A numerical study of non -Newtonian transient elastohydrodynamic lubrication of

metal -on-metal hip prosthes es

L Gad, D Dowsol, RW Hewsdh

a) Department of Aeronautics, Imperial College London, London, UK, SW7 2AZ
b) School of Mechanical Engineeritgpiversity of Leeds, Leeds, UK, LS2 9JT
Leiming.gao@imperial.ac.uk

Keywords:
Non-Newtonian,shearthinning,transient, EHLmetalon-metal hip prosthesis

Abstract

This paper presenta comprehensivenumerical study oftransient non-Newtonian elastohydrodynamic
lubrication of metalon-metal hip prosthesisubjected to two differentgait cycles. The shed#ninning
property of the synovial fluisvas found to have significant effecon the lubricatingilm, in terms of both

the magnitude and location of the minimum film thicknes@nd more generally the film thickness
distribution. A range of clearances between the acetabular cup and femoral head were investigated and th

shearthinning effect was mor@ronounced in the hip replacements wigmaller clearance

1 INTRODUCTION

1.1 Historical background
Total joint replacemen{THRhas been hailed as the major development in orthopaedigery in the past
OSyldz2NBEd Ly GKS wmMppnQa Gg2 Y iosmekal MoMLJLA ahek &
metalon-polymer [2]. In the latter case the polymeriacetatular cup was initially made from
polytetrafluoroethylene (ptfe/teflon), a bearing material with the lowest known coefficient of friction, but
it soon emerged that its wear resistance was inadequate aadan alternative polymerltra high
molecular weightpolyethylene (UHMWPEvas adopted. The Charnley total hip replacement dominated
the next half century or so and is still the first choice for many surgeons. In due course interest arose |
alternative material combinations including;

1 Ceramicheads inUHMWPEcups

1 Ceramic heads in ceramic cups
16


mailto:Leiming.gao@imperial.ac.uk

1 Metal heads in metal cups

It has been recognized that severe wear and aseptic loosening caused by polyethylene wear paatecles
the main reasongor the failure of metalon-UHMWPE implantg3]. To avoid polyethylene wear particles
MoM material combinatios have attracted more attention in the mid 19803 due to its high wear
resistarce. Thelongterm survivalin some patientsencouragedts usage particularly in younger and more
active patients. However in recent years, concerns haveegaregarding high wear of some implant
designd4, 5], and in generaltoxicities of metal wear particles andetal ionsthat may transportoutside
the joint capsule and cause adverse tissue reactions both locally and renfiételyespite the potential
biocompatihlity isstes associated with metal deBrsomeMoM hip implants have exhibited encouraging

tribological andclinical performance

It is interesting to note that there has been a move away from kargoft material pairs to har@n-hard
combinations, even though nature did not promote the latter solution. The use ofose$bft material
pairs, reflecting the cartilagen-cartilage situation in natural joints is also attracting interest, while at the

other end of the scale hard, wear resisting coatings are being develGped

If hardon-hard material pairs are used it is essential monimize asperity interactions and wear. The
components are manufaated with high accuracy arttie smallest realistic roughness. For metatmetal
combinationsthe femoralhead diametes range fromabout 28-62) mm, the composite surface roughness
(R values for both heads and cupge often in the range (20) nm while diametical clearances range
from about (50300) um When implanted surface scratches may result incal higher roughness
compared with the starting value$. K SNBE | NBE O2y Ff AQUAY 3 NBEAWNAND dzLI2y

surface roughness in MoM hip joints.

The transmission of load during the varied activities of daiy néeds to beachievedwith minimum
aggressive interaction between femoral heads and acetabular &Gysh interactions can influence both
traditional and well recognized wear mechanisms (abrasion; adhesion and fatigd#)is now recognized
that tribo-corrosion can contribute significantly to material Io. In order to minimize wear and
tribo-corrosion it is necessary tsupport as much load as possible liyid-film (elastohydrodynamic)

lubrication ard to minimize boundary or mixed lubrication action.
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The aim of the current study is to provide a more accurate lubrication model, by addressing the

shearthinning properties of the synovial fluid.

The variation of loads and entraining velocities witbime cycle the developing profiles of the bearing
surfaces; the environmental operating conditions and the rheological characteristics of the lubricant

(synovial fluid) all need to be modelled amds the role of the latter which is a major feature bktpresent

paper.

1.2 Background to elastohydrodynamic lubrication analysithip replacements

Analytical and numerical solutions to the elastohydrodynamic lubrication problem for engineering
components emerged in the second half of the™2Qentury. The principal findings were thafor
engineering lubricants ansteady stateconditions, the minimunfilm thickness was very little affected by
load, and that themagnitude of the separationbetween smooth solids was largely determined by the
lubricant vscosity and entraining velocitgimple expressions for minimum film thickness were developed
for both line and point contacts and these expressions have been widely used by designers of high
stressed machine components such as gears, rolling elebmearings. The magnitudes of the calculated
minimum film thicknesses were significantly greater than those derived from Reynolds equation for rigic

solids, often by one or two orders of magnitude.

Elastohydrodynamic action plays a major role in the ffilid lubrication of naturabynovial joints and their
man-made replacementsThe importance of squeeze film action in damping out the otherwise rapid cyclic
changes in film pressures and film thickness wasaestrated by Jin and Dowsdf] and Dowson et al.

[10] from both theoretical simulations and experimental measuremetfithias long ben recognized that
synovial fluid is a highly nedewtonian fluid, but successful incorporation of the spectacular effect of
shear rate upon viscosity in numerical solutidosthe hip joint replacement problem has been dgbd
while viscometers have been developed to measure lubricant viscfusitghear ratesover six or seven
orders of magnitudeThe possible role of other ostituents of synovial fluid, such as proteji®, 11] is

not considered in the present paper. However, the effect of shear upon lubricant viscosity over the ful

range of shearates encountered in total replacement hip joints has been assessed for the first time.
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1.3 Literature review ofnumericalnon-Newtonian EHL study of hip joints

In many numerical simulations oértificial hip replacementlubrication, the shearthinning effect of the
jointQ aynovial fluid has beeneglected[12-20], i.e., the fluid was assumed to be Newtonianth a
viscositysimilar to water Theprimaryreasongiven for this assumption is th#tte shearthinning effect was
assumed to be negligible when the shear rate was in a high rafigetween 16 and 10 s*, governed by
the range hip jointgypicallyexperienceduring walking cyclef21]. There ardimited numericalstudies that
investigae the rheology of joint synovial fluid'he most significant of thesare those descrited below
Wanget al.[22] developed ashear thinningeHL model of metadn-metal hip implantsunder steady state
conditions,with the rheologicalparametersobtainedfrom experimental datgpresented by Yao et d121],
and little difference in pressure and film thickness wiasind between the solutions of Newtonian and
non-Newtonian moded. In their study[22] only arelatively small range of shear rasavere investigated.
Tichy and Botbaid [23] studied the non-Newtonian viscoelastic propertieof the synovial fluid in
pure-squeezingof hip joint replacementsn gait cycle. Their rheologcal model was developed based on
the PhanrThien and Tanner (PTmpdelwhichis often usedto describepolymer soldions [24]. Meziane et
al. [25] further developed tle PTTviscoelastianodelto simulatea completehydrodynamic lubrication of
hip implants subject to a walking cycle. Both of the twtudies [23, 25 have found that the
non-Newtonian property of the joint synovial fluid has significant effentthe lubrication particularly

when the squeeze film effect gesent, as it isn the transientwalking cycle.

This paper addresses the above differences in the neNewtonian effects, by presenting a
comprehensivenumerical analysis of thigansientEHL of metabn-metal hip implants subject tdifferent
walking cycls, as described by a simplified walking pattern and a more complex physiological walking
pattern, with the shearthinning properties of the synovial fluidaddressed.In the results, the
elastchydrodynamic pressure and film thicknease predicted, with particular attention paid to the
magnitude and locationf the minimum film thickness in a walking cycle. These reavtsompared with
the corresponding Newtonian results to investigatee shear thinning effectfor a rangeof the design

clearances between thiemoralhead and theacetabulacup.

2 Materials and Numerical Method
A total hip replacement made from cobalt chromium alloy with a femoral head diame&8 wim and, the
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diametrical clearance of50-150) um between the hed and the cup, was investigatéal the analysisThe
cup was assumed to be firmly fixed to the pelvic bone through an equivalent legezsenting bone
and/or fixation cement The material and geometat parameters ar@resened in Table 1. An illustration
of the hip implant and associatdtiree-dimensionalloading and motionss shown in Fig. ITwo loading
and motion patterns of walking cycles were considered in this stutdgedsProSim hip simulard26] and

3 dimensionalphysiological walking patterdescribed byBergmann et al[27], as shown in Fig. Zup
inclinationangles of 0 and 45 degrees were considered in the andbysibe hip simulator walking cycles,

and the inclination angle of 45 degrees was considered in the physiological walking cycle.

2.1ViscosityModel of Synovial Fluid

Numerous measurements havevealed high values of synovial fluid viscosity, typically ranging from about
(10°-10°) mPas,at very low shear ratesFurthermore Cooke et a[28] drew attention to the considerable
variation from one subject to anotheand even within one subjecdepending uponthe severity of
arthritic disease. Joint disease reduced the effect of shear rate upon viscosity, with normal joint fluic
exhibitingthe greatestnon-Newtonian effectsfollowed byfluid from osteo- and rheumatad arthritic joints.

This has prompted some investigators to suggest that determination ofrtagnitudeof non-Newtonian

characteristics of synovial flumday be used as an indication of the severity of joint disease.

In hip joint replacementsneanshear rates§u/h) are typically in the rang€l0°-10) 1/s and under these
circumstances the viscosity attains a near constant value which differs little from that of water. The value
adopted for this very high shear rate viscosity generally range fioouta(1-5) times that of water(0.692
mPas at 37C)

In this study the viscosity of synovial fluid at any point in the elastohydrodynamic lubricatingsilinased

upona relationshipof the formproposed byCrosq29].

- - — (1)

Cross proposed a value of (2/3) fipr and with values of viscosity being measured at very low and very
high shear rates, the value ¢f) could be calculated at intermediate shear rates. In the present exercise
the limiting shear rate values of viscosity adoptedre (' (=40000 mPas) and'(s=0.9 mPag. Recorded
values of viscosity for synovial fluid from eight different sources suggested that a fair representation o
viscosity over thevery large range of shear rates encountered in joint replacements was given&nith

9.54 andr =0.73. The latter vale is similar to, but slightly higher than the value 0.67 adopted by Cross.
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The pressure variation acroske lubricating filmthickness was neglected due to the very thin §lm
considered An average shear ratg was adopted and calculated as the ratio of relative surface velocity

to film thicknessAlthough the shear rate varies across the fithre main purpose of this initial paper was
to explore the influence of viscosity variation throughout a complete logdiycle.The variation of shear
rate across the film in Poisiéle flow modified the Couette shear rate in positive and negative directions
but it is the absolute value of the shear rate that affects the viscoshg resulting notinear effect did not,
however, appear to play a significant role when applied over the complete domanterasnstrated by
Wang et al[22].

- o)
with the velocity(v) given by

b 0 0 3)

ev, =- Rwsin/ +Rw, coy 4
: =- R, cog cosg- Rw,sinj cosqg+Rw,sing @

In the current study, the viscosity at the infinite shear rate of 0.9 mPas was used to obtain the

corresponding Newtonian results for comparison.

2.2 Elastohydrodynamic Lubrication Formulation

TheReynolds equatiowasused to describe the lubricated flow formulatedsphericalcoordinateq13]:

iéh3£§+smq H élhssmq 8

W %7 Wz uqégv? Hg =
S— WX%IH/ smqm+005/ cosqﬁg
é ¢ Ha W=y
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where,/ and gare spherical coordinatess shown irFig.3; 1 y, ,represent theangular velociesof FE, IER
and AA motions respectivelgs defined in Fig.. Considering the angle of cupclination { ), the inlet and
outlet boundares of the lubrication domain werefined as:

\.e.qin = 0’ qout :p

. ; (6)
i/in=00:f ou=0o*+P

The hydrodynamic pressuip) was assumed to be zero hoth the inlet and the outletboundaries.The
cavitation boundary condition waachieved by setting the obtained negatipeessureto zero during the

relaxation process the entire calculation domain

The film thicknesshj including both rigid and elastaeformation @ between the two bearing surfaces,

was calculated as:
h(/,g)=c/2- e singcoy - e,singsiny - e,cosg+d(j ,q) @
di.9)=AfK( -/ i.9- 9i.9,) Pl i.gi)dad/ ®)
An equivalent spherical discrete convolution (ESDC) techri@@leand the multi-level multiintegration
(MLMI)were adopted to obtairthe surface elastic deformatiofK denotes the influence coefficient of the

elastic surfaces ang, denotesa fixed mean latitude[30]. The external 3D loading componemtg y, were

balanced by the hydrodynamic pressure integahivith respect tothe corresponding axes:
Wy, = REFF Pry. dG 0/ ©)
where the pressure componenis three Cartesian coordinate directioage expressed as:
ép, = psin*gcoy
|
i p, = psin®gsin/ (10)
{ p, = psingcosg

The governing equations wemade dimensionless order to improve numerical stability and facilitate
convergenceTheequations were gsbsequently transformedhto discrete forms usinthe finite difference
schemesGatssSeidel relaxation was employed for pressure iteration in the Reynolds equatiohthe

multi-grid techniques were employedhe details othese numerical procedures gplve the equationsan
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be found in[13].

3 Results

The numerical simulation startedoim an initial steadystate solutionas at the first time step in the walking
cycle, after three walking cycles the EHL solutions conwérge a periodic solutionAll the results
presented in this paper were obtaingdr periodic walking cyck The magnitudeof the minimum film
thicknessandits locationin the walking cyclavere compared between the Newtonian and nblewtonian
fluids, for a range ofdiametrical clearance between 50mm and 150mm. Results for thetwo loading

patterns considered, i.ehip smulator and physiologicalonditions respectively, are shown in Mga) and

(b).

For thecase ofa diametricalclearance ofl00 mm, more results are shown in Bi¢-8. The \ariations of the
minimum and central film thickness in a walking cyaie presentedn Fig.5. Fig. 5a) and b)shows the
resultsfor the hip simulatorwith the cup inclination angle of 45 degrees and zero respectively; Fig. 5 ¢)
shows theresults for thephysiological loaghattern. It is found that the cup inclination angt®es not affect
much the predicted film thickness as long as the main loading area is far away from the rim of the
acetabular cup. & example, for the diametrical clearance of I the minimum and maximum vads of

the minimum film thicknesses in the hip simulator cycle for the two solutions vary by3offigand 1.6%

for the Newtonian solutions4.5%and 0.8%for the nonNewtonian solutionsThe film thickness contours

at two time steps (@ s and 064 s) occurring duringhe stance phasendswing phaseespectivelyfor the

hip simulator pattern are plotted in Fig.(Bt 0.64 ghe reversal rotation resulted in zerelocity) The film
thickness contours at B5 s andl1.1 s, occurringduring the loadingand swing phasesrespectivelyin the
physiologicalwalking pattern are plotted in Figl. The Newtonian and norNewtonian film thickness
profiles on a crossection attwo different time steps(same as Fig. 6) in a \kaig cycle are compared in Fig.

8. Thenon-Newtonianviscosity contours apecifictime stepsare shown irfFig. 9 along with the minimum

viscosity through the two different gait cycles in Fig. 10

4 Discussion
The effect of shear thinning on the overall performancertificial hip joint is illustrated irfrig.4. Figs.
(4a) and(4b) showhow the minimum film thickness varies with the diamediticlearance of the joint. It

can be seen from these results théte minimum film thickness predicted for the shear thinnirilgid
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properties is greater than that of the constant viscosity flundall casesThis is not wholly unexpected as
the Newtonian fluid case has the same viscosity as the high shear rate limit of thdavatonian case,
resulting in the fluid viscosity whys being greateor equal to the viscosity of the Newtonian case. What is
perhaps of more interest is the transient location of the minimum film thickme#se gait cycleIndeed, as

will be seen late(Fig. 9, the minimum film thickness variation the gait cycle is significantly different for
the two rheological cases examined. Unlike the actual value of the minimum film thickness which has
near constant difference between the two rheologi@sgs (4a)and (48) the location of the minimum film
thickness throughouthte entire gait cycleloes not show such a consistanénd with the minimum film

thickness occurring at different times during the gait cycle.

For the case when a more realistic gait cycle is examined, i.e. one where the motidrcasivained in a
single plane, the location in the gait cycle of the minimum film thickeaesulated for both the rheological
models are reasonably similar to each otlfeote the difference in ordinate axis scaling betwdegs 4(a)
and 4b). The smaller difference between thacationsof this minimum filmthickness can be attributed to
a more rapidly changing minimum film thickness variation with time fordimeulatorthan for the more
realisticphysiologicabait cycle. This can be sernFig.5, where the variation in film thicknes$sr the two
cyclesis shown.Forthe non-Newtonian fluid resultghere isan increase in the minimum film thickness

when compared to the Newtonian results.

The reason for the smaller shift in the trandidocation of the overall minimum film thicknessith
diametric clearancahough the gait cycle can be attributed to thmore distinct single minimum film
thickness in the gait cycle for thghysiologicakycle nversely for thgoint simulatorcycle thee area
number oflocal minima and maxima tich only require a small change in the film thickness digtidin
through thecycleto occur fora different local minimao becomethe global minima. This result highlights
the importance of careful representation of therheological model if predictions of wear and/or

tribo-corrosion are to be made from the predicted film thickness distribution

The difference in the central film thickness between the #gwtonian and Newtonian cases alludes
the differences in the film thicknessemitside the region where the minimum film thickness exigtss
interesting to observe that at the beginning of both gait cycles the central film thickness is significantly
larger for the noANewtonianthan for the Newtonianrheological modelsThefilm thicknesscontoursin
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Figs. 6 and 7result from the essential differences between the two rheological models considiredn
clearly be observed that, while the minimum film thicknesses may not be significdiffdrent, thelarger
film thicknessaway from the region of minimum film thickness regifam the nonNewtonian casesire
considerablygreater thanfor the Newtonian caseThis can be further observed Hg. 8, which shows a
narrower regionof low film thicknessefor the nonNewtonianthan forthe Newtonian cased:ig 9 shows

how the viscosity of the fluidises significantly outside the minimum film thickness region.

The importance of the gait cycle is also highlighted in lgwhichshowsdramaticallyhow a significantly
higher viscosityoccurs in the simplified simulator model, where there is an abrupt reversal of motion,
compared to the model in which there mways relative motion between thé&moral head andthe
acetabular cup.lt should also be not that, despite the more constant minimum viscosity for the

physiological gaitycle data it still varies frorh.06to 1.65mPas.

The numerical solutions demonstrate the limitations of a rheological model in which the lubricant viscosity
is assumed to be constant and equal to the very high shearvatee forsynovial fluid.More complete
representations of relative motions about oaaxes yieldelativelylow but finite shear ratesluringmotion
reversal The bearing thus enjoys much longer periofisxposure to low shear rates and hence very much
greater viscositiesMuch higherfilm thicknesses are therefore established prior &xpesure to the peak
loadings. Powerful squeef#m action significantly maintains higher film thicknesgban could be

maintained byanisoviscous lubricant having viscosities little greater than water.

For acetabular cup and femoral heads wilenticalarithmetic averagesurface roughnesgalues of 10 nm
the compositeroot mean squareoughnessR, is 14.1 nm. The corresponding maximum and minimum
lambda(/) ratios for both simulator anghysiologicatycles are shown in Tali?e

_ QjY (11)
During the past half century or so engineers have found that the lambda r&fties (@ simple and very
useful parameter for the assessment of lubrication modes and durability of highly stressed lubricatec
machine components. Ingenerdl)¥ L &adz33aSada owhikey Rl-2Ndixedflubzzaidn @rd (i A 2
¥ 0o 2NJ n TdtiomAAR ex@niirfaton dof ted IAdbda ratios in Tatflesuggests thamixed or
boundary lubrication is likely to be encountered in the stance phase for both operating cycles, with a goo
chance of benefitting from elastohydrodynamic action if the lubricaathibits nonNewtonian
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characteristicsln the swing phase the indications are that fluid film lubrication can be expected throughout
the swing phases of eitherycle whetheror not the lubricant exhibits nofNewtonian behaviorin the

stance phase mixed lubrication is predicted for pitg/siologicatycle.

These guidelines do not ensure complete separation, which calls for much greater lambda ratios. If lambc
NI GA2a& NB adzFTFAOASY Gt & f I NdhfFricalduitisling has Fesuked @ mgjde NJ
advantages in the operation of many lubricated machine elements. The lambda ratios quoted in the
present paper simply contribute to the growing bank of information which may eventually prove to be as
valuable to nanufactures of metabn-metal hip joint replacements as lambda ratios have been to the

development of safe guidelines for many other, lubricated contacts.

5 Conclusios

The principal aim of this study was to explore the role of rheology, represented bylkadraduction of
synovial fluid viscosity with increasing sheate, in metalon-metal hip replacements. Two loading and
motion cycles, representative of typical joint simulator operating conditions @mgsiological cycle have

beeninvestigated. The fulings are;

1. At low shear rates, theon-Newtonian characteristics of synovial fluid increase the calculated film
thicknesses substantiallyhe very high lubricant viscosity at low shear ratehis responsible for
the enhanced &lues of film thickness.

2. Powerful squeezéilm action maintains higher film thicknesses for the shdapendent viscosity
throughout the complete cycles of operation footh operatingcycles

3. The predicted minimum film thickness increase substantially asctbarance decreasefr both
Newtonian and norNewtonianrepresentations of viscosity.

4. The findings demonstrate the importance oearance and noifNewtonian lubricant rheology in
tribological studies of theoretical lubricating filoehaviaur.

5. The lambda ratios suggest thduit-film lubrication is likely in the swinghaseof both operating
cycles, with the possibility of some mixedboundary lubrication in the stance phases, particularly

for the physiological walking cycle
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Nomenclature
c Diametri@al clearance between cup Xx,y,z Cartesian coordinates
and head (m)
dyn Switch factor to choose betwee g Parameter in Eq. (1)

steady state and transient conditions

€.y, Eccentricity component (m) 1 Angle of cup inclination (rad)
h HIm thicknesgm) b Power ofshear rate in Eq. (1)
K Influence coefficients matrix for the | Shear ratei( )

elastic deformation of surfaces (m/N)

p Pressure(Pa) 1 Surface tastic deformation(m)
Re Cup inside radiugn) f, ¢ Spherical coordinates (rad)
t Time (s) h Viscosity ofsynovial fluidPas)

O I Spherical velocity component (m/s)

Viscosity at zero shear rate (Pas)

% Relative surface velocity (m/s) - Viscosity atnfinite shear rate (Pas)
w Applied load(N) Wy, Angular velocitcomponent(rad/s)
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Tables and Figures

Tablel Geometrical and material parameters of a MOM total hip replacement

Table 2ambda ratios calculated for the joint simulator and physiologipalating cycles
(diametric clearance = 100 pm)

Fig. 1 An anatomicalllustrationof MOM hip joint under 3D loadirgnd rotation
(flexion' extension,v; internal externalrotation, vy; adductioriabduction, ).

Fig.2. Soherical coordinates for the EHL analysis ofdbscribedhip implant

Fig.3. a) Load and angular velocity of Pro3iipm simulatorgait pattern
b) 3-dimensional load ophysiologicaait pattern, and c) -8limensional angular velocity of
physiologicabait pattern

Fig.4. The magnitudes (top) and locations (bottom) of the minimiiim thicknessagainst
hip jointclearance (a)hip simulator pattern and (Iphysiologicapattern.

Fig.5. Variations of the minimum and central film thickness in a walking cycle as &dde@d 00

nm): a) and b) for the hip simulator cycle with cup inclination angle of 45 degrees and zero
respectively;c) for the physiological walking pattern. The numbers and round dots indicate the
maximum or minimum magnitudes and their locations. The arrows show trextmbn of a
walking cycle.

Fig.6. Film thickness contours at two time steps in a walking cytl@p simulator pattern(cd =
100mm, horizontal for7 direction, vertical forgdirection; unit: degre@.

Fig.7. Film thickness contourat two time stes in a walking cycle ghysiologicapattern (cd =
100mm, horizontal for7 direction, vertical forgdirection).

Fig. 8 Film thickness profile on a cresectionat two time steps in a walking cycled=100mm):
a) hip simulator pattern and bphysiologicapattern.

Fig. 9 Non-Newtonian viscosity contours at certain time steps in a walking cgdie {00mm): a)
hip simulator pattern at 0.2 s; Iphysiologicapattern at 0.55 s; and ghysiologicapattern at 1.1

S.

Fig. 10Variations othe minimum viscosity in a walking cycle
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Tablel Geometrical and material parameters of a MOM total hip replacement

Diametricalclearancecd 50-150 mm
Headradius,R4 18 mm
Cup wall thickness 9.5 mm
Equivalent supporthickness 2 mm
Elastiomodulus of metal 210 GPa

Elastic modulus afquivalent supportayer 2.27 GPa

Poisso® ratioof metal 0.3

t2A43a2yQa NI (A2 lagpefF (023

Viscosity of synovial fluigt zero shear rate | 40Pas

Viscosity of synovial fluid at infinighear rate| 0.9 nPas

Table2 Lambda ratios calculated for theint simulator andphysiologicabperating cycles

(diametiic clearance = 100 um)

Newtonian Fluid Non-Newtonian Fluid
Simulator hmin(nm) | Lambda Ratig hmin (NmM) | Lambda Ratig
Cyclionaximum | 47.7 3.4 59.6 4.2
Cyclianinimum 20.6 1.5 234 1.7
Physiological
Cycliomaximum| 37.3 2.6 484 3.4
Cyclianinimum 11.9 0.84 16.1 11
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Fig. 1 An anatomicalillustration of MOM hip joint under 3D loadingand rotation
(flexion' extension,u; internal externalrotation, vy; adductiorabduction, ).
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Fig.2. Soherical coordinates for the EHL analysis ofdlkscribedhip implant
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Fig.3. a) Load andangular velocityf ProSimhip simulatorgait pattern
b) 3-dimensionaload ofphysiologicabait pattern, and ¢) &imensional angular velocity of
physiologicabait pattern

32



Minimum film thickness (nm)
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Fig.4. Themagnitudes (top) andocations (bottom) of the minimum film thicknesgainsthip joint
clearance (a) hip simulatorpattern and (b) physiologicapattern.
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Fig.5. Variations of the minimum and central film thickness in a walking @<le loop(cd = 100 nm): a)
and b) forthe hip simulatorcycle with cup inclination angle db degrees and zero respectivety for the
physiologicalvalkingpattern. The numbers antbund dots indicate the maximuror minimummagnitudes
and their locations. The arrashowthe direction of a walking cycle.
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Fig.6. Film thickness contours at two time steps in a walking aythep simulator patternicd= 100mm,

horizontal forf direction, vertical forgdirection; unit: degre@.
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