one impact may be
appropriate. Unfortunately, a single impact does not match with a realistiefiftregs
scenario wherein multiplenpacts are used, but such is the nature of a 4tased (as
opposed to a dynamizased) simuation.

With rebound 1 establishexs the step in which cup seatimgasachieved in both the
MD and MDV modelsjmpactor force s plotted against cup displacerhduring m-

pact forall seven analyses in each mqaded shown irrigures 20 and 21.
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Impactor force (kN)

Cup displacement (mm)

Figure 20: MD Model Impactor Force Versus Cup Displacement
Force versus displacement curves are shown for all seven analyses. Cup displacemen
was measured with respect to the inner pole of the cup.
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Figure 21: MDV Model Impactor Force Versus Cup Displacement

Force versus displacement curves are shown for all seven analyses. Cup displacement
was measured with respéotthe inner pole of the cup.

The MD and MDYV force versus cup displacement curves differ very little. The MDV
curves are different in that they include the displacements corresponding to the two r
bound steps prior to a displacement equivalent to thialippblar gap distance (1.86 mm).

In both models, the force required to displace the cup through the 1.86 mm decreases as
the mesh density increasesd appears to converge at approximately 28 Kidble 5

compares the impacbifce corresponding to the polar gap displacement for each analysis

of the MD and MDV models.
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Table 5: Impactor Force Comparison Between the MD and MDV Models

Theimpactor forceat the height of impact (i.e., the point at which the bas displaced

the initial polar gap distance, 1.86 mm) for each analysis. The percent differeaces b
tween these forces are also shown.

Analysis No. Force (kN) %| e
MD MDV

30.48 30.44 0.13
30.68 30.67 0.03
30.03 30.01 0.07
28.25 28.23 0.07
28.10 28.08 0.07
27.92 2791 0.04
27.72 27.72 0

~No ok~ WN -

Total internal energies (ABAQUS output variable: ALLIR)ere analyzedo dete-
mine when convegence occurred Convergence was achieved in the fourth analysis of
each of the MD and MDV modelas the corresponding change in total internal energy

was within two percent of the twogmous analyses, as shownTiables 6 and.7

Table 6: Total Internal Energies of the MD Analyses

Total internal energyi.e., total strain eergy)at the end of rebound 1 for each gnal

sis in the MD model. The greatest absolute difference in total internal energy relative
to the third analysis in each set of three ssgige analyses is shown.

Analysis Total Internal Bergy 0
No. ) % e
1 3.103 i
2 3.195 |
3 3.204 33
4 3.183 0.7
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Table 7: Total Internal Energies of the MDV Analyses

Total internal energy at the end of rebound 1 for each analysis in the MDV model.
The greatest absolute difference in totaernal energy relative to the third analysis

in each set of three susseve analyses is shown.

Analysis Total Internal Bergy

0
No. ) % a2
1 3.149 ;
2 3.231 :
3 3.236 28
4 3.219 05

Analysis 4 in each of the MD and MDV models was used to contpatdts of inte-
est. As alreadyseen in Figures 20 and 21, andlable5, the impactor forces were very
similar between the two modelthe maximum force on thanpacbr during theimpact
that achieved cup displacement equivalent to the initial polar gap in¢heokthe MD
and MDV models wagearly the same (28.25 and 28.23 kN, respectivalinese models
yielded other nearly identical resulis well The polar gap remaining after cup seating
differedonlyby iImi cron (161 and 160 ¢ m, raetiseermdc t i v e |
of reboundwere similar, with the exception of frictional dissipation (and therefore total

energy) as shown imable8.
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Table 8: MD and MDV Model Energy Outputs

To add up the energies, the following equations apply:

Residuaknergy = Total internalnergy + Frictional dissipation External work;
Total internal energy = Strain + Artificial strain + Plastic dissipation energies.

Eneagy Quantity MD MDV ld % |
ResidualJ): 1.316 0.472 0.844 64.13
Total Internal: 3.183 3.219 0.036 1.13
Strain 2.238 2.242 0.004 0.18

Artificial Strain 0.001 0.001 0 0
Plastic Dissigtion 0.944 0.976 0.032 3.39
Frictional Dissipation 9.221 8.3 0.921 9.99
External Work 11.088 11.065 0.023 0.21

Radial wip deformatiors based on a spherical coordinate system located at the centre of
the cup in the cup rim plarveerealso quite similaras shown irthe contour plots ofig-

ure22.
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MDV

Figure 22 MD and MDV Model Radial Cup Deformation

Radial cup deformation at the end of rebouasl determined via spherical coordinate
system located at the centre of the cup in the cup rim plBed(+) denotes expansion,
blue (-) compression. Units in metres.

Figure 22 shows the occurrence of maximum radial cup deformation (gh3f can-
pression) below the cup rim near the rim of the acetabulum (the cup was sitting proud).
The bearing clearance is dihea at this point and is more likely to be compromised

thereat than at the rim of the cup. This is a clear example of how measurementef cup d

formation via diametral deformation at the rim is insufficient; diametral deformation at
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the rim of the cup pnades useful indications of cup deformation only if maximum cup
deformation occurs at the rim of the cup.

The wse ofincremented displacements instead of a single displacement to push the
cup a distance equivalent to the initial polar gaphe MDV modeldid not reduce the
impact force rquired. Thereforethe MDV metha of presditting was not pursueth
favour of eitherthe MD or ML method. The aim of the next series of analyses in this
thesis was to compare the MD and ML methods. This was motikgtdee statement of
Yew et al.(2006)that the ML method was more realistic than the MD method because of
the high impact force seen in the latter. This statement is confusing, because the initial
impact force input in the ML model was obtained from th#oat of the MD model.Cup
seating in the ML modedccurred at the end of impactldecause of excessig&esses in
the bone indicative of fracturduring the second impaciTo assess the equivalency of
the MD and ML models, force versus displacememves during impact were generated
for the ML analyses, and they show close agreement with the MD cweSigure 23

andTable9).
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Impactor force (kN)

Cup displacement (mm)

Figure 23: ML Model Impactor Force Versus Cip Displacement

Force versus displacement curves are shown for all seven analyses. Cup displacement
was measured with respect to the inner pole of the cup.

Table 9: Impactor Force Comparison Between the MD and ML Models

The impaadr force at the height of impact (i.e., the point at which the cup has displaced
the initial polar gap distance, 1.86 mm) for each analysis. The percent differences b

tween these forces are also shown.

Analysis No. Force (kN) %| e
MD ML
1 30.48 30.8 0
2 30.68 30.48 0.65
3 30.03 30.11 0.27
4 28.25 28.25 0
5 28.10 28.09 0.04
6 27.92 2791 0.04
7 27.72 27.77 0.18




4.1 2D axisymmetric analyses 65

Convergence testing wasrfigmed to determine which of the ML and MD methods was
more computationally efficient. This was done besea¥ew et al(2006) chose to use

the MD method based on faster runtimes, but they did not perform convergence testing.
The convergence testing for comparison of the ML and MD methods showed that the ML
model did not converge (séable 10). Therefore, of the three preB#ing methods
tested in this thesis, the Mibethod was deemed to be the most appropriate for use in the

anatomically acarate model.

Table 10: Total Internal Energies of the ML Analyses

Total internal energy at the end of rebound 1 for each analysis in the ML model. The
greatest absolute difference in total internal energy relative to the third analysis in
each set of three successive analyses is shown.

Analysis  Total Internal Bergy

No. 0) % MaRe|

1 3.156 T

2 3.202 T

3 3.314 5.0
4 3.590 12.1
5 3.609 8.9
6 3.664 2.1
7 3.712 29

Various results from the ML analyses were compared to those of the MD artalyises
vestigate the reason for lack of convergen@me key differencebetween the ML and
MD models is that as the mesh density increased, the maximum force on the irdgactor
creaed in the MD model compared to the preset constant valilre iNlL model Figure

24).
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Figure 24: Peak Impact Forcesin the MD and ML Analyses

The force required to push the caiplistance equivalent to the initial polar ga@B6mm)
decreased with increasing mesh densityst likely because the smoother meshes were
less stiff and therefore lesesistant to cup insertionSince the force remained constant
in the ML modelas the mesh density increasétecup was pushed into the acetabulum

beyond the initial polar gagistance as shown irFigure25.
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Figure 25: Cup Displacemensin the MD and ML Analyses

As the cup diplacement inreasedvith increasing mesh density, the polar gaprdased
and then abruptly becameegative(i.e., overclosure between the polar surfaces of the

cup and acetalbum occurred)n analysis 4as shown in Figures 26 and.27
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Figure 26: Polar Gapsin the MD and ML Analyses
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Figure 27: Negative Polar Gasin the ML Analyses
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Further assessment of the equivalencyhaef MD and ML modelsvas made using
analysis 1, as the forces and displacements between the two models were equivalent
therein. The resultsf the ML modelwere very similar to those dhe MD model; the
only notable difference was in frictional dissipatjcas was noted between the MD and
MDV models. Table11 shows the energies after cup reboand Figure 28 shows frc-

tional dissipation versus cupsdlacement for both impact and rebound.

Table 11: MD and ML Model Energy Outputs

To add up the energies, the following equations apply:

Residuaknergy = Total internalnergy + Frictional dissipation External work;
Total internal energy = Strain + Artificial strain + Plastic diasign energies.

Energy Quantity MD ML | p| % |
ResidualJ): 1.473 1.105 0.368 24.98
Total Internal: 3.103 3.156 0.053 1.71
Strain 2466 2.469 0.003 0.12

Artificial Strain 0.004  0.004 0 0
Plastic Dissigtion 0.633 0.683 0.05 7.90
Frictional Dissipation 10.093 9.691 0402 3.98

External Work 11.723 11.742 0.019 0.16
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Figure 28: MD and ML Model Frictional Dissipation VersusCup Displacement

This thesis shows that the two methods are nearly identical, againngjfterly in fric-
tional dssipation energy. Therefore, tistatementof Yew et al. (2006that the ML
method is more realistic than the MD method is not supported by the results of this thesis.
The ML method may be perceived as more realistic in thatd@meused instead ofsdi
placements to push the cup into the acetabulum. Nevertheless, a recommendation of this
thesis is that the ML method not be used because contact overaosursat thecup
polewith mesh refinement, which is not representativeedity.

Yew et al. (2006) considered the 100 kN force they observed in their model to be
unrealistic because Spears et al. (1999) used a substantially lower impact force (4 kN) to

achieve cup seating in their finite element simulations of dittsg). Yew et al. (2006)
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assumed that the models of Spears et al. (1999) were somehow more correct than theirs
presumably because the force used by Spears et al. (1999) was supposedly consistent
with forces used in a previous experimental pfésag study. Aside from suggesting

that the large initial displacement in the MD method may have been a contributor to the
high impact force, Yew et al. (2006) also pointed out differences in friction coefficients

as a possible contributor. This is a reasonable gssum since Spears et al. (1999)

noted that varying the friction coefficient had a significant effect on cup seating in their
pressfitting simulations. Another potentially significant contributor to the force dpscre

ancy was the differences in matenmbperties, but unfortunately Yew et al. (2006) did

not comment on this. Yew et al .6s (2006)
bone material properties that were much higher in stiffness compared to those used in the
models of Spears et al. (1999The higher stifiess would poseore resistance to cup
insertion, which might explain why the impact force was much higher in the model of
Yew et al. (2006) The models in this thesis used material properties more similar to
those used by Yew et al2q06), but the cancellous bone was substantially less stiff.
Also, yield behaviour was specified, and as a result, larger deformations occurred. Not
surprisingly, the initial impact force in the MD model of this thesis (28 kN) was lower
than that of Yewet al. (2006) (100 kN)Table12 summarizes the material prapes that

were used in the models.
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4.2

Tablel22z Summary of Cup and Bone
Models Youn.qﬁs Modul us
Cup Cortical bore  Cancellous bone
This thesis 200 (CoCir) 17 0.3
Yew et al.(2006) 210 (CoCir) 17 0.8
Spears et a(1999) 110 (Titanium) 5.6 0.1

Anatomically accurate analyses

Youngos

The anatomically accurate 3D model was used to investigate deforro&tiopressit

resurficing cup. As in the 2D axisymmetric models, determination of cup seating and

convergence testing were first performethe elastic and plasticup deformationwere

then determined.

To determine when the cup was seated within the acetabumtgur plotsof cup

acetabulum contaend von Mises streddistributions in thecortical and cancellous bone

were generated. Thesk{s and are shown in Figures 29 and 30
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Figure 29: 3D Model Cup-Acetabulum Contact Gap

Contourplots of the gap remaining between the cupdaaetabulum at the end of each
rebound step in the anatomically accurate 3D model (COPEN = Contact OpeRat).

indicatesareas having gaps tite bony ingrowth limit of 350 microndlue indicates &
eas where ngaps are presefthisincludes areas withegative gapresulting from ove

closed surfaces)Units in metres.
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Figure 30: 3D Model Bone Von Mises Stresses

Contour Rots of von Mises stresses in thertical and cancellous berregions (top

and bottom panels for each impact, respectivatybhe height of impacts 1 and 2.

Blue indicates areas where the von Mises stress has reached the vyield stress (i.e.
where bone has deformed plasticglied indicates r@as where the von iSks stress

has reached the ultimate stress (idnere bone has fraged)
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Based on the figures, the cup was deemed to be seated at the end of rdiecadé of
excessivelastic deformation andbone fracture during the secondpatct.

Convergence waachieved in the third analysis; the change in total internal energy
was within two percent, as shownTiable13.
Table 13: Total Internal Energies of the 3D Model Analyses
Total internal energgt the ed of rebound 1 for each analysis in the anatomically a

curatemodel. The greatest absolute difference in total internal energy relative to the
third analis is shown.

Analysis  Total Internal Bergy

NO. ) %l i
1 4.466 i
2 4.351 i
3 4.434 1.9

Plots ofradialcup deformation, as measureddygpherical coordinate system located
at the centre of the cup in the original cup rim plamexe generatedrom analysis 3t

the height of impact and at the esitcup ebound. These plots are showm Figure31.
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Figure 31: 3D Model Radial Cup Deformation

Contour plots of radial cup deformationteafimpact and rebounés determined via a
spherical coonthate system located at the centre of the cup in the original cup rim plane
The firstpanel shows the reference position of the cup. In each set of cup deformation
contour plots, the first plot is unscaleohd the second is scaled 100 timés) indicates
expansion ang¢) indicates compression, relative to the original cup shapets in ne-

tres.
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During impact of the cup into the acetabulum, the cup radial deformation ranged from

68 to +48 &m. The cup wal | s-anterorrien atdthe mpr es s
ilium, the inferioranterior rim at the pubis, and slightly at the infejpaoisterior rim at the
ischium. At the end of rebound, the cup was compre¢séd. e . , péegominanttye d 6 )
between the ischial and ilial columhsimilar towhat was observed by Jin et al. (2006)

in their cadaver experimeritswith deformations rangingfror2 4 9 t o Hl@4 & m.
formations during impact appear to be in agreement with previously reported ctyp defo
mation results; Udofia et al. (2007) reportadial rim deformations as high 4@n in

their 1 mm preséit 3D anatomically accurate finite element model. The deformations
during rebound, however, are much higaed therefore appear to be improbable. The
discrepancy between the impact and rebalafdrmationsnay be attributed to inoo-

patibility of the spherical coordinate system with the sever®@bplane rim warping of

the cup during reboundhown inFigure32. Releasing the constraints on the cup after
rebound hadittle effect on the deformed shape of the cup. This is not surprising, as the

cup only rotated 0.36° after the constraints weneoneed.
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Figure 32 Cup Rim Warping

Scaled (100X) side profiles of the cup at the height of impadtad the end of rebound
showing owtof-plane warping of the cup rim.

The irregular deformation (i.e., pinching and rim warping) of the cup is in sharp contrast

to the symmetrical cupetbrmation in the simple 3D model of Yew et al. (2006), wherein

diametal deformation measurements at the rim were used to characterize cupadeform



