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ABSTRACT

KEYWORDS

In the present investigation, the tribological behavior of ultra-high molecu-
lar weight polyethylene (UHMWPE) was investigated under dry, distilled
water and physiological saline lubricated conditions against a 316L stain-
less steel disc. The effect of the applied load, diding velocity aswell asthe
Iubrication type on the coefficient of friction and the wear rate of UHMWPE
were investigated. The results revealed that the highest and lowest wear
rates of UHMWPE have been taken place under dry diding and distilled
water lubrication, respectively. The steady-state friction coefficient in dry
diding is about two times the value in saline, and about 3-4 times that in
digtilled water. An artificial neural network (ANN) model for predicting the
effect of the applied load, the diding speed and type of lubricant on wear
rate and the coefficient of friction of the UHMWPE was devel oped. It has
been observed that the experimental results coincided with ANNS results.
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INTRODUCTION

Ultra high molecular weight polyethylene
(UHMWPE) can becons dered asthemost widely poly-
meric materid that isusedin medica applicationg™?.
UHMWPE meritsattention dueto their excellent prop-
erties, such ashigh tensileand compressive strength,
non-toxic, low coefficient of friction for nonstick and
sdlf-lubricating surfaces, highdiding abrasonres stance
and excellent chemicd resistance. The aforementioned
advantages of UHMWPE makeit useful in medical
applications such astotal joint replacements (TJRS),
heart valves, contact lenses, blood containersandin
making the plate bones 4.

Severd investigationswere conducted to evaluate

thetribological performance of UHMWPE under sev-
eral diding conditiong®™. It hasbeen shown that wear
of the UHMWPE ishighly sensitiveto thetype of mo-
tionaswell asthetypeof lubricant. Wang et al ¥ in-
vestigated the effect of plasmaand brinelubricantson
thefriction and wear behavior of UHMWPE usingthe
geometry of aSi_N, ball dlidingonaUHMWPE disc
under patternsof uni-directional reciprocation and bi-
directiond didingmotions. Theresultsreveded that the
diding motion pattern affected thefriction coefficients
lubricated with plasma, while seldom affected that |u-
bricated with brine. The UHMWPE lubricated with
plasmashowed about haf of thewear rateof that lubri-
cated with brine. Sawae et al .1 studied the effect of
synoviaconstituents, serum proteinand hyauronicacid
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on the friction and wear of UHMWPE. They found
that thewear ratein the serum protein solution wasnot
much different from that in the diluted serum, but the
friction coefficient was higher. On the other hand, hy-
auronicacid could reducethefrictionand wear. Gispert,
et al.[ found that alubricant containing brine serum
abumin could reducethefriction coefficient and keep it
stableduring wear testing.

The current investigation presents astudy onthe
tribological characteristics of UHMWPE under dry
diding, physiologica sdineand water lubricated con-
ditionsagainst 316L stainlessstedl counterface. Wear
testswere conducted under severa conditionsof loads
and sliding speeds. Another purpose of the current
investigation isto develop artificial neural network
(ANN) model that is capable of predicting the wear
ratesand coefficient of friction of UHMWPE asafunc-
tion of load, vel ocity and type of [ubricant. TheANN
provides useful datafrom experimental databases,
which means considerable saving of cost and time.
ANN isageneral-purposetool for numerical model-
ing that issuitableto map complex functions. Thestron-
gest reason for using neural networksistheir ability to
generdizewhen confronted with new situations. ANN
doesnot requireapriori knowledge about problems,
which they areintended to solve; they areableto tol-
eratedisruptionsor discontinuities, accidental gapsor
lossinthelearned dataset. Over thelast severd years,
ANN havegained increasing interest inthefield of
material sengineering®9. Thegrowing popularity of
ANN isdueto their ability to model relations between
investigated variableswith no need to know the physi-
cal moddl of the phenomena. Theresults provided by
ANNSsvery often exhibit better correlation with ex-
perimental datathan those obtained from empirical
explorations or mathematical model sof the processes
under investigation.

EXPERIMENTAL PROCEDURESAND
ANN MODELING

Wear testing

Thefriction and wear properties of UHMWPE
were measured using pin-on-ring wear testing ma-
chineshown schematicaly in Figure 1. Thewear tests
were conducting under lubrication of distilled water
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and physiological salineaswell asunder dry dliding
conditions. UHMWPE cylindrica pin specimenshav-
ing dimension of 8 diameter and length 12 mm were
used. The counterface disc was made of 316 stain-
lessstedl, of nominal composition (by wt.-%) 0.08%
C, 1% Si, 12% Ni, 17% Cr, 2.5% Mo and balance
Fe, with ahardness of 184 VHN. Thedisc was pol-
ished on 1200 emery papers before each wear test.
A fixed track diameter of 100 mm (ring radius) was
usedin all tests. Wear testswere conducted at nomi-
nal sliding velocitiesof 0.5, 0.75 and 1 m/sand nor-
mal loads of 100, 150 and 200 N. The sliding time
variesup to 75 min. Theduration of the experiment
was controlled by a stopwatch.
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Figurel: Schematic diagram showingthe pin-on-ringwear
tester.

PC Computer

Wear behaviour was obtained by calculating the
weight lossof the specimensbeforeand after testsusing
an dectronic baancewith sengtivity 0.1 mg. Thewear
rates (the sl opes of the cumulativeweight lossversus
diding distance curves) of theinvestigated alloyswere
cdculated by usingthe dataafter therun-in stage. Friction
coefficient measurements were conducted using a
transducer to measurethefrictional force devel oped
on the pin holder and caused by thering rotation. The
coefficient of friction was computed by dividing the
frictiona force by thenormal load.

ANN modeling

Inthepresent investigation an ANN model wasde-
veloped using multilayer perceptron (MLP) network
structure. TheMLP network currently formsthebasis
for themgjority of practica applications. AnMLPisa
network of simple neurons called perceptron. The
perceptron computesasingleoutput from multiplerea-
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valued inputsby forming alinear combination accord-
ing to itsinput weights and then possibly putting the
output through somenonlinear activationfunction. Math-
ematicaly thiscan bewritten as.

y= ‘P(Zin: lw;X; +b) @
Where w denotesthe vector of weights, xisthevec-
tor of inputs, bisthebiasand ¢ isthe activation func-
tion. A typical MLPnetwork consistsof aset of source
nodesforming theinput layer, one or more hidden lay-
ersof computation nodes and an output layer of nodes.
Theinput Ssgnd propagatesthrought the network layer-
by-layer. The signa-flow graph of an MLP network
with one hidden layer isshowninFigure 2. In order to
facilitate the compari sons between predicted values
and the desired valuesfor thedifferent networks, an
error evaluation was carried out using mean relative
error (MRE). The MRE values were calculated by
thefollowing expression:

@ Non-linear Function
@ Linear Function

Figure2: Signal-flow graph of an ML P network.

Inorder to facilitate the compari sons between out-
put (predicted) valuesand experimenta (desired) val-
uesfor theANN network, an error eva uation wascar-
ried out usng meanrelativeerror (MRE). MRE vaues
were cd culated using thefollowing equation:

1 n_
MRE:H(Zi_l )

Where D, isdesired value, O, the output (predicted)
value and nthe number of data. Thelower the MRE,
the better the network performanceis.

Inthe present work, theANN model were devel-
oped using Statisticaneural network commercia soft-
warefacilities. Theinput or independent variablesare
thegppliedload (P) inN, thediding speed (V) inmeters
per second and thetypeof diding (dry diding, distilled
water and physiologica saline). The output or depen-
dent variableisthewear rate (WR) in milligrams per
meter and the coefficient of friction (COF).

100|D, -0, |
D.

RESULTSAND DISCUSSIONS

Coefficient of friction of UHMWPE

Figure 3 showsan exampleof thevariation of fric-
tion coefficient with diding distance, for thedry diding
and lubricating conditions, at several appliedload and
congtant velocity of 1 nv/s. Indry diding condition (Fig-
ure3a), theinitid friction coefficientisrelatively low,
but it increased gradua ly with the dliding distance, and
then reached to steady-state value. In physiological sa-
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Figure 3 : Variation of friction coefficient with sliding
distanceat V=1(m/s) (a) (dry) (b) Under physiological sa-
linelubricated condition (c) under distilled water lubri-
cated condition
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lineand distilled water |ubrication (Figure 3b and 3c,
respectively), theinitid friction coefficentsared| higher
than their stead-statefriction coefficients.
Thevariation of thesteady statefriction coefficient
with the gppliedload and diding velocity under dry did-
ingand lubrication conditionsisillustrated usngthreedi-
mensiond plotsinFigure4. It hasbeen found that, under

o o B
[
g 8
& o

Coefficient of Friction
=

Figure4: Threedimension plots showing the variation of
friction coefficient with both theapplied load and diding speed
under dry (a), physiological saline(b) and water (c) lubricated
conditions.
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dry didingand lubricating conditions, increasngthegp-
plied|oad and/or thediding ve ocity increasesthe coeffi-
cient of friction. The steady-statefriction coefficientin
dry didingisabout two timesthefriction coefficient un-
der physiological sdlinelubrication and about 3-4 times
thefriction coefficient under distilled water lubrication.
For examplethe UHM WPE showed coefficient of fric-
tion of about 0.29, 0.15 and 0.09 at dry, physiologicd
sdineand distilled water lubrications, respectively, at
appliedload of 100N and diding speed of 0.5 m/s.

Theaforementioned resultsindicate that the state
of water absorption of UHMWPE hasgrezat effect on
itsfriction behavior. Thewater absorptionresultsinthe
swelling of UHMWPE and decreasesthe shear strength
of UHMWPE, thus, reducingitsfriction. Thefriction
coefficientindry didingincreaseswithincreasingdid-
ing distance dueto no water absorption by UHMWPE
resulting from friction heat. On the other hand, the
UHMWPE absorbswater in sdlineand distilled water,
thus, thefriction coefficient decreaseswith increasing
diding distance. After sufficient diding distance, the
water absorption rate of UHMWPE pin surfaces
reaches steady state and thusthefriction coefficients
enter steady state. Becausethe statesof water absorp-
tionof UHMWPE aresmilar at thebeginning of did-
ing, theinitid friction coefficientsindry, sdine, anddis-
tilled water are gpproximately the same. Puredistilled
water immergesthe UHMWPE easily, and itswater
absorption should bethe highest, thus, thefriction co-
efficient isthelowest.

Wear rateof UHMWPE

Thevariation of theweight lossof UHMWPE with
thediding distanceunder dry aswell assdineand dis-
tilled water [ubricationisshowninFigureb. Itisclear
that theweight loss of the UHMWPE increasesasthe
diding distanceincrease. Moreover, theweight losswas
the highest under dry diding condition, whilewasthe
lowest under distilled water lubricated condition. The
welght losswasfound to increasewith increasing both
the appliedload and the diding speed. Such behavior
was observed under adl diding conditions.

Figure 6 showsthevariation of thewear rate of the
UHMWPE with the applied load at severa dliding
speeds. It has been observed that the wear rate in-
crease with theincrease of both the applied load and
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the diding speed. However, the effect of load on the
wear rateislarger thanthat of diding speed. Thewear
ratein dry conditionisthe highest and equal to twice
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Figure5: Threedimension plots showing the variation of
friction coefficient with both theapplied load and diding speed
under dry (a), physiological saline(b) and water (c) lubricated
conditions.

ANN modeling

Thewear rate and coefficient of friction dataob-
tained from the experimenta work have been prepro-
cessed to therequired format for training procedure.
After therepeated training and testing procedure, the
find MLPmode configurationsfor dependenceof the
wear rateand the coefficient of friction of the UHMWPE

thewear rate under physiologica sdinelubricating con-
dition. Thelowest wear rate was observed under dis-
tilled water |ubricating condition.
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Figure6: Variation of wear ratewith both theapplied load and
diding speed under dry (a), physiological saline(b) and water
(c) lubricated conditions.

ontheapplied pressure, diding velocity aswell asthe
|ubri cation were obtained. A comparison between the
experimental and predicted datafor the coefficient of
friction and wear rate of UHMWPE resulted from the
developed ANN modd isshowninFigure7. A predic-
tion would bewhen al the plotted pointswere on the
45°line. Theaccuracy of theANN mode canbeeasly
compared by the closeness of thedataclusterstothis
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line. Itisclearly seenfrom Figure 7 that the experimen-
tal and predicted values developed from the ANN
model arevery closeto each other. It has been found
that themeanrd ative errors (MRE) for the wear rate
and the coefficient of friction for the UHMWPE were
2.6% and 0.62%, respectively.
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Figure7: Predicted valuesfrom thedeveloped ANN model
ver sustheexperimental valuesof both (a) the coefficient of
friction and (b) thewear rateof UHMWPE.

Theca culated rlativeerror distribution asafunc-
tion of test data derived from developed ANN net-
work isshownin Figure 8. Theresultsrevealed that
theleve of relaiveerror issatisfactory. Themaximum
relative error for the coefficient of friction was about
1.38% and observed under the distilled water condi-
tions. Whilethe maximum relative error for the wear
rate was about 6.7% and was observed again under
thedistilled water conditions. The aboveresultsindi-
cates that the developed ANN model is capable of
predicting both the wear rate and the coefficient of
friction of the UHMWPE under severa conditions of
lubrication and sliding velocitiesand |oads. The pro-

—== Fyl] Paper
posed ANN model predicts good agreement with the
experimenta data. Neural network modeling provides
useful information from relatively small experimental
databases, |eading to savingsin cost and time.
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Figure8: Relativeerror distribution obtained fromthedevel-
oped ANN network asafunction of thetest (a) coefficient of
friction dataand (b) wear ratedata.

Variation of thewear rateand the coefficient of fric-
tion of the UHMWPE with both the dliding speed and
theappliedloadsunder different lubricating conditions
areshownin Figures 9 and 10, respectively. Thefig-
ures show both the experimental and predicted con-
tour lines. Itisclear that both contour lines (predicted
and experimental) are closeto each other. Accordingly,
it can be concluded that the developed ANN model is
ideally suited for smulating thewear rate and the coef-
ficient of friction of UHMWPE.

Therearemany parametersthat control thetribo-
logical behavior of the UHMWPE such asthediding
speed and the applied load aswell asthelubrication
conditions. Theresults obtained from the present in-
vestigation indicatethat ANNs could beof hedptosmu-
late the effect of these parameters on both the wear
rate and the coefficient of friction. The successful pre-
diction of thetribologica behavior of the UHMWPE
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using the developed ANN could be of benefittore- well-trained ANN will beof hdpinthemateria design,
ducethe number of more complex experiments. The  parametersstudiesand property anayssof UHMWPE.
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1 Thesteady-statefriction coefficientindry didingis
about two timesthefriction coefficient under physi-
ologica salinelubrication and about 3-4 timesthe
friction coefficient under distilled water lubrication.

2 Thewear rateof UHMWPE indry conditionisthe
highest and equal to twice the wear rate under
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Figure10: Contour plot of theexperimental and predicted
coefficient of frictionsof UHM WPE asafunction of the ap-
plied load and diding speed under (a) dry diding, physiologi-
cal saline(b) and distilled water (c) lubrication.

physiological sdinelubricating condition. Thelow-
est wear rate was observed under ditilled water lu-
bricating condition.

3 Artificid neurd network wasused to predict thefric-
tion and wear behavior of UHMWPE under severa
diding conditionsof speedsand loadsaswell asthe
lubrications. The devel oped model showed good
agreement with experimental data. The devel oped
ANN mode providesuseful information about the
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tribological behavior of UHMWPE, leading to sav-
ingsincost andtime.
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