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ABSTRACT

This research presents the theoretical characteristics of elastohydrodynamic lubrication in
human artificial knee joints. Understanding the lubrication behavior in an artificial knee joint is
indispensable to understand the proper mechanism of the knee during human movement. The
artificial knee joints use ultra high molecular weight polyethylene (UHMWPE) against metal with
time-varying speed and load during walking. This numerical simulation employed a perturbation
method, Newton Raphson method and multigrid method with 4-level at 256x256 nodes to solve
the time dependent modified Reynolds equation, with a non-Newtonian fluid based on Carreau
viscosity model, and the elasticity equation. The general numerical schemes are implemented to
investigate the behavior of elastohydrodynamic lubrication in human artificial knee joints, profile
of pressure and film thickness, with varying type of materials, type of lubricants, applied loads
and speeds. The results show that the elastohydrodynamic fluid film thickness between the
metallic component of the artificial knee joint and the soft bearing becomes larger as the contact
area increases and the fluid film pressure decreases. At the beginning of first walk cycle, film
thickness is lower than in subsequent cycles because of the time required to develop the fluid
film; after the first cycle, the fluid film is similar every cycle and is dependent on transient

applied load and speed during human movement.
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Radii of curvature (mm)
Geometry of knee component

o Teap Frme Trap Tome Toap
Extension 14.00 47.9 15.88 53.34 23.88 61.34
Flexion 14.00 20.6 15.88 53.34 23.88 61.34

From Bartel and et al. [15]
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VINAUMIANUABLIBY (Continuity equation)
) ) ) ap
o P+ (ov)+ o (ow)+ = 237)
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24 aumMsANUMINHAN (Film thickness equation)
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2.5 auMsIaneaisd (Balance load equation)
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2.6 aumsHuTAYIMHADAY
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0.6x107° p
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p p"[ 1+1.7x10-"pJ )
aunsanumuiugl1$5ade
-9
5=14 08XI0°E,P B
1+1.7x107 B, P

2.6.2 aUMIANUNIIA
' =) ' d’ A s = -
mANUMUAveImsHARamB AR NNAUINgAns s T muaunsve s

Roeland (1966) [23] mins:mUﬂ'nuﬂﬁmmamiwﬁaﬁ'uﬁ'hjﬁﬂnmmaﬁmmnqmu@ﬁa
9\
| T :exp((]n,u,_.u +9.67)(—i+(1+5.1x10 p) ) (2.64)

: qvn q ¥ A = = ' & o
mﬁﬁnmmaunmuﬂl‘nmiﬂaﬂauuwqnnsswmmmmﬂuﬂti‘lu'lﬂmmmumaﬂwm

M le (Carreau model)

Mg = .+ (/uf.,o = ﬂ[,_ﬂ)(i + '121)”2 (2.65)
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Aniuez ldmnumiladuysaiidai]

M=y fL (2.66)

aumsanumiialuzl135ane
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X=X pur

P
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Y=Y
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3?!@&‘%!@% (Numerical method)

3.1 I5MaA 1A UITI0a(Finite difference method)[24]

vnaums lwavhedsd Tuaddsnnanluuniiriuin.4n) Wuaums lidhagaduy

=
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Cyr (t)cos(w,)—(pH) +
20 P\ (1Y 5( ap ur (1) (o)aX( )
ax\"ax )" \x) ar\ B ar =K sin(y,)) @ 5
— | —(pH)+—(pH
GO 2)2 o1y 2 ()
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K="—"r" "o E, =L g ==
PH'DXDY luD,u luG,v
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MD Vo
XH!-—Xx—l
-1 AN 4 i+1]
;_;' ;+%
XI—X‘_] Xu-l_Xr

3 3.1 vinennwnesen e Tue
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vannun sz e Tuauanadagli 3.1 msdnundei lddmualiaiundhesening
Tuaiiiu fie

X, —X,=X,—X_ =AX 3.1)
Y, -Y =Y,~Y_ =AY (3.2)

Hiamnvesauns luanwdisd uadifuaumsieadlaniiogluglaumsanha
' o o ' 1 ' & _ '
Avesd s ludmmis () szumumdronassuuunanais (Central difference) tazunU

s o c’/’ = o o A ad "
AWVUNBUNAY (Backward difference) A UAUMS Tuav oIS O1loNT 2010803 Had1g
duiiosnz 1

AX
E- Pr,j+l—‘e,j A PU_PU-I
(1] Vit AY Vihja AY
+] = ~ (3.3)
AY
(PH)|,, - (PH)|
C,,T(t)cos(y/o)[ MAX ' i | )
- \ -~ a > S
sin(y,) [ (PH)|, - (BH)|, ) ((H)| - (5H)
Cor (1) + ’
k AY AT
Tauii
_ Eu.m.j + EU.r'.‘
EU'“ S 4 (3.4)
2
E — E;l.:.; +€—U.f—l.; (35)

1
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— 6—‘V 1 P EV
o = (3.6)
=7 2
2
S +&
g— ; V.. Jj Vi, j-1 (37)
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ad a

3.2 ’Jﬁu’aﬁu‘ﬂﬂﬁu(Newmn Raphson method)[25]

:nimﬂmmlﬂ'usi‘]mﬁnusmgmmmnaqmnmmﬂs ﬁlm.,ﬂ‘mmunm x VINAIVDY

HanFuiidwmia X, UAZAIOYWUS (Derivatives) 6 DUAVA 9 ﬁjmﬂqnmuuunmzmua X,
(x
f(x):f(xo)-ir%‘l(x-xo) S0 )(x xo) +- (3.8)

g a J ' = o
mIdssnmmaums f(x) vwnAndauudIums f(x) agluguesaumaFudu vuo

AU UNINT ﬁ‘i'uﬁﬁmuﬂ“lﬁ';ﬂuﬁﬁ%’ﬂﬁ"lﬁt‘“uazf’fuﬂ?a"lﬂmmsm%umﬂuﬂqrﬁuﬁumi

ad a a ar

W‘H‘Ll’l!.l‘lﬂ i]wi?ﬂlﬂﬂn%ﬂdlﬂlﬁﬂiﬂi“ﬂuﬂuuﬁilx‘li]u'].ﬁﬂ'lﬂ'lﬁﬂllﬂﬁﬂﬂﬂq IWUAUIINTY

=)

11‘1‘8HﬂuwuﬁﬁQllﬂﬂuW‘l.l‘EﬂuﬂUﬁBQlﬂuﬂuﬂﬂ'J'I'.Uﬂ’lllﬂﬂll"lﬂ‘l‘l‘iEJWI'Iﬂ‘UﬁuU

-

f'(x)=0, f7(x)=0,- )ﬁ'mumsﬂs~mmﬂqﬂwmuaqnmmmmmmﬁmﬂuﬂﬂﬁu

'_’5)&/—-\

f(x)=f(xo)+(x_xo)f’(xo)=0 (3.9)
D __f(xo)
0 f'(xo) (3.10)

v v
M 197 laa v aaii

Xen =X +@,Ax, i o, =underrelaxation (3.11)

(3.12)
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ATNADUANNYNADININAUNT

X.t+] HXI(
X

k+1

<¢ ;e=1.0x10"" (3.13)

A o =1 adga o o o a’:'q " o 3
welssynaszifionTsiadusmdusumunssd Tuaditomadaeuanialden
quMIN (3.14)

new old
o =F; + @ AF . (3.14)

Bﬁd }[APJ =[-1.] (3.15)
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NaANIn (Multigrid)

ad w a a

Maaniarvaanmnsudilymaums lidwsaduondlresrusu aunisida

v

oyus iudu Suusniaauns eglugiiuvuauns lideios (Discretise equation) #2673

was1eduiiios n3o38 I lusiiodiuud (finite clement method) w3935 W lusiaeaqu (finite

s

volume method) {HuAY 1ansasonitiusedy q uaazszauziisuaunsalimisy dauwan

a o a ¥ @ @ P & o a a - 3
donliswaunialundszduiudadiuanasnimilsnnsuunsamuniemuiuae i

[
=

MIMUIUDNITTUNNTZAVTITANMAzIBuAvDINTAIRAgaudIdaas lidszduiinga

¥ " . ¥ " '
nonasllizes q wdsseduinoigandmmivdamna o ldnduniisesdunia

"
-

v ¥ "
aviduangaiian lises sundwamavszgiirgimounienamasiiiannuiianaiad
[ 9 -~ c; o c; = [ 9 1 ' i @ A s = "
vouiv 14 nieonzsumssuinianouneundanesdsi lssduiiniaazidoade 1

J L o s o
uagnuanvurveslymazguuuvesigins [24]
TU=f (4.1)

= AWuiums mmg‘wuﬁ (The differential operator)
U

MR (Solution)

= Hardmunile (The right hand side function)
vagdaumsi @.1) eglugaums ideieazidousgluginnmesee 14

LU= (4.2)
L= mﬁ?nﬂszmmﬁﬁaﬁnﬁunmiwqﬁuﬁ' (The matrix operator approximating 7. )
U= namesszanumfiney U (The solution vector approximating u )

o | o o 5
f =namoilszinumannisfandutlaunile (The right hand side vector approximating /)
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| 4 v H
aniumimmmaouluudazseduamnsom Idnnaunsi (4.3) uaz @.4) fmualy Q,

'
@ o

woz Q, wansdamluszduiiinianzduanayszduinianmuaudisy

LQ"UQJ‘ — f(],,

LQH Uﬂn = fnu

(4.3)

(4.4)

¥
o

nsudilymidududesauudauiudu 0% Wonia U™ fszduaziden  §uiusniy

aﬂ‘wmﬂ(Error) o

e EYh=gh
FIRUAANAY (Residual) voafmouR I8 1400

FO o ]_rﬂk Lg%
uMuNNaNNS (4.3) adluaunsd 4.6) 0214

P = [y [
aumsti @.7) sunsaanglld &1 1% Aedaduiumsidady

LQ,, (gnh i QQ» ) e !:Qf-

WNUMAUNISN (4.5) asluaunsh @4.8) 1218

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)
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FMTUMANVAANAIANTZAVNNTANYIY T11150M1 191NN FIAUAYANA1IVDIA IR 1AOY

NNTEAVAzDAn N A luszdunsSane U
LQM EQH = ]g:r inﬁ (4.10)

Ig" =mduidumsaolounnszauiniaazidua 1gssAunIAne1U (The fine to coarse grid

transfer operator)

] v 0 ¥ '
NILAVNTANIVIZA U IUFUNDOMIA IR IO DIUNTZN lasRanatanoousyld navdan

Aanaa ldsszaunnsaaziduaniiae 11

U= U™+ I e (4.11)

new*

I“* —mﬂuuumsmuTaumn's~ﬂuwnsﬂwmu‘lﬂﬁi,ﬂnnﬂsﬂawmcm (The coarse to fine

grid transfer operator)

4.1 m3ymweloun (Grid Transfer) [24][25]

¥
1 1 ar

M3 IAMIAIIAUTUNIT010 TOU (Operators) D daAININTEAUNNIMIUNTATTBY

'
w aAdg £

' s J Ll r c:ﬂg - '
nihldsszauniifwauniamniiu mssileumnnszauiiiaunsatesnd @,) v
deszAUNNIIUNTANINAT (Q,) FoamdniumslumsanTeunidduiunsoie

ToununuuiFudu(Linear Interpolation Operator, 72+ ) fmuald » Aesuaunia uaz 4

Y o o

- 9 " a s [ 1 9 Aisa o = =
ABANTUNINYDIUADSATANAUNIND Q, =§ ﬂTﬂ'l'Huﬂqui:ﬂUYIU VIUIUNTALUUNYIVY

dﬂo

¥
SunSaIAY 4 nSa tazRsERURT MUNS ALY VA duatisuunsaitlu 8 nSa dariuy
SN AN AU U IUN S ALY U ULAL SSRUT ASALULAZIDUANING 3 1Az 7

o ar ' = = ¥ A ' Q -~
awdau (lusawnTausnuazniagamo) g I A1

ISy =y (4.12)
QH

[

o U™ Aonnwasuussaunus mIaNLuurey

o

o q‘d 3
U™ fannmesuussaunisuauiuuazidoa



27

o

i 41 umasmsdszinamveannimes MnszAURliunTauuLne Q, iusAuRd

o/

Sunsatuazidee Q,

A o

a1nsore lewuduinszauniiuaunsauvuvein lldissauniisiuiunia

- d ar o =
AZDUAVUNAAITUNITN (4.13)

Q,

) 2 (4.13)

ro | —

L 4
o o ar

1 o Ado = 0 v
AUUAMINMDIVUTLAUNHIIUIULVD DAL U™ 1111ﬂﬂ'lﬂ

ubejo | (U™

2 U U

i 11 Ule | (U 24U (2] | UM
= 2 U |= Uy =|UM (4.14)

U | (Ut 12+UM 2] (UM

2 U 7

i 1 IR AR A I [
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15070 ToUAIINTZAUNTARBeA lH9szaunTsuIuNSAToeN1 AR IHUNSEY

1 = "

Tounnszauniaaziden (Q,) lszaunsaneiuni (Q,) Sendmduiiunmsnieleu

v
Ao =

o R H 0 Y o v ot = = = o
91NA (Restriction Operator, IQ;’ )mmnu@ﬂm:ﬂwummunsmmuazmmummuﬂm

3/ v
ar @ e

MINY 8 NTA LAZIZAUNTTIMIUNTALUUNEILT 4 n5a aatTusuunsSan1oluszauni
FTIUIUNTAUVUHOIULAZAZIDIANING 3 1z 7 MUa1AY A8 uiumMIo1e louuuuiing

I wanadaaumsi (4.15)

IgU™ =y™ (4.15)

1 21
Igh”zé I (4.16)
121

¥

¥ "
o ' o a a 1
AIHUAINIABDINIEAUNIAHET UH ﬁﬂWNﬁ

™
by,
2(1 (RN U

3
x_24h U |=| UM (4.17)

Vo2 VT i
U

Q,
U7

@ w d ' [ dy
AwduRuEsEHIN 75 wag I mwnsaidon 1ddsiif

I =l(1§; )T (4.18)
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v ur

4.2 Qﬂnsmmunﬁn%ﬂ (Multigrid Cycles)

o ar

1. 399037 (V-cycle) ITuduAmnuiiniaaziduanauiazdanA¥ANAIS (Residual) 11l
. 4 "
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30 4.4 Ipinsveniadniauuy W-cycle
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4.4 aANIAVVIAY (Full Multigrid FMG)[24][25]
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Material properties
Ellipticity ratio (k) 0.5, 0.8,1.0, 5.0, 20.0, 00 (Line contact)
Equivalent of elasticity (E'), GPa 0.19, 1.90, 19.00
Velocity (¥), m/s 0.5,0.75, 1.0
Applied load (w,), kN 1,2,3

¥ 1

M A
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Lubricant properties

Low shear strain rate viscosity ( ﬂ:,,o) , Pa's 0.06, 0.60, 6.00
High shear strain rate viscosity ( y,‘m) ,Pars 0.01

Time relaxalion(l) i 0.09

Carreau viscosity exponent index (n) 0.5,0.6,0.7,0.8,0.9, 1.0
Viscosity pressure index ( z, ) 0.01
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k E' (GPa) V (m/s) w, (KN) 4,0 (Pas) .
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k E' (GPa) V (m/s) w_(kN) H, o (Pa‘s) #
o0 0.19,1.90,19.00 1.0 2 0.06 1.0
10 50

_____ Pressure, EI= 0.19 GPa
/
T 77 Pressure, E = 1.90 GPa il
8- L f 40
Pressure, E = 19.00 GPa ey
- / g
< T Film thickness, E = 0.19 GPa =
E 6 - — Film thickness, E = 1.90GPa| 7 30 2
S /
@ \ " Film thickness, E = 19.00 GPa i
-
= 2
2 4 120 <
o =
= =
3
2 | 110
N
0 A 1 1 1 0
20 40 60 80
X (mm)
310 5.5 nanamsnszarevesnnuAulauuazaNuINveIHdum I asAUR T U Y

= Y 9 J A'l = d' d'l - a W
waduAssasvasduid lailiouionldousiaiag

40

g 39 h(x=0)
» hmin
%]
Z 20
2
£
E
i 10
- -
0
0 5 10 15 20
Elastic modulus (GPa)

dl 3 ¢ & @ W U o A o
g‘lj‘ﬂ 5.6 klﬁﬂQﬂTﬂ'J']iJﬁu'Iﬁﬁll‘l’lQﬂﬂ@ﬂfﬂ\‘]ﬂ']'3ﬂilNﬁlﬂazﬂ’lﬂ'ﬂﬂﬂu‘lﬁﬁﬂﬁ'ﬁﬂaBﬁuﬂTQﬂ

]
s e

nauAa

= Y v VA = - d‘ = a W
memmumumﬁ14a'ﬂﬁuuﬂmuuummﬂauuﬂmmaﬂ



40

E' (GPa) V (m/s) w, (kN) i, o (Pa‘s) n
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51.1.2 mmdaﬁwﬁﬂuauﬁﬂmﬁw (non-Newtonian fluid)
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5.1.2 MyHavaudNanuuYA (Point Contact)
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@ o o
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12
_ k 0.8
:é: 8 ’ E'(GPa) | 1.90
= Mu “‘ ! Vms) | 10
f
3 w, (kN) 2
E 4 o (Pars) | 0.06
25 0.5
0
20
(’h,b ) -10 0 Jo

20750 @™

51 586 uaaInITnIEIIEANURUTdNTITHaRAUd T HAD AU IIN O TaLTiy

moldmsdudauuuganauMiamiIng 0.06 Pa's

12
k 0.8
= q “ E'(GPa) | 190
% ""‘“ V (m/s) 1.0
; w, (kN) 2
2 4
E U, (Pass) | 0.60
# 0.5
0

20

y, 0

B
-20 -10 X\‘“‘“

-20

UM 587 uananisnszaoanusuildumanaedudoarsnasauuyuueuii Taioy

muldmsdudaunugananumilaming 0.60 Pas
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12
— k 0.8
~
E 8 \ E'(GPa) | 1.90
\
: ” ‘“ 0 V (m/s) 1.0
-
a w, (kN) 2
g4
nl-: U o (Pass) | 6.00
B 0.5
0

20
10

0
; 10
20" 20 % ()

: o d U 4 ' . a |
51U 5.88 uaaInInszwANUAUNANMIHdoAUABAITHABAULUYNEUITY TmiTlou

moldamsduAauuuganaIUHIamMIAL 6.00 Pa's

0

E

& 20 | =0 k 0.8

w W 40 "

02 40 v “ \\\\\ raras JEI?/(GPa) 1.90
\ m 30 (m/s) 1.0

f‘ ’w "‘“ ‘: " — 100 :

= 60 w, (kN) 2

g S0 1, o (Pas) | 0.06

" 0.5
100 10

-10 < (mm)

) o " A ' y a {
U1 589 uaasmsnszwANUMUINANEITHaBAUAIoIITHADAUUU YD Tattiou

molansduAauuuganaNuniiamin 0.06 Pas
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0
E - ( k 0.8
20
% \ E :g E'(GPa) | 1.90
S 40 DATITRNN | 60 V
2 XNVYY YW uul\\\\\. (mfs) | 1.0
A AT ——
< ’-’M'I“; 1"‘ ‘d \ — 100 || wkN | 2
= 60 s
E 4, o (Pavs) | 0.60
= 80 - -
100

10
0

! o ' : v 4 a :
U7 500 uaaINIsAITIIBANUNINAANAIITHADAUAITA I HABAMIIU YO Taion

moldms dudauuugananuviaming 0.60 Pass

0
E_ 20 k 0.8
@ W\ E'(GPa) | 1.90
S 40 XYY AA L ‘\‘\\\
= INNXIAANY ‘“\\\"‘” Vms) | 1.0
% W :
= 60 w, (kN) 2
E 80 ﬂ;_»o (Pa's) 6.00
e " 0.5

10

0 8
10 (@

y 4 3 4 ' y =) 4
Ui 591 wamsmsnsznwaNumIddaum s vasaudIsmITHasaunUIUoU Tatiou

molanmsduianuganauMTia N 6.00 Pas
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Film thickness(pm)

10 k 0.8
o E'(GPa) | 1.90
= w— 2.0
= — 2.4 V (m/s) 1.0
= 0 — 2.5
St — 3.2 w,(kN) | 2
o 3.6 g
i M, o (Pass) [ 0.06
-10 n 0.5
-10 0 10
X (mm)
U 592  waaudunaasszdvaniunuiveslauaisnasaudlsaisnaean

uuuueuid laeunieldns dudauuugananumiianiiny 0.06 Pa-s
Film thickness(pum)

k 0.8
E'(GPa) | 1.90
—
= V (m/s) 1.0
é w, (kN) 2
i H; o (Pats) | 0.60
-10 — 0.5
-10 0 10
X (mm)
UM 593 waaudunaasszauanunuivesiauaIInanaudloaIInanau

uuuueuia Iafisunioldmsdudaiuugann UM iam IR 0.60 Pas

Film thickness(um)

— .0 k 0.8
—— 7.0 ,

— 8.0 E' (GPa) 1.90
- 9. ()

— 10.0 V (m/s) 1.0
— 11,0

— 2.0 w, (kN) 2
—— 130

—— 14.0 M, o (Pass) [ 6.00
— 5.0

— 16.0 n 0.5
— 7.0

-10 0 10
X (mm)
3UN 5.94 uaaudUNAAITLEAUAI UM UIvEINANRITHARANA VAT HADAY

nupueutl Tadoumelansdudauuugainnumidaminy 6.00 Pas
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k E'(GPa) ¥ (m/s) w, (kN) Hes (Pa‘s) #i
0.8 1.90 1.0 2 0.06,0.60,6.00 1.0
16 20
------ Pressure, Mo = 0.06 Pas
——— Pressure, Mo = 0.60 Pas
p—
= 12 — === Pressure, p, =6.00 Pa's 15 g-
o ——— Film thickness, p =0.06 Pa's =
E ——— Film thickness, py=0.60 Pa's &
] |
= 8 ——— Film thickness, p = 6.00 Pa's 10 %
2 oot
g =
o 4 {15 TE.
—
0 1 b 1 0

510 5.95 namanisnszoveIn AU NLAEANUHIYRINdum T HAR AU dudd

20

40

X (mm) at Y=0
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uuuyedmIvasauueui laswilenldvuriiadsvasiu

25
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e e g
(— hn (=
T T T

Film thickness (um)

S
th
T

0.0

h(x=0, y=0)

min

10,00

0.04

0.08

Viscosity (Pa-s)

0.12

; . L b e ; 4112
311 5.96 uaasAranumlduiigaiinaimsdudatazmanununildumndoaudiga

o

NduATUUVAAIY

¥
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60
50 k 0.8
=
= - () '
2 40 10 E' (GPa) 0.19
:: - 20 V (m/s) 1.0
= 30 - 30
= 40 w_ (kN) 2
E 20 N Hy o (Pass) | 0.06
10 5 0.5
0
20
¥ 0
(7 15
Yy 20 0
-15 )
-30 < (oo

! [ 4 ' 4 ' 4 a P
U0 597 waaImisnszneaNuANNaNAITHADAUAILA IS HADANIY VYO Taltiou

moldnmsdudauunyana lugdd laes iy 0.19 GPa

60
k 0.8
E 50 [N X
— 10 ; '(GPa) | 1.90
s 40 — 20 ,
» = 30 V (m/s) 1.0
|
=~ 30 40 _
2 = 50 w, (kN) 2
w
@ 20
ﬂ‘: Hio (Pass) | 0.06
10 # 0.5
0
10

y, 0

(""Iy 0

-10
-10

4 o o 1 4 4 y = |
JUN 598 uaasnsnszIwANuAUdduaITHasAUAIITITNABAULYLUEU Talou

molanmsdurauuugana TugdaaTaos iy 1.90 GPa
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60
~ 50 k 0.8
~
E 40 E'(GPa) | 19.00
~ V (m/ 1.0
s 30 (m/s)
2 w,(kN) | 2
@ 20
& (Pa's) | 0.06
& Mo "

10

4

0
-8 4

i o d VA A a 4
JUN 599 uaasmInszawaNuAuldumITHasAuAIea s AR ANLYDWEUiIY TiTloy

moldmsdudauuugaiis TugdaTassamiiy 19.00 GPa

0
’:é; 50 - ( k 0.8
— = S0 P
% 100 j‘!}‘,‘l\- = 100 E' (GPa) 0.19
T (\\ll | 150

E i / "“’iﬂ‘\w m— 200 || V(W) | 10
= 150 LY _— waNn | 2
'.E 200 M, o (Pass) | 0.06
= 7t 0.5

250

y, 0
Wy A5 0
-15 )L(“‘“ﬂ

UM 5.100 uaAIMsnIzIBANUMITANEIIHABAUA MmN ANLLYN LTI Tafioy

muldmsdudauvuganiar Tugda Taesawniiiv 0.19 Gpa
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0
g 50 k 0.8
E,: E'(GPa) | 190
@ 100
V (m/s) 1.0
=
= 150 W, (kN) 2
-
g M, ,(Pats) | 0.06
= 200 :
[ 0 " 0.5
250

0
)
(-1 0
% =

1 L3 ' A " A ) {
JUn 5101 urasmsnszneaUnIINANmIIHAsAUR e AR AULUYYEUTY TarTiou

melamsdudauuuyaia Tugaalassaueiiy 1.90 Gpa

0 /

)

el k 0.8

§ 100 E'(GPa) | 19.00

g V (m/s) 1.0

g 150 w,kN) | 2

=200 Hy o (Pass) | 0.06
0.5

250 2

0

7
< (mm)

-1

7715102 uaasmsnszaeaumuIaumIHaeauR oM nasANLL Lo Taifluy

muldmsdudeuuuganiar TugdaTassminiiv 19.00 GPa
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Film thickness(ium)

—— 32 k 0.8
gy E'(GPa) | 0.9
—5.0 Vms) | 1.0
—— 56

m—— 6,2 w, (kN) 2

——— (.8

— 7.2 H; o (Pass) | 0.06
——— 7.6

——— § 2 n 0.5

-20 0 20
X (mm)

’ Y P A A
jUn 5103 waaudunaasszduanunuivesiiduaisnaeaudloaisnaeay

uuyweut ladsumeldmsdudmuuugana lugdalass iy 0.19 GPa
Film thickness(pum)

k 0.8
L4 E'(GPa) | 1.90
V (m/s) 1.0

—
=

2.0 w,(kN) | 2

2.7 4y o (Pars) | 0.06

X (mm)

JUN 5104 uaauduuaasszdvanunuIvesiauaisnasaudlomsvdedy

wuvweuil Tndsumeldmsdudauuugaia Tugda Taos ity 1.90 Gpa

Film thickness(um)
4 — (.36 k 0.8
— ()42 T
2 —t E'(GPa) | 19.00
E) w—0.54 Vws) | 1.0
= o (),60 .
— 0 — ()66 W, (kN) 2
w— (),72
>‘ -2 0.78 pL‘o(Pa-s) 0.06
()84
-4 S 0.90 n 05
4 -2 0 2 4
X (mm)

1 o ) v A
I‘l.lﬁ 5.105 uﬁﬁalﬁuuﬁﬂQ559Uﬂ111”1u’]‘lﬂﬂﬁﬁ’uﬂ]ﬁ“ﬁﬂauﬁ']ﬂﬁ‘lsﬁﬁﬂau

- J o ar 3 4 ar 1 o
suuueui laflsumeldnsdudauuugaiia Tugda Taos v 19.0 GPa
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£ E'(GPa) V (m/s) w,kN) | g (Pars) |,
0.8 0.19,1.90,19.00 1.0 2 0.06 1.0
60 30
N . /
1 7 Pressure, E = 0.19 GPa
I\ S / 125
I \ Pressure, E = 1.90 GPa -
A ISSounony S =
— | i Pressure, E = 19.:)0 GPa g.
g 40 . " Film thickness, E = 0.19GPa |1 20 =
| w
< ! % — Film thickness, E = 1.9 GPa Ff
v I; l — Film thickness, E = 19,00 GPa |- 15 ,§
= , ]
2 o £
£20f Lo 110 g
I ! —
L1 | =
[ e
/ i 13
[l \1
—"“'"'i J ‘-l—--—-‘l‘;-""-n
0 - < 1 ~ i L 0
=20 0 20 40 60 80

X (mm) at Y=0
710 5.106 uamamiInsznBveIANUAUTSuUazA YT A I ndn AU uR

A a P 4 (4 a w
wuuyadiemsnasauueuia ladvwilonduusiiatag

10
8 L
LR
W
4 ® h(x-o.Yno)
g 4 r a hmm
£
E 2|
m i -a . 2 B
0 L
0 5 10 15 20
Elastic modulus (GPa)

si 1 ¢ A 2 o e 1 d VoA -
31 5.107 uarassnnumnianiyaninaIms dudmuasmaumdumsndoaudga

ndurauuugademsrasauneuii ladlsudlon/dvusiiavesiag
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12
~10 k 0.8
& TN E'(GPa) | 1.90
s 8 AT b Al B
2 6 AN Vs | 050
2 ) w,(kN) | 2
E Hy o (Pass) | 0.06

2 n 0.5

0 <

10 5

)10 0 0 0
=20 x(mﬁ\)

! o o v A " A - 4
3N 5108 uAaImInszEANNAURANmITHABANR UM SHADAULDVUBUTIA TAlivy

muldnmsdudauugainnud ity 0.50 m/s

12

4 a 0.8
“ | E' (GPa) 1.90

; AN .
% 6 {"’f‘;"‘!““h\‘ o -
=
z 4 w, (kN) 2
| Hyo (Pass) | 0.06
m .
2 i 0.5

0 N

107

0
: -10
220 % (mm)

UM 5109 waasmisnszneanusuildumIndeaudlvmandeauuuuuouiiaTafion

o e c; o L
ﬂ‘lU1¢’I’ﬂ1iﬁnNﬂHUUQﬂﬂﬂ'.l'llll.‘.i')lm'lﬂﬂ 0.75 m/s
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12
_10 k 0.8
~
né 8 E'(GPa) | 1.90
V (m/s) 1.00
26
5 4 w, (kN) 2
E 4y o (Pass) | 0.06
2 n 0.5
10 7S

20 -I%L(““m

H o a U y ' J - {
7N 5110 wamimanIzneaNuAURdumIsHasAuAIva I naDAULL VUi TAToy

o 4 o " e
meldmsdudaiuugananu iy 1.00 m/s

0

g’ 20 k 08

) | ;

§ 40 AR \\\“\‘\ E'(GPa) | 1.90

e Jg"l""‘%ﬂﬂ““' V(ms) | 050

< 60 w, (kN) 2

é 80 4y o (Pas) | 0.06
n 0.5

= d A v A = P
g‘ll‘n 5.111 llﬂﬂﬂﬂ'l'iﬂiz'i]'IUﬂ'J']u'H'H'Iﬂ'ﬂllﬂ"ﬁﬂﬂﬂﬂuﬁ')ﬂﬁ'ﬁﬂﬁﬂﬂuuuuuﬂuuqiﬂluuu

v o | o ' e
molansduiauuugana 5 WY 0.50 m/s
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0
i 20 k 0.8
2 | E'(GPa) | 1.90
g 40 g mq‘\\‘f Vs | 075
Z AT C
%0 oM R w,(N) | 2
*é' M, o (Pas) | 0.06
E 80

,, 0.5
I,

0

-10

{ o« A 1 4 a :
JUN 5112 waasmsnsznsAImIAaua s ndeAudem s ndAuuuuLeuii Talioy

meldmsdudauuugaiinnund i 0.75 m/s

0
§20 | os
% 40 E' (GPa) 1.90
Z Vs | 1.00
= 60 w, (kN) 2
é 80 ‘ULO(Pa'S) 0.06
n 0.5

100

|
& _

M " ¥ 1 ' . = "
37U 5113 uamsmInsznenumIAdumsnastudvmInastuuyuuouiia Tadioy

muldnsduiauuugananuE uiiiy 1.00 m/s
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Film thickness(pm)

0.5 k 0.8
0.7
0.8 E'(GPa) | 1.90
0.9
L0 V(mss) | 0.50
1.2
1.4 W, (kN) 2
1.6
1.8 ﬂL'o (Pa*s) 0.06
2.0
—_— 24 n 0.5
mas )8

— 32

-10 0 10 |m— 36
X (mm)

[ @ U A J A
N sa4 waaadunaasszAvanunuivesldauaisnasaudlsmisnasy

= - [ o P o oo
suvueuiia laloumeldmsdudauuugananud vy 0.50 ms
Film thickness(um)

s (.95 k 0.8
10 1.05

" m— .25 E'(GPa) | 1.90
- w— 1,55

= 0 s 1,75 V (m/s) 0.75
~— was— | 95

>.. 2 05 w, (kN) 2
— 225

-10 — 2,45 My o (Pars) | 0.06
m—— 2,65

— 2,85 n 0.5
s 3,08
-10 0 10 | 315

X (mm)

H L U ‘ U A
3uf 5115 HEAUFUUAAITLAVAINNUIYBIN AT ITHARANA WIS A DAY

= d ot d' L
uuyweui Taflouneldnsdudauuugaianud wirty 0.75 mis
Film thickness(pum)

Lo k 0.8

14 E'(GPa) | 1.90
L8 V (m/s) 1.00
22 w,(kN) | 2

2.6 ﬂL.O (Pa's) 0.06

3.0 n 0.5

-10 0 10
X (mm)

y [ i A ' 4
jufisae wanudunaasszdunnunuivesfldaumisnaedudvaisnaeau

= 4 ar d ) ar
suuueui Iadfloumeldns dudauuugainnud iy 1.00 m/s
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k E' (GPa) V (m/s) w, (kN) M, o (Pars) n
0.8 1.90 0.50,0.75,1.0 2 0.06 1.0
16 10
————— Pressure, V= 0.50 m/s
= == = Pressure, V=10.75 m/s
Pressure, V= 1.00 m/s 18
12 + Film thickness, V= 0.50 m/s E‘
? Film thickness, V= 0.75 m/s 3
Film thickness, V= 1.00 m/s ~—
) 16 g
%] L
8 :
W -
g 42
= g
S
4| =
12
0 : 0
-20 40
X (mm) at Y=0
U# 5.117 uansmisnszarvvesnuRLTduIarA MUV SN s M A0 AuT Fuia
uuuqﬂé‘hummdaﬁuuauﬁﬂmﬁuunﬁoxﬂ?iuumm‘:’n
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E
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$16¢+
=
5
= 1.2 |
-t
g 0.8
e hyxy v
04 "
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0.0 0.2 0.4 0.6 0.8 1.0 1.2

Velocity (m/s)

g: 1 ¢ o 4 o e 1 o 1A -
21.'7] 5.118 ll’(’lﬁ\iﬂ']ﬂ’]’]llﬂu'lﬁﬁﬂﬂﬂﬂﬂﬂﬂﬂ'Nﬂ'liﬁuﬂﬁlmzﬂ'lﬂ']'luﬂu'lﬁﬂNﬂ'liﬂ avauAIqgea
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15
—
= k 0.50
= 10 E'(GPa) | 190
@
sa- V(mws) | 1.00
2 kN 2
o 5 w, (kN)
A My o(Pass) | 0.06
& n 0.5

-10 -10

" o d v 1A a Py
U1 5.119 uamamsnIzneANNRURdUms HABAUA WmIHABAUIIUNBLT TarTioy

moldms dudauuuyaidadiunnudmiiy 0.50

15
-
= — 5 : gy
o o ] '
a](} 1 E'(GPa) | 1.90
@ V (m/s) 1.00
% 5 w, (kN) 2
2]
o My o (Pass) | 0.06
n 0.5
i 10
J,.

0
-10 )
-20 < (o

1 d L 1 1]
U 5.120 waaImisnsznwaNuAuiduaIsHasaudAwm INABAUIIVUEUTIY Ty

muldnmsdudauuugandadiunnuiminy 1.00
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15
? — k 5.00
= - 5 E'(GPa) | 1.90
s 10 10
% P w, (kN) 2
na: Hy o (Pass) | 0.06
n 0.5
0

3N 5121 wamamsnsgnenuAulduasvasAudsasndsAuuLLLeuil Tafiou

meuldms durauuugandadunnudoihiu 5.00

15

= _— ( k 20.00

= - 5

510 = 10 E'(GPa) | 1.90

® s Vims) | 1.00

=

w

é 5 W, (kN) 2

a M, o (Pass) | 0.06
- 0.5

th

N 10 « (o)

i o a v 4 ' 4 o 4
JUf 5122 umsmiInszneanuAuldumInaeduAlemsnasduuuuueui Taiou

o

moldmsdudauuugandadiaunnuimiiu 20.00
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g k 0.50

§ E'(GPa) | 1.90

% V (m/s) 1.00

g 10 w, (kN) 2

.E H; o (Pass) | 0.06
0.5

150 ‘ L
10

1] " L A -~ [
g 5123 wamanisnszneANunUIdumIIHdsAuR T TN ANLLIY O TaiTioy

meolamsdudauuugandadunnuiiving 0.50

)

- k 1.00

S’

> r

g MO _Jw‘-.\ﬁ‘:\r\“ i':::? :.zz
ININNY al | 8 g

3 WAL

E w, (kN) 2

£

g My o (Pass) | 0.06

i 0.5

71 5124 waasmsnsznsAumduasndedudlomsnasAunueuiii Taifioy

muldmsduiauuugandadiunnusiming 1.00
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0
g' 10 k 5.00
= E'(GPa) | 1.90
v
g 20 V(ms) | 1.00
L~
ﬁ 30 w, (kN) 2
E M, o(Pars) | 0.06
E 40
n 0.5
50

20

0
i -20
70 e

" 4 1A . a 4
7N 5.125 uaaImsnsznenunUINAuT IS HasAUR e s HAR AN YOI TaiTioy

muldmsdudauuuyandadauniusoniu 5.00

0
= k :
:EL 10 20.00
4 E'(GPa) | 1.90
g 20 V(ms) | 1.00
".l% 30 w, (kN) 2
E Hy o (Pas) | 0.06
z 40 0s
5 :

50

¥

(1001 ) 0 45

9 B % (o)

H v A A = -
310 5.126 ugasmsnIznwANUMIAAUTITHAB AU AT HARAULD BRI TaiTiow

meldmsduiauuugandadiunnuiminy 20.00
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Film thickness(pum)

— ()5 k 0.50
1 — 3’; E'(GPa) | 1.90
g = :; V(ms) | 1.00
E ¢ — 1:6 w, (kN) 2

- — 1.8
— 2. M, o (Pas) | 0.06

- —— 22
10 — 2 4 n 0.5

-10 0 10
X (mm)

i o " A '
UM 5127 waauduuaasszdundiunuivesilaumisndeaudsaisnaeay

uuudeuil Indisumeldmsdudauuugandadaunnuimiu 0.50

Film thickness(um)
k 1.00
E' (GPa) 1.90
Vm/s) | 100
w, (kN) 2
My o (Pass) | 0.06
i 0.5
-10 X ( 2] o 10

v o " A I
N 5128 wanuduuaasszRuanumuiveslaumisudeaudioaisnaeay

uuuueuii Tadivunmelamsdudauuugandadaunnuiiiy 1.00

Film thickness(pum)
k 5.00

e ] "

5 E' (GPa) 1.90
— i V(m/s) | 1.00
— 5 w, (kN) 2
—
- 8 ﬂ["o (PE'S) 0.06
—10 ji 0.5

-25 0 25

X (mm)
4 @ A '
3UN 5.129 ugauduuaasszdaunliunuivesiidauaisnasaudlomisndeny

wuuuewi ladieunisldmsduiauuugaidadauninuimny 5.00



Film thickness(pm)

-90 45 0 45 90

31U 5.130

uuuweut Iadiouneldmsdudauuuga

X (mm)

k 20.00
—— E'(GPa) | 1.90
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e 10
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—  3() n 0.5
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ar 4 A oA
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----- Preesure, k= 1.0
====: Preesure,k= 5.0 —_—
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@
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' A _ 4 A ﬂ' ' M =
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Material properties
r, (mm) 47.90
rny(mm) 14.00
Radii of curvature
r, (mm) 53.34
rby(mm) 15.88
E (GPa) 240.0
CoCr
A 0.300
E,(GPa) 0.800
UHMWPE
v, 0.400
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Lubricant properties
Low shear strain rate viscosity (p,_'o ) ,Pa‘s 0.06
High shear strain rate viscosity (,um) , Pa‘s 0.01
Time relaxation (1) s 0.09
Viscosity exponent index (r) 0.5.1.0
Viscosity pressure index ( z, ) 0.01
b Stance phase ,14 Swing phase
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Minimum film thickness (pm)
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Introduction

Total knee joint replacements traditionally employ ultrahigh

Lubrication and Wear of Artificial
Knee Joint Materials in a
Rolling/Sliding Tribotester

This paper describes the influence of lubrication on wear during testing of materials for
artificial knee joints in a rolling/sliding tribotester built to simulate contact conditions in
a total knee replacement. The test configuration consists of parallel cylinders (pucks) of
ultrahigh molecular weight polyethylene (UHMWPE) and polished cobalt-chrome alloy
in oscillatory rolling/sliding contact in a bath of dilute (25%) bovine serum. Wear tests of
three different UHMWPE materials were run under constant load at 40% sliding for 1.5
million oscillation cycles at 1.5 cycles/s. Wear of the UHMWPE was determined by
measuring the profile of the cylindrical contact surface of the puck before and after each
test. Profile measurements were repeated after at least 53 days to eliminate the contri-
bution from creep. Differences between initial and final profiles were attributed to wear of
the URMWPE. It was found that the largest wear depth in the lubricated tests occurred
near the ends of the oscillatory contact area, while dry (unlubricated) tests of the same
materials showed a peak wear depth near the center of the contact area. In the lubricated
tests, the worn depth was lowest for the most heavily irradiated material. Analysis of the
elastohydrodynamic lubrication in the rolling/sliding contact was carried out assuming a
line-contact situation with smooth cylindrical surfaces. The time-dependent modified Rey-
nolds equation and the elasticity equation with initial conditions were solved numerically
using a multigrid technique with full approximation scheme, and using a Newton Raph-
son method to solve the highly nonlinear system of equations. The thickness of the
lubricating film of bovine serum was determined for points along the length of the wear
track. It was found that the smallest film thickness (h;,) occurs very close to the location
in the oscillating contact where the greatest wear occurs, owing to the very low entrain-
ing velocity near the ends of the oscillation cycle. The coefficient (K) Jfor wear of the
UHMWPE was found to be relatively constant over the central section of the oscillatory
motion, but increased to a higher value where h,;, decreased to near zero. Thus, the
important influence of lubrication on wear of artificial knee bearings was
demonstrated. [DOI: 10.1115/1.2464130]

Keywords: knee prosthesis, oscillatory contact, wear, UHMWPE, elastohydrodynamic
lubrication

failure at the superior articulating surface of the UHMWPE knee
bearings [6,7]. With those changes in processing, subsurface-

molecular weight polyethylene (UHMWPE) as a bearing material
due to its desirable material properties and biological inactivity.
Failure of these polyethylene bearings can lead to expensive and
risky revision surgery, and there are currently over 35,000 of such
knee bearing failures each year in the U.S. alone [1]. Since most
of the bearing failures are tribological in nature, it is necessary to
understand the tribological behavior of the UHMWPE knee bear-
ings in the type of oscillatory roll/slide motion encountered in
knee joints in vivo [2]. The objective of this paper is to contribute
to that understanding.

In past years, one of the primary causes of bearing failure was
contact fatigue and delamination of the polyethylene material
[2,3]. It was found that this was caused by oxidation of the poly-
mer after y irradiation sterilization in air [4,5). In response to this
problem, the orthopedic prosthesis manufacturers made improve-
ments in polyethylene sterilization and processing procedures that
have reduced the incidence of delamination and contact fatigue
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originated delamination and contact fatigue have become less im-
portant and a more frequent cause of failure for knee bearings
implanted after 1998 has become surface-originated wear. Wear
now accounts for over 44% of all late total knee replacement
failures and is often the cause of aseptic loosening, which is ob-
served in over half of all total knee retrievals [2]. Aseptic loosen-
ing is usually associated with perioprosthetic osteolysis, which
results from the presence of small wear particles [8]. Osteolysis
describes the loss of bone tissue surrounding an implant as a re-
action to the presence of small foreign particles [9]. In the case of
knee replacements, these particles are primarily from wear of the
polyethylene bearing [8]. The cross-linked polyethylene materials
that result from new processing technigues are not immune to the
wear problem in knee applications [7,10]. Wear testing of the
polymer bearing material is necessary in order to determine its
resistance to wear so that wear-related osteolysis and other fail-
ures can be limited.

It is well known that many factors affect the wear of polyeth-
ylene in knee prostheses, including surface roughness, material
properties, contact mechanics, kinematics, load, lubricant, and
third-body debris [11], and an effective wear testing program must
account for all of these effects. Wear evaluation of orthopedic
UHMWEPE is traditionally carried out using a pin-on-disk tester or
a similar test device [12]. Though repeatable and easy to model,
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these test methods may lack clinical relevance in the knee due to
the fact that pin-on-disk testers produce pure sliding motion,
whereas the knee bearing sees a nonuniform combination of roll-
ing and sliding [13,14]. Final prosthetic device wear simulation is
usually accomplished with knee simulators, which include both
sliding and rolling motion in an oscillatory contact. However,
quantification of wear volume from knee simulators is generally
estimated through gravimetric measurements, which is prone to
error owing to intake of fluid to the polymer [15]. Furthermore,
comparisons of materials from different manufacturers cannot be
made without introducing confounding factors, such as device de-
sign, and usually this information is proprietary. An alternative to
either pin-on-disk test devices or full-scale knee simulators is a
laboratory-scale rolling-sliding tribotester that has been used ef-
fectively for testing the delamination and contact fatigue behavior
of different orthopedic polymers [16]. The contact conditions in
the rolling-sliding tribotester are a combination of linear oscilla-
tory sliding and rolling that approximates the conditions at the
most heavily loaded portions of knee prostheses [ 14]. The rolling-
sliding tribotester will be used in this work for testing the wear
behavior of knee bearing materials under clinically relevant con-
tact stress and kinematic conditions, Wear measurement is done
by profilometry of the worn surface, with care being taken to
eliminate the contribution from creep; similar methods have been
found to give accurate measurements of wear volume in knee
bearings [17].

In conjunction with wear studies, and as a complement to those
experimental studies, the numerical modeling or simulation of
wear in orthopedic implants has been the subject of research in
recent years. Several investigators have developed models to pre-
dict wear of the polyethylene acetabular cup of hip prostheses
based on combinations of operating variables, implant geometry,
and material properties [18,19]. Those models integrate contact
stress analysis with wear prediction. Recently, a computational
model of wear in polyethylene knee bearings of total knee pros-
theses has been presented [20,21]. That model couples contact
stress analysis in the knee prosthesis with kinematic sliding con-
ditions and a wear prediction. In each of the wear models pub-
lished to date for hip or knee prostheses [18-21], steady-state
wear of the polymer material within the contact area is generally
assumed to be given by an expression of the Archard-type

AV=KwAs (1)

where AV is the wear volume (in cubic millimeters) occurring
during an incremental sliding distance As (m), w is the normal
load (N) acting on the contact, and K is the wear coefficient or
wear factor (in cubic millimeters per Newton-meter). Although
studies have found that the wear coefficient may be affected by
contact stress [22] or contact area [23], all of the wear models to
date have assumed that K is uniform throughout the contact. An-
other factor that is well known to affect the wear coefficient is
lubrication [24], but the lubrication condition has not been con-
sidered in any of the wear models or simulations for prostheses to
date. An objective of this work is to remedy that deficiency and to
couple a lubrication analysis with the wear model for an oscilla-
tory rolling-sliding contact.

Analysis of the lubricating film between metal and polymer in a
hip or knee prostheses is an elastohydrodynamic lubrication prob-
lem, and because of the low modulus of elasticity of the polyeth-
ylene, it is a so-called soft EHL problem. Some researchers, e.g.,
[25], have used the general equations developed by Hamrock and
Dowson [26] for soft EHL conjunctions, whereas others have de-
veloped EHL solutions specifically for hip prosthesis geometries

[27,28]. In none of those solutions has the oscillating nature of the
contact in a prosthesis been taken into account. To the authors’
knowledge, no specific EHL solutions have yet been published for
knee prosthesis geometries, and in particular, none have been de-
veloped for an oscillating knee bearing geometry. In this work, an
EHL solution will be developed for the specific case of the lubri-
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Fig. 1 Multistation rolling sliding tribotester

cated oscillatory line contact between metallic and polymer puck
specimens in the rolling-sliding test configuration under study.
The analysis will take advantage of the fact that normal load and
contact geometry remain constant during the oscillation cycle, al-
though velocity varies harmonically. Results of the EHL analysis
will include film thickness as a function of location along the wear
track, and the minimum film thickness will be related to the wear
coefficient at the same locations,

Wear Test Methods

To create a reliable, clinically relevant wear test for UHMWPE
used in knee applications, a previously described six-station
rolling-sliding tribotester was used in this study. The tribotester
has proven quite effective for testing the contact-fatigue behavior
of different orthopedic polymers [16] and should be equally useful
for testing their wear behavior due to the clinically relevant stress
and motion environment.

The rolling sliding tribotester, shown in Fig. 1, articulates
cobalt-chromium cylinders (pucks) against UHMWPE pucks. The
contact stresses resulting from this specimen geometry can be
determined through Hertzian line contact theory. Moreover, the
nonconforming contact creates surface and subsurface stresses
that are similar to those found in contemporary total knee replace-
ment bearings [16,29].

Alignment of the articulating cylinders was performed through
placing pressure-sensitive film at the contact between a CoCr
puck and an UHMWPE puck. The intensity of the color on the
otherwise translucent film is related to the contact pressure at that
particular location. Shims were inserted in the bearing mounts
until the two cylinders were parallel and the contact pressure pro-
file appeared as a uniform, straight line, as one would expect from
a Hertzian line contact. After this procedure, all six stations
showed similar pressure distribution across the contact width.

The design of the test machine ensures that the axes of all pucks
are perpendicular to the direction of sliding. Any eccentricity in
the cylindrical specimens is accounted for by the constant-load
pneumatic system, and each specimen can be loaded indepen-
dently based on test requirements. This system was calibrated us-
ing a load cell capable of measuring loads from O kN to 1 kN
(£0.5 N). Load was determined as a function of gage pressure at
the adjustable valves, and a calibration curve was developed for
each station. At all six stations, a linear relationship between
pneumatic pressure and load holds with an 2 value of >0.99.

Each station incorporates a fluid bath to provide lubrication and
cooling at the contact. The baths include several acrylic windows
to ensure a good view of the contact.

The articulation is facilitated by a crank and rocker-arm mecha-
nism powered by a fixed-speed motor. Backlash is prevented by
means of adjustable bearings for the gears, as well as adjustable-
length chains and idler sprockets. The degree of sliding is adjusted
using various combinations of sprockets in the drive train. The
shafts on which the two test specimens were mounted are geared
to oscillate through different amplitudes and therefore to rotate at
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Fig. 2 Contact conditions in one station of rolling sliding
tribotester

different speeds. Referring to Fig. 2, the angular oscillation ©; of
the top shaft, containing the polymer specimen, is

(2)

where A, is the amplitude of the oscillation (rad) and w is the
oscillation frequency. The angular oscillation ©, of the bottom
shaft, containing the metallic specimen, is

©,=A, sin wt

(3)

where A, is the amplitude of the oscillation (rad) of the metallic
specimen.
The velocity v, of a contact point on the polymer specimen is

(4)

where R, is the radius of the polymer specimen. Similarly, the
velocity v, of a contact point on the metallic specimen is

©,=A, sin w

v, =R|9, =RA w cos wt

vy = Ry0, = RyA 0 cos wt (5)
where R; is the radius of the metallic specimen.
The relative sliding velocity at the contact point is
ityige = V2 = ¥ = (RyAy = R\ Ay ) cos(wi) (6)
and the mean rolling velocity is
v+ v, @
b= = = (R)A, + RzAz)( E)cos(m:) (7)

Although the relative oscillation amplitudes A; and A, may be
altered in the test machine, for the tests reported here the ratio was
A /A,=0.667. The radii of the two cylinders were equal. There-
fore, the ratio of sliding velocity to mean rolling velocity was
Ugjige/ ton=0.4. If we define the distance along the wear track on
the polymer specimen, measured from the center of the wear
track, as £ (=R0,), we can easily write the rolling and sliding
velocities in terms of £ as follows

L)]

RIAI

Ui = (RoA; + R'A'](g)cos[ﬂnq(;;_l)]

Plots of Egs. (8) are given in Fig. 3, from which it can be easily
seen that both the rolling and sliding velocities vary significantly
along the wear track. The dimensionless distance along the wear
track is X=£&/(RA;). The plot is for the specific specimen radii
(Ry=Ry=31.75 mm), oscillation amplitudes (A;=0.308 rad and
A;=0.462 rad), and frequency (w=1.5 Hz=9.425/s) used in this
study.

The UHMWPE test specimens were created from compression
molded GUR 1050 bar stock. The unirradiated (0 kGy) specimens
were machined from the stock immediately before testing. Other
specimens were irradiated after machining. The 29 kGy speci-
mens were machined from the stock before packaging in an oxy-

Ugige = (RyA; - R\A |)(w)cos[sin"(

(8)

Slide and Roll velocity Along Wear Track

& g 8 8§

Velocity (mm/s)

~ ——Roll Velocity
= Slide Velocity

A SRRV

0.2 0.4

Dimensionless Distance from Center of Wear Track (= &/R;A,))

Fig. 3 Plot of roll and slide velocities along wear track on polyethylene specimen

328 / Vol. 129, APRIL 2007

Transactions of the ASME

145



2

r—t——

Depth (um)
& &

]

48 A
B U L 12 A0 4 £l Rl -2

Distance along

L] 1 'l ¢ ] 12 N 1
wear track (mm)

Fig. 4 Wear scar profile for unirradiated polymer surface after 21,600 cycles of dry (unlubri-

cated) roll/slide test

gen impermeable packaging. The packages consist of a polymer
and foil laminate pouch from which a vacuum is drawn before
heat sealing. The packages were subsequently irradiated with a
Co-60 y source to a dose of 29 kGy. Specimens were left in the
pouches until immediately before testing. The irradiated speci-
mens were only exposed to the atmosphere for the period of test-
ing, precluding significant oxidation. Stock for the 65 kGy speci-
mens was also placed in oxygen impermeable pouches before
exposure to electron beam irradiation to a dose of 65 kGy. The
material was then heated above the melt temperature of polyeth-
ylene (>135°C) to eliminate any residual free radicals. Following
remelting, the material was machined into rolling-sliding speci-
mens.

Loading and motion conditions for the cylinder-on-cylinder
contact were selected based on design studies of typical total knee
prostheses, resulting in a maximum specified contact stress of
20 MPa. Oscillatory testing of polyethylene cylinders (
6.35 cm dia, 2.54 cm width) was performed at 1.5 Hz against pol-
ished CoCrMo counterface pucks (6.35 cmdia, Ra<<0.02 um).
Lubricant for the tests was bovine serum diluted to ~25% with
deionized water to achieve a protein concentration of 17 g/l. So-
dium azide and EDTA were also added. Lubricant was replaced
every 500,000 cycles and tests were run for 1.5 million cycles.

Each specimen was tested on each of four different quadrants,
and duplicate specimens were run on different stations of the roll-
ing sliding tester to ensure station-to-station repeatability.

In addition to the lubricated tests, several tests of specimens
made from the unirradiated (0 kGy) material were also run with-
out lubrication to determine the difference in wear profile between
lubricated and unlubricated specimens. The load and speed con-
ditions were the same in the dry tests as in the lubricated tests, but
the dry tests were run only for a maximum of 21,600 cycles (4 hr)
owing to the higher wear rates.

Linear wear was determined by rotating each test specimen on
a precision spindle at a constant angular velocity through 360 deg
beneath a profilometer stylus. Each wear scar was measured at
three preselected locations across the puck width. Pretest mea-
surements were subtracted, creating a profile of the wear scar
accurate to within 3 gam. All measurements were taken immedi-
ately following testing to prevent viscoelastic relaxation from af-
fecting the results and then the pucks were remeasured after a
minimum of 53 days following testing to eliminate creep defor-
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mation from the measurements. To ensure that creep was not a
factor in the measurements, an unirradiated (0 kGy) specimen was
loaded statically without lubrication for 48 hr. The normal load
was the same as that used in the wear tests (1100 N). Profilometry
was done immediately after the load was released, and at several
time increments thereafter. It was found that all residual deforma-
tion had recovered within 50 days. Therefore, it can be safely
assumed that there was no creep deformation included in the wear
profiles measured more than 53 days after a wear test.

Wear Test Results

A wear scar profile after 21,600 unlubricated oscillatory roll/
slide cycles for an unirradiated UHMWPE specimen made from
GUR 1050 resin is shown in Fig. 4. Note that the length of the
worn track is between 22 mm and 24 mm, or about 11-12 mm on
each side of the center of the oscillation. The depth of the wear
scar is between 27 um and 35 pum, with a maximum depth near
the central section of the wear track

A typical profile of a wear scar after 1.5 million oscillatory
roll/slide cycles for an unirradiated UHMWPE specimen made
from GUR 1050 resin is shown in Fig. 5. The length of the worn
track is again between 22 mm and 24 mm. The depth of the wear
scar is approximately 23-26 pm over the central section of the
wear track, where the velocities are highest, but wear is greatest at
the two ends of the articulation, where the sliding and rolling
velocities approach zero (Fig. 3). The lubricated wear profile
shown in Fig. 5 differs considerably from the unlubricated wear
profile for the same material shown in Fig. 4. Because the sliding
velocity is so small at the ends of the track, it is somewhat sur-
prising that the sliding wear is so high there in the lubricated tests.
It was hypothesized that the reason for the high wear at the ends
of the lubricated wear track is related to a reduced lubricant film
thickness at that location, resulting from the reduced rolling ve-
locity. The validation of this hypothesis was the driving force
behind the lubrication analysis and wear modeling that will be
described in the remainder of this paper.

Two vy irradiated UHMWPE materials were also studied in the
test program and their worn profiles had a very similar shape to
that of the unirradiated material shown in Fig. 5. Those profiles
are shown in Fig. 6. The cross-linked material that had been irra-
diated at a higher radiation dose (65 kGy) and then annealed had
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Fig. 5 Typical profile of the wear scar on an unirradiated poly-
mer surface after 1.5 million cycles of lubricated roll/slide test

a significantly smaller worn depth after 1.5 million cycles than the
material irradiated at 29 kGy. The most heavily irradiated mate-
rial, which also had been subjected to an annealing process at
above melt temperature, was the most highly cross-linked of the
three materials tested [7]. Analysis of the wear of the three mate-
rials will be described in the Wear Modeling section of this paper.
Although the wear profiles presented in Figs. 5 and 6 were repre-
sentative of those found for the given materials, it should be noted
that each figure shows only one such profile for each material; in
the analysis that follows the single wear profile most representa-
tive of the results for each material will be analyzed. The test
machine has historically produced results with ratio of standard
deviation/mean being < 18% for the materials tested in this work,
Definite conclusions about the relative wear of the three materials
would require statistical analysis of multiple wear tests of each
material; such a study is currently in progress and results will be
published in a subsequent paper.

Distance along Wear Track (mm)
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Fig. 6 Worn surface profiles for polymer materials that had
been irradiated with either 29 kGy or 65 kGy. Roll-slide test du-
ration: 1.5 million cycles
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EHL Lubrication Analysis Methodology

Analysis of the elastohydrodynamic lubrication in the rolling/
sliding contact was carried out assuming a line contact situation.
The time-dependent modified Reynolds equation for this case is
(30]

i(.pﬁﬁe

d d
= 12U, (ph) + = (ph
ax\ 7 ﬂx) 2 o)+ o)

9)
where p and 7 are the lubricant density and viscosity, respectively,
h is the film thickness, and p is the fluid pressure. In this work, the
density and viscosity of the lubricant were assumed to be constant
and  were %iven the values for dilute bovine serum, p
=1000 kg/m* and 7=0.01 Pas [25].

The elasticity equation that enables deformation of the contact-
ing surfaces to be determined is [30]

2 Youtlet
8= ——'I plx)n(x - x')2dx’ (10)
wE
Finlet
E' is the effective elastic modulus given by
1-vi 1-13
l, - l(—' + —2) (1)
E' 2\ E E,

where E;, v, E,, and », are the modulus of elasticity and Pois-
son’s ratio of the polyethylene and CoCr materials, respectively.
The values used for the materials in this analysis were E,
=800 MPa, v,=0.4, E,=240 GPa, and »,=0.3 [25].

The expression relating film thickness at a given point x; to
deformation is [30]

2
b
h,-=h0+—'—§,

R (12)

R is the effective radius of curvature, given by

-1
wft
R R,

Equations (9), (10), and (12) were nondimensionalized and
were discretized for a finite difference solution. They were solved
numerically using a multigrid technique with full approximation
scheme [31], and using a Newton Raphson method. Six levels
were used in the multilevel-multigrid technique, with the coarsest
level having eight grid points and the finest level having 256 grid
points.

At each time increment the entraining velocity u,, is found
using Eq. (7). The initial guess for the pressure distribution at the
first time increment is the Hertzian pressure distribution [32]; at
later times the initial guess is the pressure distribution from the
previous time increment. Then the film thickness distribution is
determined at each node using Egs. (10) and (12). The pressure
distribution is updated at each node by using a Gauss Seidel itera-
tion procedure with Eq. (9). The process (solution of Egs. (10),
(12), and (9)) continues until the relative error in pressure is less
than 1 X 107* %. After that, the force balance is checked to ensure
that the integrated pressure equals the applied normal force of
1100 N (again to within a relative error of less than 1 X 107* %).
If the load balance is not satisfied, the film thickness and pressure
distributions are recalculated. For the multigrid technique, new,
finer mesh sizes are created and the equations are calculated again
using the results from the prior coarse mesh. This process is re-
peated at each time increment, using a new entraining velocity.
The results at each time increment are pressure distribution and
film thickness distribution.

The minimum film thickness predictions of the calculation pro-
gram were compared for several velocities to those determined by
the equations developed by Hamrock and Dowson [26] for the
soft EHL case. The solutions agreed to within 5%.

(13)

Transactions of the ASME

147



148

45 -4 Aas 3

Fig. 7 Plots of pressure profile (dimensionless) within contact area at four different points

along wear track (X=£/R,A,)

Lubricant Film Analysis Results

The pressure distribution within the contact region, as deter-
mined by the EHL analysis, is shown in Fig. 7. The pressure
profile is plotted at four different locations along the wear track,
X=£¢/(RjA)=0.16, 0.5, 0.83, and 0.94. The dimensionless pres-
sure is defined as the actual pressure divided by the peak Hertzian
pressure (py=[wE'/(2mRI)]**) [32]. The length of the line con-
tact is /=254 mm. It can be seen that at all four locations the
pressure distribution is approximately equal to the Hertzian pres-
sure profile, with the only significant difference being at the lead-
ing edge of the contact, where the lubricant enters the contact
region. There is no noticeable pressure spike visible on the pres-

sure profile, presumably because of the deformable polymer and
approximately constant lubricant viscosity (resulting in a “soft
elastic” EHL contact).

The contact half-width is approximately that given by Hertzian
line contact theory, i.e., a=2V2wR/mlE' [32]. For the materials,
loads and geometries used in this study, the contact half-width is
a=0.96 mm. It might be noted that the length of the wear track for
each of the three materials (Figs. 5 and 6) is equal to or just
slightly more than twice the sum of the oscillation amplitude on
the polymer specimen (R;A;=9.78 mm) and the contact half-
width, as expected.

The profile of the lubricant film at four different points along

02 ~
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Film Thickness (um)

1
.0 0.18

O.hl a.

Fig. 8 Plots of film thickness profile at four different points along wear track (X=£/R,A,)
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the wear track [X=0.16, 0.5, 0.83, and 0.94] is shown in Fig. 8. It
can be seen that the lubricant film becomes increasingly thinner as
the contact approaches the end of the oscillatory motion and the
rolling velocity approaches zero. It is also observed in Fig. 8 that
the minimum film thickness in each case occurs near the trailing
edge of the contact. That minimum film thickness is plotted as a
function of location along the wear track in Fig. 9. The thickest
film is found at the center of the oscillatory motion, and the film
thickness becomes monotonically smaller as the contact moves
toward the end of the oscillation. For example, the calculated
minimum film thickness is only 0.0016 um at X=0.94, whereas
the value of hy, at the center of the oscillation (X=0) is
0.049 pm, as shown in Fig. 9. The entraining velocity decreased
from 115.2 mm/s at X=0 to 37.8 mm/s at X=0.94 (Fig. 3).

It has been shown by others that the lubrication regime in a hip
or knee prosthesis is one of mixed lubrication [25], and that is
definitely the case here, even in the central portion of the wear
track. In this case the surface roughness (rms) of the metallic
specimens was on the order of Rg=0.015-0.02 um, and the
roughness of the worn portion of the unirradiated polymer surface
ranged from Rg=0.3-1.18 pm. Therefore, the composite surface
roughness, Sq=(Rq}+Rq3) [25], ranged from
0.3 pm to 1.19 gm. The composite roughnesses for the other two
polymer materials were similar to this value. The film thickness
was much less than the composite surface roughness over the
entire length of the wear track and less than the roughness of the
metallic specimen over the end portion of the track. This indicates
that the contact was everywhere in the mixed lubrication regime,
and was probably within the boundary lubrication regime near the
end portion of the wear track. The very thin lubricating film in this
contact places it at the borderline between elastohydrodynamic
and boundary lubrication [33]. The current analysis is only a first
approximation of the lubricant film thickness because it assumed
smooth surfaces. A more complete analysis of the lubricant film in
a thin-film regime, such as this, would require consideration of the
roughness of the two contacting solids, using a rough surface EHL
Emaiysis methodology such as that described by Patir and Cheng

34].

A wear model will now be used to elucidate the effect of this

small lubricant film thickness on wear of the polymer surface.
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Wear Model Methodology

Assume that the contact at a given instant is centered at a dis-
tance £ from the center of the oscillatory contact region. The line
contact extends a distance +a in the x direction and is moving in
the x direction with a velocity tgq., Which varies with £ as deter-
mined earlier in Eq. (8).

Acting within the contact is a pressure distribution of the form
shown in Fig. 7; the resultant of the pressure distribution is the
normal load w.

Wear of the polymer material within the contact area is as-
sumed to be given by Eq. (1), where the wear coefficient may vary
along the wear track (K=K(§)).

Every point on the polymer surface within the region 0=<§
=(RjA;—a) sees a sliding increment per cycle of As
=4a[(A,/A})-1]. In this case, since A;/A;=1.5, As=2a in the
central region. For points at the end of the contact path, within the
region (RjA;-a)= {=(R\A,+a), the sliding increment drops lin-
early from As=2a (at R|A,-a) to As=0 (at R\A,+a). The incre-
mental sliding distance, nondimensionalized by dividing by the
contact half-width a, is shown in Fig. 10.

Over n oscillating cycles, the total sliding distance is nAs; thus,
the total wear at a location £ is

V(£) = nK(&)wAs(€) (14)

On average, the wear will be uniform across a contact zone
because each point on the zone should see each portion of the
pressure distribution twice during an oscillation cycle. Therefore,
the wear depth at a location £ on the wear track will be

HO=22

(15)
where / is the width of the cylinder (length of the line contact) and
H(£) is the wear depth measured at location £ after a wear test (as
in Fig. 5). Using (14) and (15), the wear depth at any point is
given by
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For example, in the region 0= £{=(R,A,-a), where As=2a, the
wear depth is given by H=nKw/l.

Note that w and [ are both constants in this study (/=254 mm
and w=1100 N). Therefore, knowing the wear depth H and incre-
mental sliding distance As at any point x, the effective wear co-
efficient K can be found at that point using Eq. (16).

H(§) = K(&) (16)

Wear Modeling Results and Discussion

The application of Eq. (16) to the wear results shown in Figs. 5
and 6 enabled the determination of the wear coefficient K at loca-
tions along the wear track. The resulting distribution of K is
shown in Fig. 11 for each of the three tested materials. It can be
seen that the wear coefficient is relatively constant over the central
section of the wear track, with the value being highest (about
5.5% 107 mm*/Nm) for the unirradiated material (0 kGy), a bit
lower (about 4> 107 mm?/Nm) for the 29 kGy vacuum foil-
irradiated material, and lowest (at a bit above 2% 107 mm*/Nm)
for the more heavily irradiated material. At about (£/R)A))
=0.8-0.9, however, the K value begins to rise and continues to
rise until the end of the wear track, where K is as much as five
times the value at the central section of the wear track. Therefore,
it is clear that K is not a constant over the entire wear track, as had
been assumed by most other investigators of knee bearing wear.

Equation (16) was also used to determine the wear coefficient
for the unlubricated test data shown in Fig. 4. It was found that the
wear coefficient K varied from 3% 107 mm®*/Nm to 4.8
% 1073 mm?*/Nm, with the highest value near the center of the
wear track. Therefore, the wear coefficient for unlubricated wear
of the unirradiated material was about two orders of magnitude
higher than K for lubricated wear of the same material. 1t was also
found that the large increase in K at the end of the wear track for
the lubricated case did not occur for the case of dry sliding. As can
be seen in Fig. 4, there was approximately a linear decrease in
wear depth over the end segments of the wear track where the
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sliding distance per cycle decreased linearly (X>0.9). Therefore,
the wear coefficient K remained approximately constant in that
region for the unlubricated wear test.

The wear coefficient values determined in this study of lubri-
cated rolling-sliding contact of UHMWPE against cobalt chrome
alloy agree well with wear coefficient values for polyethylene
knee bearings that have been published in the literature. For ex-
ample, Zhao et al. [21] analyzed wear of polyethylene knee bear-
ings in a knee simulator and determined K values for the polyeth-
ylene that varied from 1x 1077 mm/Nm to 2 X 107" mm*/Nm,
values that are very similar to our values at the central portion of
the wear track for irradiated materials.

Since the load is constant over the entire oscillation cycle, the
surface roughness was the same, and the lubricant was the same,
the only variable that could have caused the wear coefficient to
rise at the end of the wear track for a given material was the
lubricant film thickness. As can be seen in Fig. 9, the minimum
film thickness approaches zero at the end of the wear track, where
the wear coefficient rises. The dependence of wear coefficient on
minimum lubricant film thickness is seen by comparing Fig. 11 to
Fig. 9. From that comparison, it appears that the wear coefficient
is relatively unaffected by minimum film thickness as long as h,,
remains above a critical value. If h;, is less than the critical
value, however, then the wear coefficient rises, presumably be-
cause the surface asperities on the metallic surface begin to cause
more wear damage to the polymer surface.

It was concluded above that the lubrication regime in this os-
cillatory contact was generally within the mixed lubrication re-
gime, but entered the boundary lubrication regime near the end of
the oscillatory contact. Therefore, there was some solid/solid con-
tact throughout the oscillation cycle, resulting in some wear ev-
erywhere on the wear track. However, the boundary lubrication
condition at the end of the oscillation cycle, where the velocities
went o zero, resulted in greater wear in that region, and the wear
increased as the film thickness reduced to zero at the end of the
track. Based on the comparison between Figs. 9 and 11, it appears
that one could almost define a critical minimum film thickness,
perhaps ~0.01 um; below that value the boundary lubrication
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Fig. 11 Plot of wear coefficient (K) along wear track for the three UHMWPE materials

condition prevails, with more solid/solid contact, and above that
value there is more of a mixed lubrication regime. There is no full
EHL lubrication at any point in the contact, and the fact that the
wear is nonzero everywhere is further evidence of that conclusion.
Owing to the fact that the lubrication regime is mixed lubrication
throughout most of the contact and in the boundary lubrication
regime at the ends, the film thickness values predicted in the EHL
analysis are only approximate. A more accurate determination of
the film thickness would require use of an analysis methodology
that includes the effects of surface roughness and is valid for
ultrathin lubricant films.

It should be noted that the conditions that gave rise to zero film
thickness at the ends of the oscillation cycle also occur in other
lubricated oscillatory contacts, such as are found in just about all
human joints as well as in machine components such as cam-
follower contacts, reciprocating seals or piston rings. A similar
consideration of lubrication when determining wear coefficients
for those contacts may be advisable. It should also be pointed out
that the very thin films at the end of the contact are not well
analyzed by a smooth-surface EHL analysis; a transient micro-
EHL analysis that includes the effects of roughness may be re-
quired.

Conclusions

This study concentrated on an oscillating line contact between
ultrahigh molecular weight polyethylene (UHMWPE) and a
cobalt-chrome-molybdenum (Co-Cr) alloy, to simulate the condi-
tions that occur in an artificial knee replacement. A recently de-
veloped rolling/sliding tribotester was used to determine wear of
the UHMWPE material under steady load with lubrication by di-
lute bovine serum. Three different UHMWPE materials were
tested: unirradiated, irradiated by 29 kGy, and irradiated by
65 kGy. From the wear studies, it was found that:

All three materials showed greatest wear near the ends of
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the wear track, where the velocities go to zero as the oscil-
lating specimens change their direction of motion.

The material subjected to the highest radiation dose showed
the least wear.

Tests of the same materials without lubrication showed peak
wear near the center of the wear track, with no increase in
wear at the ends of the wear track.

A numerical analysis of elastohydrodynamic lubrication in the
oscillatory line contact between the UHMWPE and CoCr speci-
mens showed that:

* The lubricant film is very thin (<0.05 um thick) every-
where in the oscillation cycle, but drops to zero thickness at
the ends.

The lubrication condition is in the mixed lubrication regime
in the central part of the oscillation, but drops to the bound-
ary regime at the ends.

A model of the wear process showed that:

The wear coefficient for the lubricated contact is approxi-
mately 2-5% 1077 mm*/Nm, depending on the material
processing, in the central region of the oscillation, but in-
creases significantly (to over five times the central value) at
the ends of the contact.

The wear coefficient for unlubricated sliding of the same
materials was about two orders of magnitudes higher than
for lubricated wear.

The lubrication condition must be considered, along with con-
tact conditions, material properties and load, when predicting
wear coefficient and wear of oscillatory contacts, such as those
that occur in artificial knee joints.
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ABSTRACT

This paper presents the results of a transient analysis of elastohydrodynamic
lubrication (EHL) of two parallel cylinders in line contact with a non-Newtonian
lubricant under oscillatory motion. The effects of transverse harmonic surface
roughness are also investigated in the numerical simulation. The time-dependent
Reynolds equation uses a power law model for viscosity. The simultaneous system of
modified Reynolds equation and elasticity equation with initial conditions was solved
using multi-grid multi-level method with full approximation technique. Film thickness
and pressure profiles were determined for smooth and rough surfaces in the
oscillatory EHL conjunctions, and the film thickness predictions were verified
experimentally.

For an increase in the applied load on the cylinders or a decrease in lubricant
viscosity, there is a reduction in the minimum film thickness, as expected. The
predicted film thickness for smooth surfaces is slightly higher than the film thickness
obtained experimentally, owing primarily to cavitation that occurred in the
experiments. The lubricant film under oscillatory motion becomes very thin near the
ends of the contact when the velocity goes to zero as the motion direction changes,
but a squeeze film effect keeps the fluid film thickness from decreasing to zero. This
is especially true for surfaces of low elastic modulus. Harmonic surface roughness,
and the viscosity and power law index of the non-Newtonian lubricant all have
significant effects on the film thickness and pressure profile between the cylinders
under oscillatory motion.

Keywords: EHL, EHL with Non-Newtonian lubricants, Low elastic modulus,
Roughness effects
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INTRODUCTION

The lubricating film between contacting surfaces in elastohydrodynamic
lubrication situations under oscillatory motion is important for a wide variety of
components, ranging from reciprocating piston rings and seals to artificial human
joints. In many of these components the contact can be approximated by line contact
and one of the components could have a relatively low modulus of elasticity; i.e., the
contact could be considered to be a ‘soft elastohydrodynamic’ (or soft EHL)
conjunction. Hamrock and Dowson (1) have developed general equations for
analyzing soft EHL conjunctions under steady velocity conditions. Dowson et al. (2)
analyzed the lubrication behavior of reciprocating piston rings and determined that a
transient EHL analysis is necessary to determine the tribological performance of the
piston ring seal, particularly near top dead center, when the entraining velocity goes
to zero as the piston reverses direction. They also determined that squeeze-film
effects can have an important role in film thickness determination in reciprocating
conjunctions. Hooke (3, 4) also concluded that a transient analysis is necessary to
capture film thickness details during motion reversal in oscillating or reciprocating
contacts. He found that the minimum film thickness is a function of the properties of
the lubricant and of the contacting solids, as well as the rate of change of the
entraining velocity at the motion reversal. More recent investigations have applied
experimental techniques to study the transient behavior of EHL contacts during start-
up, stopping, and reciprocating motion (5-7). They found, among other things, that
the rate of decrease of the minimum film thickness during stopping is slowed by the
entrapment of fluid between the deformed surfaces (6), and that the film thickness
increases during start-up of motion owing to the entrance of waves of lubricant into
the contact (7).

Due to the fact that the EHL film thickness in oscillatory motion can become very
thin, especially during motion reversals, the effects of surface roughness can become
important. A number of researchers have developed numerical techniques to study
surface roughness effects in EHL (8-10). Using those techniques, it has been found
that pressure at the roughness asperities can become especially significant in thin
films, particularly with hard contacting surfaces, but the amplitudes of long
wavelength components of the surface roughness are attenuated within the contact,
particularly if the surfaces are relatively soft (11). Many of those analyses have used
powerful multigrid, multilevel numerical methods (12-14). Similar methods will be
used in this work.

The primary objective of this work was to develop numerical methods to analyze
the transient behavior of EHL films in oscillatory line contacts. Of particular interest
were cases Where at least one of the materials has low elastic modulus, the lubricating
fluid could be non-Newtonian and the surfaces could be rough. There are many
practical applications of reciprocating soft EHL contacts, and earlier studies have
dealt with some of them, including reciprocating polymeric seals (15), elastomeric
piston rod seals (16) and hydraulic rod seals (17). Another application, which was of
particular interest in this study, is a simulator used to evaluate the tribological
behavior of materials for artificial human knee Joint replacements. Knee prostheses
generally consist of a high modulus material (metal or ceramic) in contact with a low
modulus polymer such as ultra-high molecular weight polyethylene (UHMWPE). The
knee replacement components are subjected to oscillatory motion in service. Knee
joint contacts can be simulated as a rolling/sliding line contact between two cylinders
(18). Recent work has shown that the very thin lubricant film near the ends of the
cyclic motion in oscillatory rolling/sliding knee joint simulators can contribute to
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high wear of polyethylene knee components, particularly in the regions having the
smallest film thickness (19). Researchers have developed specific EHL solutions for
human ankle joints (20) and hip joint replacements (21), but those specialized
analyses of elliptical conjunctions are not suitable for knee joint simulators or for
other applications characterized by oscillatory soft EHL line contacts. As a result, a
new model was required to study the lubricating film within the oscillating line
contact in a knee simulator for which the lubricant is non-Newtonian and the surfaces
could be rough.

In this research work, the transient behavior of the lubricating film in an
oscillatory line contact between soft and hard cylinders is investigated through
numerical simulation. Smooth cylinders and smooth cylinder running against a
cylinder with transverse harmonic surface roughness are considered, and both
Newtonian and non-Newtonian lubricants are studied. Experimental work is done to
verify some of the predictions.

GOVERNING EQUATIONS

The governing non-Newtonian Reynolds equation and deformation equation were
analyzed to determine the characteristics of transient isothermal elastohydrodynamic
lubrication under oscillatory motion. The relationship between shear stress and shear
rate of non-Newtonian lubrication in this work can be approximated using a power-
law model as (22):

=0

where the equivalent viscosity is

n-1

. ou) |2
=m, 2
,u-mli( ]} [2]

The time-dependent Reynolds equations with non-Newtonian lubricants for
infinitely long cylindrical roller can be obtained as (22, 23):
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with the initial condition # =, at r=0. The boundary conditions are
P=0a X=X,, and P=§;=0 at X=X, [5]

where the exit location X " is to be determined. For most calculations, X was
e.

inlet
at X=-45,
The dimensionless apparent viscosity in the power-law model, including a

correction factor for viscosity due to pressure in the lubricant according to Roelands
(24), can be written as
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The dimensionless density of a non-Newtonian lubricant according to Dowson
and Higginson (25) obeys the following relation

-9
0.6x10° P, P (8]
1+1.7x10° P, P

The film thickness for an infinitely long line contact, including the deformation of
the surfaces, harmonic roughness of amplitude A and wavelength 4, is given as

p=1+

2 Xexit
H=H,+—- 1 jP(cf)ln|X —cfldf + A4, sin[z—m}(—) (9]
2 o A

The load balance equation is
KXexit

| Pax-Z =0 [10]
Xm'ef 2

NUMERICAL SOLUTION

The simultaneous system of time-dependent Reynolds and elasticity equations for
elastohydrodynamic lubrication with non-Newtonian lubricants was solved using
multigrid methods with full approximation scheme technique (12, 26). The time
dependent Reynolds equation can be discretized to obtain the fully implicit scheme.
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Newton’s method is the best known for solving nonlinear equations of this type
(26). Thus, the discretized dimensionless new pressure (k) at node i can be iterated as

Bk = pk-! —éf?) [14]
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The entrainment velocity was assumed to vary harmonically during a cycle
according to

u=u, coswt [15]

The fluid pressure and film thickness at the reversal of the entrainment velocity
were calculated numerically from the combination of Poiseuille flow, which depends
on the pressure gradient in the x-direction, and Couette flow. Couette flow is the main
component but there must also be some pressure induced reverse flow due to positive
pressure gradient in the Poiseuille flow component. The entrainment velocity is
reversed where the Poiseuille flow component with positive pressure gradient
dominates. Numerical calculation showed that the pressure dominated flow
contribution was several orders of magnitude less significant than the shear flow
contribution. The initial pressure profile was approximated as Hertzian. Most of the
calculations considered one complete cycle of oscillation.

EXPERIMENTAL METHODS

Part of this work included an experimental measurement of film thickness in an
oscillatory line contact to validate the numerical predictions. This study employed a
fiber-optic sensor (Fotonic) to measure the transient film thickness throughout the
oscillation cycle, using the setup shown in Fig.1. This type of fiber-optic sensor has
been used in past studies to measure dynamic displacement of air bearings (27) and
lubricant film thickness in hydrodynamic bearings (28). In this work, the fiber-optic
sensor output was first calibrated with a micrometer in different fluids, including air,
water and lubricating oils. The output was found to be quite linear and repeatable as
long as the film thickness exceeded one micron, but was not as accurate for sub-
micron film thicknesses. In order to achieve a measurable lubricant film thickness in
this oscillatory situation, a highly viscous silicone oil was used in the tests. The oil’s
viscosity was measured to be 101.44 Pa's at room temperature, and it exhibited
approximately Newtonian behavior. The oscillating line contact was between a
polymer cylinder (UHMWPE, E = 800 MPa) and a parallel metallic cylinder (CoCer,
E = 240 GPa), thus giving a soft EHL line conjunction at the contact between the
parallel cylinders. Both cylindrical specimens had 6.35 cm diameter and 2.54 cm
width. The metallic cylinder had a polished surface, with the surface roughness
(RMS) of the metallic cylinder being Rq = 0.015 to 0.02 um. The upper cylinder
(UHMWPE), with roughness Rg= 0.1- 0.8 um, contained the fiber-optic sensor,
which had a diameter of approximately 0.8 mm and was flush with the surface of the
polymer cylinder. That cylinder was fixed in position with the sensor located at the
mid-point of the line contact area. The lower cylinder (metallic) was moved with a 3
Hz oscillation motion, providing an approximately harmonic velocity profile.

The external load was applied to the line contact by a pneumatic cylinder. The
normal loads were calibrated using a load cell, and pressure-sensitive film was used
to ensure that the contact pressure in the line contact was uniform. Static external
loads varying from 130 to 680 N were applied to the fixed cylinder. At each load,
tests were run at a constant oscillation frequency (3 Hz) at room temperature until a
repeatable film thickness profile was determined at the optical probe location during
each cycle.
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RESULTS AND DISCUSSION

The transient film thickness from experiment during a typical oscillation half-
cycle is shown in Fig.2. The central film thickness between the oscillating surfaces is
an average of 25 microns at the center of the oscillation cycle, where the velocity is
highest. The film thickness decreases to near zero at ends of the cycle, where the
velocity goes to zero as the motion reverses direction. The central film thickness
determined at the peak velocity point in the oscillatory cycle is shown in Fig. 3 for
various applied loads between 130 N and 680 N. Experimental measurements are
compared with numerical predictions (simulation) and with values determined using
Hamrock and Dowson’s equations (1) for steady state condition (theoretical).
Experimental film thickness values are slightly lower than theoretical predictions,
primarily because of many small cavitation bubbles that developed in the rear half of
the conjunction. The bubbles moved out from the oscillatory contact area very slowly
in the highly viscous lubricant film and were dragged back into the contact during the
reversal of direction. The result was a partially starved lubricant contact, and thus a
thinner lubricant film than was predicted using the fully-flooded assumption made
both in this numerical simulation and in ref. (1). Based on earlier analyses of partially
starved EHL conjunctions, e.g., (29), the 20-30% decrease from predicted to
measured film thickness can easily be accounted for by partial starvation. Since the
simulation and the theoretical (1) predictions assumed smooth surfaces, and since
surface roughness can result in a decrease in film thickness (as will be shown later in
this paper), there could also have been a contribution from the test cylinders’ surface
roughness to the difference between measured and calculated film thickness in Fi g 2
To investigate the influence of surface roughness on the computed film thickness,
analyses were done with several different harmonic surface roughness values for the
metallic and polymer surfaces, but with the same load (w = 5000 N/m) and lubricant

viscosity (4, =101.4 Pa -5 ) used in the experiments. The results showed clearly that

the contribution of roughness is negligibly small in this case because the film
thickness was several orders of magnitude larger than the film thickness. Although
the roughness of the softer polymer surface was greater than that of the harder
metallic surface, roughness on easily deformed surfaces has much less effect on film
thickness than roughness on ‘hard’ surfaces, as will be seen later in this paper. Two
other potential causes of differences between the experimental measurements and
numerical predictions are related to the deformation behavior of the ‘soft’ contacting
cylinder. That cylinder was made of UHMWPE, which is a polymer with viscoelastic
properties. Owing to the fact that the loss modulus is much smaller than the storage
modulus for UHMWPE, very little time-dependent deformation of the polymer would
occur to influence the film thickness at the 3 Hz oscillation frequency used in the
tests. Therefore elastic deformation was predominant and viscoelasticity could be
safely neglected. Another potential effect that was not included was a possible
difference between edge deformation of the polymer cylinder and its bulk
deformation. Although such contact edge effects could influence the transient EHL
behavior of very soft contacting materials, such as a reciprocating rubber seal, the
modulus of elasticity of UHMWPE was high enough to limit contact edge effects in
this case. Therefore, the predominant contribution to the observed difference
between experiment and simulation was cavitation. A conclusion of this experimental
study was that the cavitation that occurs naturally at the trailing edge of an EHL
conjunction can affect the film thickness in an oscillatory conjunction if the lubricant
has a high viscosity or if the oscillation frequency is so high that the cavitation
bubbles do not have sufficient time to leave the conjunction before motion reverses.
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The result is a partially starved EHL film with lower load carrying capacity (or
smaller film thickness for a given load) than a non-cavitated film. However, the
major conclusion of the experimental work was that there is very good agreement
between theoretical (1) and simulation results. The film thickness is lower with higher
external loads, as predicted, and it decreases as the velocity is decreased, reaching
submicron levels when motion stops at the end of the oscillatory cycle.

Numerical solutions for EHL pressure profile and film thickness were determined
for a variety of oscillatory conditions in addition to the experimental conditions
mentioned above. Loads in the analyses ranged from 1 kN/m to 30 kN/m and peak
entraining velocities of up to 1 m/s were studied; both Newtonian and non-Newtonian
lubricants were analyzed. Some of these results are shown in Fig. 4, which shows the
numerically simulated film thickness profiles along the contact width for smooth
surfaces with various loads and different Newtonian lubricant viscosities. The film
thickness was found to be strongly dependent on viscosity and more weakly
dependent on load, as is well known for EHL. Table 1 lists the minimum film
thickness predictions for the eight cases shown in Fig. 4. Film thickness predictions
for the highly viscous oil used in the experimental tests (u, =101.4Pa-s) with

various high loads are shown in Fig. 4a, and they show the expected contact
broadening and film thickness decrease with increasing load. Analysis of the load
dependence of the minimum film thickness for these cases showed that

B = f(Ww**). The exponent (-0.206) is essentially identical to the -0.21 value

found by Hamrock and Dowson (1). The film thickness predictions for lower
viscosities are shown in Fig. 4b. As can be seen, the influence of viscosity on film
thickness was much greater than the influence of load. The dependence of minimum
film thickness on viscosity was analyzed for the cases with w = 5,000 N/m. It was

found that A, ~ f( poo'ﬁs). Once again, the exponent (0.635) is very similar to the

value (0.65) found by Hamrock and Dowson (1). Therefore, these results provide
further evidence that the EHL simulation methodology used in this paper is accurate
and can duplicate results available in the literature.

The simulation results that follow have been selected to illustrate the effects of
material stiffness (or elastic modulus), lubricant properties (viscosity and non-
Newtonian power law index), and surface roughness (harmonic roughness amplitude)
on the film thickness and pressure profile, particularly as the entraining velocity
approaches zero near the end of an oscillation cycle. The lubricant viscosities in the
simulations that follow are considerably smaller than the viscosity of the fluid used in
the experimental tests, so it was assumed that the cavitation noted in the experiments
did not occur, thus enabling an assumption of fully-flooded conjunctions. Film
thicknesses are correspondingly smaller than the experimental values or those shown
in Fig. 4a, but are of similar order of magnitude to those in Fi g. 4b.

The predicted pressure profiles in the EHL film at an entraining velocity of 0.05
m/s are shown in Fig.5 for different values of equivalent modulus of elasticity of the
contacting materials. The calculations in this case assume a normal load per unit
length of 1500 N/m, viscosity = 0.01 Pa's and power law index = 0.95. Smooth
surfaces are assumed. As expected, the materials with lower modulus of elasticity
have a considerably larger conjunction width and a lower pressure. The pressure at
the central part of the contact and the contact width are approximately equal to those
predicted by Hertzian contact mechanics (e.g., (30)). The film thickness profile for
the same conditions is shown in Fig.6. The film thickness is considerably greater for
the lower modulus materials, in agreement with the predictions of earlier studies of
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soft EHL, e.g., (1). It can be noted that the softest materials (E'=0.09GPa)

demonstrate a notable dimple in the central region of the deformed contact. This was
previously noted by other researchers (e.g., (31)) and it results from the deformation
of the low modulus materials as a result of the near-Hertzian pressure distribution in
the central region of the contact, as shown in Fig. 5.

The minimum film thickness over the entire oscillatory motion cycle for smooth
surfaces is shown in Fig. 7 for materials with different elastic moduli, in Fig. 8 for
different values of power law index, and in Fig. 9 for different viscosities. It can be
noted that the film thickness decreases to very small values at the point in the
oscillatory cycle (x = +0.06 m) where the velocity goes to zero as the motion direction
changes. It can also be noted that the minimum film thickness for the softest contact
never diminishes as far as that for the harder EHL contacts. The reason for this is that
the fluid is to some extent entrapped in the deformed contact that was noted in Fig. 6
and the viscous fluid must be squeezed out of the deformed region. Therefore, there is
a squeeze-film effect at the end of the oscillatory motion, with the magnitude of that
effect being greatest for the softer materials. This effect had been noted in the
experimental study of Glovnea and Spikes (6). The squeeze film effect is more
significant with greater power law index and with higher viscosity, but neither of
those parameters has as great an influence on the squeeze film effect as does the
stiffness of the contacting materials. ‘

Analyses were carried out to determine the effect of harmonic surface roughness
on film thickness and on pressure distribution within the film. In each of the analyses
the surface with harmonic roughness is stationary and it was in contact with a smooth
oscillating counterface. The effects of harmonic roughness on pressure and film
thickness are shown in Fig.10 and Fig.11, respectively, as are the influence of power
law index for the non-Newtonian lubricant. The entraining velocity in these
simulations is 0.25 m/s. It can be seen that the peak pressure is higher and the
minimum film thickness is slightly lower for the rough surface case. An increase in
power law index results in an increase in minimum film thickness and a decrease in
peak pressure in the transient state. Fig.12 shows the pressure distribution for smooth
and rough surfaces for materials of different elastic modulus. The influence of
roughness on pressure is found to be more significant for the lower modulus
materials, owing to easier deformation of the materials with lower elastic modulus.
The influence of harmonic roughness on film thickness profile is shown in Fig. 13.
Again, the relative importance of surface roughness is greater with the higher
modulus materials. The roughness peaks of the softer materials are more easily
deformed and this diminishes the amplitude of the surface roughness and its effect on
the lubricating film.

Numerical results that quantify the effects of surface roughness and non-
Newtonian fluid parameters on minimum and central film thicknesses for line contact
under harmonic oscillatory motion are presented in Figs.14-16. Fig. 14 and Fig.15
show the variation of minimum film thickness and central film thickness with non-
Newtonian model parameters. Both minimum film thickness and central film
thickness increase rapidly with the power index for the non-Newtonian power law
fluid (Fig. 14). The minimum film thickness increased as the apparent viscosity value
increased for a power law non-Newtonian fluid, but the increase in the central film
thickness was even more significant; this was apparently due to the reduction of the
film pressure in the central region of the contact. Fig.16 shows the variation of
minimum film thickness and central film thickness with the harmonic roughness
amplitude. The minimum film thickness decreases significantly with an increase in
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roughness amplitude, but the central film thickness decreases only slightly. The
surface roughness increases significantly the maximum pressure and decreases the
minimum film thickness in the contact region.

Further analysis of the relative importance of roughness on materials of different
elastic moduli in oscillating soft EHL contacts showed that harmonic roughness on a
stiff surface plays a much more significant role than similar roughness on easily
deformed surfaces. For example, when the harmonic roughness amplitude of a
surface with low modulus of elasticity (about 1 GPa) was increased from 0 to 0.2
micron while the surface roughness of the metallic counterface remained unchanged,
the minimum film thickness decreased by less than 7%. The relatively easy
deformation of the polymer surface asperities had attenuated the surface roughness
and had limited its influence on film thickness, as had been found in earlier studies
(11). On the other hand, a similar increase in the roughness of the metallic surface
(elastic modulus = 200 GPa) led to film thickness decrease of over 30%. This result
gives further reason to conclude that the surface roughness on the polymer cylinder in
the experiments described earlier had only a minor effect on the measured film
thickness.

CONCLUSIONS

The transient elastohydrodynamic lubrication behavior of two cylinders under
oscillatory line contact was examined numerically. Analyses were performed for both
smooth and rough surface conditions and for materials ranging from high elastic
modulus (hard) to low modulus (soft). Non-Newtonian lubricant properties were
considered in the model. The validity of the model was confirmed by comparison
with earlier work and by experimental testing. The conclusions of the study can be
summarized as follows;

1. The film thickness predicted by the numerical simulation at a given velocity
agrees very well with predictions of Hamrock and Dowson (1). The film thickness
measured experimentally with a very highly viscous lubricant is slightly lower than
the predictions for smooth surfaces, owing primarily to the presence of cavitation
bubbles in the contact region in the experimental tests. Some of those bubbles get
dragged back into the oscillatory contact, leading to a partially starved EHL
conjunction and a reduced lubricant film thickness. Such cavitation, leading to a
partially starved lubrication condition, could occur in oscillatory line contacts in
which either the fluid viscosity or the oscillatory frequency is high.

2. Numerical simulation of the elastohydrodynamic lubricant film in
oscillatory motion showed that the minimum film thickness diminishes to a very low
value at the end of the motion where the velocity decreases to zero. There is a
squeeze film effect at the change in direction of motion that can prevent the film
thickness from ever decreasing to zero. The magnitude of the squeeze film effect is
most significant for materials of low stiffness, and it is also greater for fluids with
higher viscosity or greater power law index.

3. The minimum film thickness at any point in the oscillation cycle is greater
for softer surfaces, higher power law index, greater viscosity, lower load or decreased
harmonic surface roughness. The central film thickness is similarly affected by those
parameters, but to a different degree.

4. Surface roughness significantly increases the maximum pressure and
decreases the minimum film thickness in the lubricated contact under oscillatory
motion when compared with those for smooth surfaces.
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5. For line contacts under oscillatory motion with a non-Newtonian lubricant,
a lower power law index of the fluid results in a reduced minimum film thickness, but
the peak pressure in the contact region increases substantially.

6. For cylinders of low elastic modulus having rough surfaces, the effects of
harmonic roughness on peak pressure and minimum film thickness are less significant
than for the case of high modulus materials with similar surface roughness.
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NOMENCLATURE

A, = Roughness amplitude
b = Dimensionless Hertzian half-width (m), b = R(8W)/ 7)"*

- 2 (1-v! 1-0]
E'" =Equivalent modulus of elasticity (Pa) — = I 3
E | E E,

h = Film thickness (m)

H = Dimensionless film thickness, H = (R/b)h
hin = Minimum film thickness (m)

h. = Central film thickness (m)

_umRy _ n'U

bB,  16W’
m, = Apparent viscosity at unity shear rate

Parameter defined in equation [4]

n = Power law index
p = Pressure (Pa)

P,; = Maximum Hertzian pressure (Pa), P, = E'(W/2x)"*

P = Dimensionless pressure, P = p/P,

R = Equivalent radius (m), R = ((I/R, )+ (1/R,))"

S = Slide ratio, S = (u, —u,)/&@

t =Time (s)

¢ = Dimensionless time, 7 = (/b

u = Velocity (m/s)

i = Mean velocity (m/s), i = (u, +u, )/2

u" = Dimensionless velocity, u* =u/u

U = Dimensionless speed parameter, U = (1, )/E'R

w = Applied Load / Length of line contact (N/m)
W = Dimensionless load parameter, W = w/(E'R)
x,y = Coordinate (m)
X,Y = Dimensionless coordinate x =bX, Y = (Ry)/ (sz )
z, = Viscosity-Pressure index
Greek
e=pH’ (EI— —%}J Parameter defined in equation [4]
el el
A= Wavelength of roughness
K, = Oil viscosity (Pa‘s)
= Equivalent viscosity (Pa-s)
= Dimensionless equivalent viscosity, " = u" /4,
P, = Inlet density of oil (kg/m’)
p = Dimensionless density, p = p/p,

7= shear stress (Pa)
@ = Frequency of oscillation (1/s)
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Table 1. Minimum film thickness determined for various load and viscosity values.
u=0.50m/s, E'=0.9GPa and n=1.0

Applied load / Length of line | Viscosity (Pa-s) Minimum film
contact (N/m) thickness (micron)
30,000 101.4 24.21
20,000 101.4 26.15
10,000 101.4 30.64
5,000 101.4 34.81
5,000 1.0 1.96
5,000 0.01 0.101
2,500 0.01 0.138
1,500 0.01 0.158

Fig.1 The experimental set up

Load
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Fig.2 Transient average central film thickness from experiment at 130 N and 3 Hz
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Fig.10. Effect of harmonic surface roughness and power law index on pressure
profiles along contact width for w=2500N/m, H,=0.01Pa-s,i =0.25m/s,

E'=0.90GPa, A =0.5, and Ar =0.1 micron
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