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Abstract
The viscoelasticity of the UHMWPE liner may play an impat role in the

lubrication performance of soft artificial hip joint&ll the previous lubrication
analyses for UHMWPE hip implants assumed that the UHMWRE lvas linear
elastic. In order to investigate the influence of viscoeiagtof the UHMWPEIliner, a
transient viscoelastic lubrication model was developde: fesults showed that the
viscoelasticity played a significant role in the ldlation performance of UHMWPE
hip implants. Moreover, the retardation time and thie i@f loss and storage modulus
of the UHMWPE liner had important effects on the lusttien performance of hip
implants. These findings provide new insights into theidalbion mechanisms of

UHMWPE artificial hip joints.

Keywords: Transient viscoelastic lubrication; UHMWPETf&ial hip replacements

Viscoelasticity; Bio-tribology



1 Introduction
Viscoelasticity widely exts in biological and engineering systeni®r example,

articular cartilage exhibits viscoelastic mechanical bemadue to its biphasic
structure (consisting of a solid matrix phase and aarstitial fluid phase). Moreover,
viscoelastic materials are also widely used in biomédieaices, such as the ultra
high molecular weight polyethylene (UHMWPE) in low modulusifiaial hip
replacements. The deformation process of soft viastiel materials, such as
polymers and elastomers, may display significant tige &nd the viscoelastic effect
may have to be considerad tribological analysesD. However, due to the
complexity of the tribological systems and the timeeateent properties of the
materials it is difficult to include the realistic mechanical beiwa of the viscoelastic
materials in a lubrication analysis, which intends tadjgtethe presswardistribution

and lubricant film thickness @flubricated system.

The tribological performance of joint replacements detemthe long-term service
of these medical devices. Proper lubrication analysis not only assess the
lubrication regime but also assist in determining deaigh manufacturing parameters.
One of the most popular artificial hip designs utilizes aenmt combination ofa
UHMWPE liner againsta metal or ceramic femoral head. Early lubricationlyses 1
of such hip implants were conducted usargp-called constrained column method, in
which the deformation at a given point of the UHMWPE limeas only linearly
related to the local pressure applied to that pdim reason for employing the simple
constrained column model was mainly because there werellritelfli analytical
solutions for the mechanical deformation of the bakocket geometry. This
limitation was overcome by Jagatia and @1 using the finite element method
(FEM) to calculate the elastic influence coefficiemiswever the calculation process
was complex and time consuming. Wang anﬂin [5] developeattdhin which the
elastic influence coefficients were fitted based onnbemal displacements at the
nodes along a longitudinal line and the elastic deformatias calculated using
spherical fast Fourier transform (SFFT) techni@e TBe SFFT technique improved

the calculation efficiency significantly and has beecorporated in the lubrication
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analyses of artificial hip jointﬂ@. The deformation of the bearing surfaces in all
the above lubrication analyses were assumed to be bfeestic, which is reasonable
for hardon-hard materials. However, if the viscoelasticity of UHN®/ needs to be

considered, the above methodology may be no longer valid.

Indeed, the viscoelasticity of bearing materials can hay@fgiant influences on the
lubrication performance. For instance, although Rohdel@afound that the
viscoelasticity effects was minor for a squeeze filnrikdition model, both Yoo et al
E' and Kaneko et - 0] found that when the viscoelastacewas considered in the
squeeze film model, the solutions were remarkably differemin fthose of the
elastohydrodynamic lubrication (EHL). Moreover, throughvisgl the line contact
lubrication problem, Elsharkaw, Hooke et al], Scaraggi et 513] and
Pandey et a4] all found that the viscoelastic e$fexftthe bearing materials may
considerably affect the lubrication performance of siistem. Furthermore, using a
point contact lubrication model, Putignano et [15] coméid that if the
viscoelasticity of the bearing surfaces was considehedptessure distributions, film
thickness and friction of a lubrication system werngniicant different from the
classical EHL regime response. However, the viscoelaffects of the UHMWPE
liner on the lubrication performance of soft artifldigp joints remain unclear due to

the lack of an effective numerical process.

Therefore, the aim of the present study was to investigade effects of the
viscoelasticity of the UHMWPE liner on lubrication pmrhance of the UHMWPE
artificial hip joints using a new numerical procedure, whicim cmulate the
lubrication performance of viscoelastic materials wratbitrary loading histories and

contact profiles.

2 Materialsand methods

2.1 Materials
A standard 28 mm diameter hard material on polyethylgméniplant, which consists

of a metal or ceramic femoral head and a UHMWPE lwass analyzed. The radius

of the cup and head was 14.05 and 14 mm, respectively. The abgclaf the
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UHMWRPE liner was 9.5 mm. The instantaneous elastic modulus and Poisson’s ratio
of UHMWPE was 700 MPa and 0.4, respectively. Since this waBrsheattempt to
investigate the viscoelastic effects of the UHMWPE lirer the lubrication
performance of soft artificial hip joints, a relativdrge viscosity (0.01 Pa s) was
adopted for the lubricant. The material and geométpaeameters were summarized
in Table 1.
2.2 Theory of viscoelasticity
According to the creep response process of viscoelastierials, the responses of
strain exhibit highly time-dependent characteristics. Ideprto characterize the
viscoelastic properties of such a material, the stesponse function was defined as
5}

&) = 7,/ () (1)

where J(t) is the creep compliance function represeinhiagtime-dependent strain
(&(t)) under a unit constant stress)(

With regard to the creep response characteristics, thp compliance of the standard
linear viscoelastic model was

J@ = - {1 g m} 2)
E. E

2 1

where E represents the storage modulus (instantaneous elastidusiodu the loss
modulus , and the retardation time defined a&/E1 (whereny is viscosity of the
viscoelastic materigl)which can be estimated by the time required after relefse
stress for the strain to decrease to 1/e (0.368) of gsarivalu ].

The above viscoelastic model was considered as the cdmhiodtwo springs and
dashpot (Fig 1). The responsea¥iscoelastic material to an arbitrary stress profile
was obtained by decomposing the loading history into asseresmall steps.

Therefore, the strain resulted from these small steysssuperposed to obtain the final

strain at time t by the Boltzmann hereditary inte:

w0 = [ - T ag 3

2.3 Lubrication modd

A ball-in-socket model was used to represent the articulatiomeodup and head (Fig
5



2). The cup was assumed to be positioned horizontally uthgewertical load w
Only the flexion/extension angular velocities were considered as they play a
dominant role during the daily working of hip joints. A Led@®sim hip simulator
walking pattern (Fig 3) was considered in this study.

The time-dependent Reynolds equation in spherical cooedinested in this study was

3 3
sing -2 h—sinea—p R L =6R'sin’ 0 a)za—h+2% (4)
0\ n o6 op\ n O¢ © o¢ ot

where pis the hydrodynamic pressure; h is the thickness of theclanrifilm; R is
the radius of the head; t is timgjs the viscosity of the periprosthetic synovial fluid;
w7 is the angular velocity of the femoral head; ahdand ¢ are the spherical
coordinates defined in Fig 2.

The external load components imposed on the acetabuparvas balanced by the

resultant forces on the cup generated by the film pressure:

f, = B[ [, psin®6cospdode = 0 (5)
f, = Ff_[: .[0” psin®@singdode = w, (t) (6)
f. = R[ | psinocosodode = 0 (7)

where R is the radius of the cup and, W the loading applied. Since only the vertical
and flexion/extension motions were considered in the premealysis, the load ad

balance equation along z direction was satisfied autoatigti

The film thickness consisted of the undeformed gap opierical bearing surfaces
and the viscoelastic deformation due to the present andnhisiydrodynamic

pressures:

]7(;0, o, t) =c—e,sinfcos ¢ — e, sin O sin ¢ + 5((0, 0, t) (8)

wheres is the viscoelastic deformation of the UHMWPE cup; thésradial clearance

between the cup and the head; andrel @ are eccentricities of the femoral head.

2.4 Numerical methods

2.4.1 Algorithm description



In order to facilitate the numerical process and imprdwestability, the governing
equations were non-dimensionalizédmulti-grid method l| was used to solve
the Reynolds equation. On each grid level, the finite réiffee method was used to
approximate the Reynolds equation. The central differeveee applied to the left
hand side of the equation and the backward difference taghiehand terms. The
detailed numerical approach was similar to that of the limdastic model in the
previous publication.

To consider the memory effect of viscoelastic matgridhe time domain was
discretized into 128 small time steps, which were identicilide@mployed instants of
a walking cycle. The pressure distributions were assumedangetl in each time
step. The pressure at node [(kafter y time incrementsvas denoted by p 1, 5
therefore, the pressure increment in theime stepwvasp 1 ,— P« 1 1. Based on the
Boltzmann hereditary integral, the displacement a®igig the viscoelastic effect at
node (j j) aftery time steps was written as:

nf ok

4 sy
5,'/(,,'4 = Z Z Z Kvsi—k,j -1y-y (P,’f,,,y - pkk,/w) (9)

y'=1 k=0 1=0
where, = is the viscoelastic coefficient, representing thecosdastic

deformations aftey time steps in the element |j caused by a unit pressure acted on
the element (K) in all the previous 'time steps)(’<7y).
The viscoelastic deformation coefficients were derivedthy creep compliance

function and linear elastic coefficients as follows:

K o, =J ()0, (10)

T—k,j -l
where,p ,  is the deformation coefficients of the model when orhe

instantaneous elastic modulusdad Poisson’s ratio v were considered.

Equation (9) shows that all pressure distributions in tegipusy-1 time steps were
needed to calculate the viscoelastic deformation at timeAt. Therefore, once the
pressure at’ (y'<y) time instant was obtained, it was saved for the cdlounlaf the
viscoelastic deformation at th¥ time stepAs the multi-grid method was employed

to calculate the discretized Reynolds equation, the eigstic deformation
7



calculation was implemeatl more than once during each W cycle. Hence, the most
time consuming step of the transient viscoelastic luboisaanalysis was the
calculation of the viscoelastic deformation caused & hlgdrodynamic pressure
history Since the viscoelastic deformation (Equation (9)) is strdie convolution
between viscoelastic deformation coefficients and hyglradhic pressure increment

of the y" time step, the deformation was calculated using theas2édb

decimationin-frequency fast Fourier transform (FFT) algoritrH\ , in order

to improve the calculation efficiency (reducing the tiooenplexity from o(Nf/vj) to

o(v,m, 1og,(¥,n,))-
2.4.2 Calculation of the instantaneous elastic and &lastic deformation coefficients

The instantaneous elastic deformation coefficientshefcup surface, ) were

calculated using a finite-element-based method (Wang iar#2D04) A unit pressure
was applied to an element located at the center of the sumfarce of the cup. The
displacement distribution along a longitudinal line causedhbyunit pressure was
calculated in ABAQUS 6.14 (Dassault Systemes Simulia Gdngied States). These
displacement coefficients were subsequently used to ciirva displacement
influence function making use of the spherical distaaehe independent variable.
The deformation coefficients of all other nodes ondhdace were calculated based
on this function. Because three levels of grid were abfir the MG method, the
influence coefficients of different meshes (65x6B29%129 and 257x257 nodgs
were calculated and saved for the use in the numeritaysis. Based on the
instantaneous elastic coefficients and creep complianoetién, the viscoelastic
coefficients were obtained for each time instant owgaiiacycle using equation (10).
The accuracy of the elastic and viscoelastic deformatiefficients were checked by
calculating the deformation caused by a given pressurgibditon and then
comparing with the deformation obtained from a finiterredat analysis (FEA). In
order to achieve this, a parabolic pressure distributioin the maximum pressure of
10 MPa and a half contact angle of 30 degrees was applied twedining surface of

the cup. When the elastic deformation coefficientsawerified, the cup was assumed
8



to be elastic, and the deformation calculated by thstieldeformation coefficients
was compared with that by the FEA. When the viscoelastiormation coefficients
were verified, the cup was viscoelastic and the pressatebdiion was held for a
period of time (i.e. 40 s). Then the viscoelastic de&diom was calculated at several
time instants (1s, 10 s, 20 s, 40 s) using both the FEMoesent numerical method
and compared.

To verify the numerical method further, the variatadrihe viscoelastic coefficient of
a node with time under the action of a unit constagsgare was also calculated using
Equation (10)In order to provide more verificatiorhe effect of different retardation
times (from 4 s to 100 s) on the viscoelastic coefficiehta node was also

investigated.

2.5 Comparison scheme
In order to investigate the effects of the viscoelagticf the UHMWPE, the

maximum pressure,minimum film thickness, deformation caused by the
hydrodynamic pressure and the cross-sectional pressdrélmnthickness profiles
along the entrainment direction were compared betweevigbeelastic model and an
elastic model. In the elastic model, the UHMWPE lineisveasumed to be linear
elastic with the modulus of 700 MPa.

In order to understand the effects of the retardation {#jrend mechanical loss factor
(the ratio of loss and storage modulugEg), a wide range of variations (4 s to 100 s
for z and 0.1 to 0.25 for #E>), which were all within a previous experimental tE!*;t [2]
were investigated. When the effect of the retardatione tinvas investigated,
mechanical loss factor was kept as a constant (0.14). teeeaffect of mechanical
loss factor wasinvestigated, the retardation time was a constant (13.8&k)es of

0.14 and 13.81 s were chosen because they correspond to thal rmdy
temperature (3) .

3 Results
The instantaneous elastic displacement influence camfts and viscoelastic

deformation coefficients of the UHMWPE cup employedhe present study were



both accurate enough (Figs 4 angd %he deformations of the UHMWPE cup
calculated from the deformation coefficients werevally close to those from the
FEA (Figs 4 and 5)The biggest differences in the predicted maximum deformation
between the deformation coefficients and the FEA aéteelow 1.2%.

The variation in the viscoelastic deformation coediiti of the node where a unit
constant pressure was applied was shown in Fig 6. Withntlheasein time, the
viscoelastic deformation coefficient increased untiedached to the equilibrium value,
which was equal to the instantaneous elastic deformatioredvier, with the increase
of the retardation time, the time needed to reachdbéilerium value was longer.

The effects of the viscoelasticity of the UHMWPE linen the lubrication
performance were investigated by comparing the deformatiarimum pressure and
minimum film thickness in a walking cycle between the elastodel and the
viscoelastic model with the retardation time of 13.81slassl factor 0.14 (Figs 7 and
8). The comparisons of the deformation and maximum pressuaewalking cycle
between the elastic and viscoelastic models indicatedthie viscoelasticity of the
UHMWPE liner had a remarkable effect on the lubricatiofigpenance (Figs 7 and 8).
The viscoelastic deformation at the center of theamirat the first and second load
peaks were4.8 and 72.2 um, respectively (Fig 7). Compared with the linear elastic
case, these values increased 3.6% and 14.7%, respeclivelynaximum pressure in
the elastic modedt the two loading peaks during the walking cycle was babhkrad
9.7 MPa. In the model considering the viscoelastic ptgpée maximum pressure at
the first and second loading peaks was about 9.5 andPa? respectively. Moreover,
in the viscoelastic model, the maximum pressure a$ W#ks obviously lower than the
value at 0.14 s, with a reduction of 14.5%. However, inethstic model, the values
at these two instants were almost the same since ddandpat these instants was the
same (300N). It is also worth noting that the effect hid viscoelasticity of the
UHMWPE liner on the minimum fim thickness was not considerable (Fig 8he
two curves were quite similar between 0-0.55 s. Comparddthgt elastic model, the
film thicknessof the viscoelastic model dropped a little before increagedhaand

slightly overpassed that of the elastic model.
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The effects of the viscoelasticity of the UHMWPE linen the lubrication
performance of hip implants were confirmed by the compan$dhe cross-sectional
pressure and film thickness profiles along the entrainnd@ettion between the
elastic model and the viscoelastic model (Fig 9). Fdante, the maximum pressure
at instant 1.0 s was much smaller than that of instddt § while the contact area at
instant 1.0 s was larger than that of instant 0.14 s (B)g Moreover, the cross
sectional pressure of the elastic model along theienteat direction displayed very
similar distributions at time instants 0.25 s and 0.65 shwihe loading was similar.
However, the pressure distributions of the viscoelastidenshowed larger contact
areas and much smaller maximum pressure (&)g/A@ all the time instants presented
in Fig 9b, the cross-sectional film thickness distributionghe viscoelastic model
along the entrainment direction were slightly thickerntbhose of the elastic model.
With the decrease in the relaxation time of the UHMBMimer, the hydrodynamic
pressure decreased and the minimum film thickness becarkertfitegs 10 andl).

It is interesting to notice that with the increase inrlaxation time, the maximum
pressure and film thickness of the viscoelastic model appedato those of the
elastic model. When the relaxation time was 100 sdiffierence became very small
between the solutions of the viscoelastic model and ldstie model (Figs 10 and
11).

With the decrease in the ratid loss and storage modulusi{E&) from 0.25 to 0.1
the maximum pressure decreased and the difference becarseapparent in the
stand phase during which the loading was heavier (Figs 12 and $&uld be noted
that wren the ratio increased from 0.1 to 0.25, the maximum pressdrenarimum
film thickness tended to approatththose of the elastic model (Fig 12). Moreover, as
shown in the pressure distribution and film thickness l@®of{Fig 13), the contact
area became larger and the pressure decreasedEasldereased. The general film
thickness distribution indicated an increasing trend #@B.Becreased although the

minimum film thickness decreased at time instant 8.65

4 Discussion
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In all the previous studieEI@] that investigated the time-dependent lubrication
performance of UHMWRPE hip replacements, only the Reynetpstion considered
the effects of the previous time instant on the presestant. The deformation at a
given instant was determined by the hydrodynamic pressutbabfsingle instant.
However,the deformation of the viscoelastic materials is aedéfht scenarioDue to
the time-dependent properties of the materials, theeiastic deformation depends
on not only the present pressure distributions but alsolaading history. A new
model and numerical procedurevhao be developed to consider the viscoelastic
deformation in UHMWRPE artificial hip jointAs a result, the viscoelastic effects of
the UHMWPE liner on the lubrication performance offiaral hip joints are still not
clear. Therefore, the aim of this study was to investigine effects of the
viscoelasticity of the UHMWPE liner on the lubricationrfpemance of artificial hip
joints with an effective numerical process.

The validity of tle numerical method developed in this study was supported by the
following facts. Fir$, the deformation calculated by the numerical method ldped

in this study agreed very well with that by the FEA (Figvejch indicated that the
viscoelastic deformation coefficients used in this stuéyeweliable. Secohy with

the increase of time, the viscoelastic deformatioraatode under unit pressure
calculated using Equation (10) approached to the equilibriumrrdafmon of the
material (Figure 6), which provided more validation for theagdastic deformation
coefficients used in the numerical analyses. In additioa results of the lubrication
analyses were physically reasonable. For instance, itasomable to consider the
elastic lubrication model as a special case of theoeisstic lubrication model when
the value of the relaxation time is large enough. Thisecause the viscoelastic time
lag response will be so long that the residual deformafitimeqprevious time instants
can hardly have an obvious impact on the deformatigresent time step. When the
ratio of loss and storage modulus is large enough, thegg&tanodulus plays a major
role and the viscoelastic model should perform as tharliaastic case. The results
produced in this study agreed with the above two argumenyswedl (Figs 10 and

12).
12



The inclusion of the viscoelastic effect&l chave considerable influences on the
predicted lubrication performance of UHMWRPE artifidhap joints. For instance, the
predicted maximum pressure was smaller than that of th&icelenodel and
differences in the maximum pressure between the elastdelmand viscoelastic
model became more obvious with the increase of tinige § This was due to the
influence of residual deformatioed the previous time instants, which can be clearly
seen from the variation of viscoelastic deformationrdua gait cycle (Fig 7). In the
viscoelastic model, the calculations of deformatioratdr time steps were based on
the deformed geometry rather than the initial geomdingrefore, the accumulated
deformation was larger than that of the elastic moalkich caused a larger contact
area (Fig 9). As a result, the hydrodynamic pressurdefviscoelastic model was
lower than that of the elastic model under the sameeabfmlad patterns. However,
different from the monotonous decrease of the maximumolklytiamic pressure, the
film thickness displayed slight fluctuations compared wlith ¢lastic case (Fig 8). In
other words, the viscoelasticity of the UHMWPE lirgad little influence on the
lubricating film thickness. This conclusion is consisteith a previous studﬂS].

It should be noted that the effect of the viscoelastioitythe pressure distribution
seemed not the same as some previous studies. In theqsreswjdie, the
pressure distribution was asymmetric when the viscoelgstigds considered.
However, the pressure and film thickness distribution psofdé the viscoelastic
lubrication model in this study resembled those of the plagtic model. This may be
because in the previous studies a pure rolling condition wasdmed. However, the
relative motion in the artificial hip joints is puredshg and the contact area afixed
UHMWPE cup is the same as the pure squeeze film lubricahiooughout the
walking cycle, which is different from the pure rolling case.

The parametric analyses of this study may have imporgpitcations for the design
of UHMWPE hip implants. For instance, this study found thigth the decrease in the
retardation time, the contact area and file thicknessease and the maximum
pressure reduces (Figs 10 and 11). Moreover, with the deagretise loss modulus,

the influence of dashpot of the UHMWPE became more appanel the viscoelastic
13



deformation was more likely to contribute to the lultima performance of the hip
implants (Figs 12 and 13). These findings may provide guidamadadduture design
of UHMWPE hip implants.

There are a few limitations in this study. Finsthas been well known that the film
thickness developed in UHMWPE hip joint was not large enougbeparate the
matting surfacesD. In other words, the UHMWPE artificial hip joint usually
works in a mixed lubrication environmentHowever, the surface profile of the
UHMWPE liner was assumed to be smooth in this stu@gcondly, in order to
achieve a good convergence for the model and investigate ntheence of
viscoelasticity of UHMWRPE liner on the transient lulation performance of artificial
hip joints the viscosity used for the lubricant was larger thanréadistic value. In
addition, the accuracy of the proposed viscoelastic medsl only verified for the
case that the contact area is away from the edge auin However, the edge loading
conditions exist in reality. To account for such adveseditions in the lubrication
analyses, a more complex lubrication model considehadnclination of the cup and
even lubricant starvation needs to be develoE*j [32]héumbre only one normal
walking gait was considered in this study. However, the@mecating motion of the
joint may have important effects on the viscoelasticfopmance of UHMWPE.
Therefore, it is necessary to investigate the osalathrough simulating more gaits
and different types of motions such as slow walking, bwslking, jogging and
running. All these limitations will be addreskin future studies. Despite these
limitations, this study has developed an effective model to stuel\effects of the
viscoelasticity of UHMWPE liners on the lubrication feemance of hip implants and
showed that the viscoelasticity of the UHMWPE liner méay @ significant role in

the lubrication performance of hip implants.

5 Conclusions
A transient viscoelastic lubrication model was developed solved in order to

investigate the influence of viscoelasticity on the Iutian performance of

UHMWRPE artificial hip joints The results shoed that the viscoelasticity of bearing

14



surfaces played significant role in the lubrication gerfance and should not be
ignored. Moreover, the relaxation time and the rafistorage and loss modulus of
the UHMWPE liner had important effects on the lubricatgerformance of the hip
implants.
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Table 1 Material and geometrical parameters adopted in the simulation

Radius of femoral head 4R

Radial clearance, ¢

Thickness of UHMWPE cup

Instantaneous elastic modulus of UHMWPE
Poisson’s ratio of UHMWPE

Viscosity of 25% bovine serum solution

14 mm
50 um
9.5mm
700 MPa
0.4

0.01 Pa.s
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Fig. 1 The standard linear viscoelastic model adopted in this study
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Fig. 2 The balln-socket lubrication model of the hip joint

20



3000

=
s
~ 20001 >
2 £
= =
8 Angular velocity q>)
~ 10001 ¥
=
en
==
<

O T T T T -3

0.0 0.2 0.4 0.6 0.8 1.0

Time (s)
Fig. 3 Load and angular velocity profiles of Prosim hip simulator gdiem

21



0,07
£ 0.064 ——— 6565
£ ] 129%129
£0.05+ ——257%257
5 1 ——FEM, 65%65
“ 0.041
§0.03-
£0.02;
£ |
‘g 0.01-
0.00 — T -
0 30 60 90 120 150 180

Angular coordinates ¢ (degree)
Fig. 4 The cross-sectional elastic deformation of the UHMWPE ctigeitatitude direction under
a parabolic pressure distribution with the maximum presdureé biPa

22



=
W
J

numerical, =1s

numerical,  =10s
FEM, ¢ =10s
numerical,  =20s
FEM, 1 =20s
numerical, 1 =40s
FEM, ¢ =40s

e
S
L

=
(O8]
1

Viscoelastic deformation (mm)

0.2

0.1

0.0 —_— N ,
0 30 60 90 120 150 180

Angular coordinates ¢ (degree)
Fig. 5 The cross-sectional viscoelastic deformation of the UHRAWuUp in the latitude direction
under a parabolic pressure distribution with the maximum pressa@MPa { =10s)

23



(

=

o3|

(o)}
1

ts (um

5}

2 6.0E-6

i

D

S 5.0E-64

=]

8 i
= 4.0E-6- r=4s
E ! - == 7=10s
S 3.0E-6'; == r=20s
'3 e 7=50s
E2.0E-6— ' 7=100s
Q

2

2 LOE-6+
0 20 40 60 80 100 120 140 160 180 200
Time (s)
Fig. 6 The variation in the viscoelastic deformation coeffict#ra node at the center of the cup

under a unit constant pressure distribution

24



£

pure elastic, central position
— — -visceoasltic, central position
pure elastic, 30° away from center!
— — -viscoelastic, 30° away from center

O Vl T T T T T
0.0 0.2 04 0.6 0.8 1.0

Time (s)
Fig. 7 Elastic and viscoelastic deformations of a node at the centarraot® 30° away from

center of UHMWPE cup (#£2=0.14, T=37°C,7=13.815)

25



—
o

g :
£ 3.5 2
= 87 2
— 3.0 ©
g £
2 67 =S 2
7 g
E. pure elastic -2.0 ,_E,
E 41 - — = viscoelastic, 7=13.81s =
= '15 E
Fadpad e, 0 A L1.0 £
oxt Film thickness =
= -0.5 =
00 02 04 06 08 1.0

Time (s)
Fig. 8 The comparison of the maximum hydrodynamic pressure and mirfimuthickness
between the elastic modely(E>=0.14, T37°C) and the viscoelastic model during a walking
cycle

26



10+ a5, —— 10,145, ,=300N 3.51 I —— 1=0.14s, ,=300N |
——1=0.255, w=2976.9N 3.0 ‘\; —— 10,255, w.~2976.9N I
1 =0.455, w =1530.IN =~ & | £=0.45s, w =1530. !
81 ——1=0.655, wi;vsl.s-w g7 | =y *E).:‘Ssi .Q—;ox?;: !
E £=1.0s, w,=300N 3 2.5 | 1=1.0s, u;;mm\'
= 6 2 ‘
o g 2.0
Q
z 4 £1.51
(]
& E
2 \ = R I e
8 \ ) 0.5
0 30 60 90 120 150 180 0 30 60 90 120 150 130
Entrainment direction (degree) Entrainment direction (degree)
(a) Pressure (b) Film thickness

Dash line: elastic model; Solid line: viscoelastic model, relaxatiomi=13.81s
Fig. 9 The variation of the hydrodynamic pressure (a) and filraribigs (b) along the entrainment
direction with time (E/E>=0.14 T=37°C)

27



10 4
: 7
=W 3
S 8 >
o 5]
2 6- g
g 4 £
= =
£, 1l g
= ’ Film thickness g
S £

O T T 3 T T T v T 0 E

0.0 0.2 0.4 0.6 0.8 1.0

Time (s)
Fig. 10 The variation in theamimum pressure and minimum film thickness of the elastic and
viscoelastic models for different relaxation times in a walkingecycl

28



Pressure (MPa)

r=4s
=seme =108
w2205
7=50s
== =1=1003
pure elastic

<

30 60 90 120 150
Angular coordinates ¢ (degree)

t=0.25s

Pressure (MPa)

SR
<~ z=4s N\
=- 7=10s
- 7=20s

r=50s
=aEaa=1008
pure elastic

30 60 90 120 150

Angular coordinates ¢ (degree)

t=0.65s

2.5 10
9_
2.0~ 8
SE]
L1572 = 64
[5) 2
g g5
L1.02 2 41
< 3
£ & O]
F0.5:= ?
0.0 0
180 0
2.5 10
-2.0€€8-
ig
L1.5 3 = 6+
g o
-~ =
=
-1.o§ 54-
£~
-0.5"[_; 2
0.0 0
180 0

r=4s
s ip=]0g
=208

7=50s
===r=1008
pure elastic

=)
Film thickness (um)

30 60 90 120 150
Angular coordinates (degree)

t=0.45s

0.0
180

-e-r=ds
=< =10s
< 7=20s

7=50s

- - =7=100s
pure elastic

T T
T
n o wn

S
Film thickness (pm)

T
S
W

30 60 90 120

t=1.0s

150
Angular coordinates ¢ (degree)

0.0
180

. 11 The comparison of the pressure and film thickness alomgtitzgnment direction

between different retardation times and the elastic modeVatad¢ime instants

29



,_‘
o
~
W
)

oo
s

[©)
1

— pure elastic
= = = Viscoelastic, £ /E,=0.25
----- Viscoelastic, £,/£,=0.14
= Viscoelastic, £ /E,=0.1

EN
1

o
L

Film thickness

Maximum pressure (MPa)

00 02 04 06 08 1.0
Time (s)
Fig. 12 The comparisons of maximum pressure and minimum film thickmassalking cycle

between different mechanical loss fact(#$/E2)

30



Pressure (MPa)

Pressure (MPa)

b
W

T T T
pure elastic

= = —viscoelastic, E,/E,=0.25

=0.14

—-= viscoelastic, £,/E,=0.1

viscoelastic, £,

T
D
=]

>
Film thickness (um)

; !
30 60 90 120 150
Entrainment direction ¢ (degree)

t =0.45s

0.
180

N
W

Entrainment direction ¢ (degree)

t =0.65s

T
N
=]

- &
Film thickness (pm)

0 25 10
81 2.0 ~ 81
B
2=
6 F1.5 » & 61
53°
4+ -- ﬁiﬁfxﬁ'ﬁ EJE=025 1.0 g § 44
viscoelastic, £,/E,=0.14 < %
2 ==+ viscoelastic, £ /E,=0.1 L0.5 _g E 2]
=
0 . . . ; . 0.0 0
0 30 60 90 120 150 180
Entrainment direction ¢ (degree)
t =0.25s
0 2.5 10
8l i 120 _ 8
1 Es
6- r 1.5 \5 2 6_
. 5 <
4 L 1.0 % 544
B pure elastic - QO
24 ; - - - viscoelastic, £,/E,=0.25 L0.5 E &
: viscoelastic, £ /E,=0.14 : E 2-
2 =-=- viscoelastic, £ /E,=0.1
0 L T T T T 0.0 0
0 30 60 90 120 150 180

60 90 120 . 150
Entrainment direction ¢ (degree)

t=1.0s

Fig. 13 The pressure and film thickness along the entrainmentiairéetween different
mechanical loss factors (E1/E2) and the elastic model at severahsitaets

31



