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ABSTRACT 

Cadav e r i c h i p j o i n t s and p r o s t h e s e s were t e s t e d i n a h i p 

F u n c t i o n s i m u l a t o r which s u b j e c t e d t h e Femoral head t o a 

c y c l e oF l o a d i n g and o s c i l l a t i o n s i m i l a r t o t h a t e x p e r i e n c e d 

d u r i n g w a l k i n g , and measured t h e F r i c t i o n a l t o r q u e t r a n s ­

m i t t e d t o t h e acetabulum. 

For n a t u r a l j o i n t s , s i l i c o n e F l u i d s w i t h v i s c o s i t i e s From 
-2 

10 Pa s t o 30 Pa s were used as l u b r i c a n t s and F u l l F l u i d 
- 1 

F i l m l u b r i c a t i o n was observed above 10 Pa s. Sodium 

c a r b o x y m e t h y l c e l l u l o s e s o l u t i o n s were a l s o t e s t e d a t t h e 

l o w e r v i s c o s i t i e s . 

H y a l u r o n i c a c i d was added t o one sample oF s y n o v i a l F l u i d 

t o i n c r e a s e i t s v i s c o s i t y range and o t h e r s y n o v i a l F l u i d 

samples were d i g e s t e d e n z y m a t i c a l l y . H y a l u r o n i d a s e d i g e s t i o n 

caused a s i g n i F i c a n t i n c r e a s e i n F r i c t i o n F a c t o r over t h e 

c o n t r o l samples whereas t r y p t i c d i g e s t i o n had no c o n s i s t e n t 

e f f e c t . 

No c o r r e l a t i o n between compliance oF t h e c a r t i l a g e and 

F r i c t i o n a l v a l u e s was observed. 

E x p e r i m e n t a l p r o s t h e s e s w i t h a c o m p l i a n t l i n i n g i n t h e 

a c e t a b u l a r component were manufactured From a s i l i c o n e 

e l a s t o m e r . The l a y e r s v a r i e d From 0.5 t o 3 mm t h i c k , and 

two d i F F e r e n t c l e a r a n c e s were t e s t e d . The p r o s t h e s e s were 

t e s t e d w i t h SCMC and s i l i c o n e F l u i d s . The F r i c t i o n 

F a c t o r s o b t a i n e d a t low l o a d s were h i g h e r t h a n For a 

Charnley p r o s t h e s i s . 

The s w e l l i n g e f f e c t o f t h e s i l i c o n e f l u i d s on t h e e l a s t o m e r i c 

l i n i n g s was i n v e s t i g a t e d a l o n g w i t h t h e e f f e c t i v e e l a s t i c 

modulus o f t h e arrangements. 



ACKNOWLEDGEMENT 

I s h o u l d l i k e t o thank my s u p e r v i s o r , Dr A Unsworth, 

f o r a l l h i s h e l p and encouragement d u r i n g t h e p a s t 

Four y e a r s . My t h a n k s a l s o go t o P r o f G R H i g g i n s o n 

For h i s a d v i c e and h e l p F u l d i s c u s s i o n s . 

The a s s i s t a n c e oF t h e t e c h n i c i a n s i n t h e Department 

oF E n g i n e e r i n g , p a r t i c u l a r l y Mr R Mand, was i n v a l u a b l e . 

Dr N Mian oF t h e G l y c o p r o t e i n U n i t gave a d v i c e and h e l p 

w i t h t h e b i o c h e m i c a l work. Mr T Cross and Mr B B P o r t e r 

s u p p l i e d specimens and Mr P P i a t t and Dr S J e f f r e y 

c o n t r i b u t e d u s e f u l s u g g e s t i o n s . To a l l t h e above -

thank you. 

F i n a n c i a l s u p p o r t was r e c e i v e d From b o t h t h e A r t h r i t i s 

Research C o u n c i l and t h e Science and E n g i n e e r i n g 

Research C o u n c i l w i t h o u t whom t h i s work would n o t have 

been p o s s i b l e . 

F i n a l l y , I ' d l i k e t o thank G i l l For t h e r a p i d t y p i n g 

s e r v i c e , a l l my o t h e r F r i e n d s and my p a r e n t s For t h e i r 

l o v i n g s u p p o r t and encouragement. A b i g hug t o you a l l ! 



1 

CONTENTS 
N o t a t i o n ^ 
Chapter 1 I n t r o d u c t i o n 8 

Chapter 2 J o i n t m a t e r i a l s : A r t i c u l a r c a r t i l a g e and 
s y n o v i a l F l u i d . 12 

2. 1 A r t i c u l a r c a r t i l a g e ^2 

2.1.1 S t r u c t u r e o f a r t i c u l a r c a r t i l a g e ^3 

2.1.2 Surface c o n t o u r s oF a r t i c u l a r c a r t i l a g e ^ 

2.1.3 P e r m e a b i l i t y o f a r t i c u l a r c a r t i l a g e ^ 

2.1.4 Mechanical p r o p e r t i e s oF a r t i c u l a r c a r t i l a g e 1^ 

2. 1.5 C o n t a c t areas i n t h e h i p j o i n t 21 

2.1.6 T h e o r e t i c a l models oF a r t i c u l a r c a r t i l a g e 22 

2.2 S y n o v i a l F l u i d 23 

2.2.1 Comppsition oF s y n o v i a l F l u i d 24 

2.2.2 V i s c o s i t y oF s y n o v i a l F l u i d 25 

Chapter 3 L i t e r a t u r e r e v i e w oF j o i n t l u b r i c a t i o n . 35 

Chapter 4 The h i p F u n c t i o n s i m u l a t o r : d e s c r i p t i o n and use. 
59 

4. 1 The w a l k i n g c y c l e 59 

4.2 D e s c r i p t i o n oF t h e s i m u l a t o r 61 

4.2.1 Load a p p l i c a t i o n 62 

4.2.2 O s c i l l a t i o n 62 

4.2.3 F r i c t i o n measuring c a r r i a g e 63 

4.3 I n s t r u m e n t a t i o n and measurement 65 

4.3.1 Measurement oF l o a d 65 

4.3.2 Measurement oF F r i c t i o n 55 

4.3.3 Measurement oF d i s p l a c e m e n t 66 

4.3.4 Measurement oF Frequency oF o s c i l l a t i o n 67 

4.3.5 Measurement oF a m p l i t u d e oF o s c i l l a t i o n 67 



2 

4.4 ! C a l i b r a t i o n o f s i m u l a t o r 67 

4.4.1 Load 67 

4.4.2 F r i c t i o n 68 

4.5 Mounting and c e n t r i n g j o i n t s 68 

4.5.1 S e t t i n g - u p j i g 68 

4.5.2 Method o f c e n t r i n g a n a t u r a l j o i n t 69 

4.5.3 Method o f c e n t r i n g an a r t i f i c i a l j o i n t 70 

4.6 Method o f a l i g n i n g t h e mounted j o i n t i n t h e 
s i m u l a t o r 70 

Chapter 5 M a t e r i a l s and methods. 87 

5. 1 J o i n t s 87 

5.2 Manufacture o f c o m p l i a n t l i n i n g s f o r a c e t a b u l a r 
cups 88 

5.3 Compliance and modulus t e s t i n g 90 

5.3.1 C a r t i l a g e compression t e s t i n g 91 

5.3.2 E l a s t i c modulus o f e l a s t o m e r 92 
5.3.3 E f f e c t i v e modulus o f c o m p l i a n t l a y e r s 92 

5.4 S u r f a c e measurement o f p r o s t h e t i c components 93 

5.5 L u b r i c a n t s 94 

5.6 B i o c h e m i c a l a n a l y s e s and e s t i m a t i o n s 95 

5.7 H y a l u r o n i d a s e d i g e s t i o n o f s y n o v i a l f l u i d 96 

5.7.1 Chemical e s t i m a t i o n o f u r o n i c a c i d r e s i d u e s 97 
5.7.2 Chemical e s t i m a t i o n o f N-acety1glucosamine 98 

r e s i dues 
5.8 E v a l u a t i o n o f optimum c o n d i t i o n s f o r enzymatic 

d i g e s t i o n o f s y n o v i a l f l u i d by h y a l u r o n i d a s e 99 

5.8.1 Time of d i g e s t i o n 99 

5.8.2 I n c u b a t i o n t e m p e r a t u r e 100 

5.8.3 E f f e c t of pH 100 

5.8.4 Optimum c o n d i t i o n s f o r h y a l u r o n i d a s e d i g e s t i o n 101 



3 

5.9 T r y p s i n d i g e s t i o n o f s y n o v i a l f l u i d 102 

5.10 E s t i m a t i o n o f t h e a n t i - t r y p s i n a c t i v i t y o f 
s y n o v i a l f l u i d 102 

5.10.1 Sta n d a r d i n h i b i t o r t e s t 103 

5.10.2 S y n o v i a l f l u i d i n h i b i t o r t e s t 104 

5.10.3 V a r y i n g t r y p s i n c o n c e n t r a t i o n 104 

5.10.4 F i n a l t e s t 104 

5.10.5 Optimum c o n d i t i o n s f o r t r y p s i n d i g e s t i o n 105 

5.11 V i s c o s i t y measurement 105 

5.12 T e s t method f o r a s e r i e s o f l u b r i c a n t s i n one j o i n t 
106 

Chapter S R e s u l t s - P r e l i m i n a r y t e s t s and n a t u r a l j o i n t s . 126 

6.1 P r e l i m i n a r y t e s t s w i t h Charnley metal on UHMWPE 
p r o s t h e s i s 128 

6.2 L u b r i c a t i o n t e s t s w i t h human h i p j o i n t s 130 

Chapter 7 R e s u l t s - A r t i f i c i a l j o i n t s w i t h c o m p l i a n t l i n i n g s . 
179 

7.1 A b s o r p t i o n t e s t s 179 

7.2 R e p r o d u c i b i l i t y o f e l a s t o m e r between mixes 
180 

7.3 E f f e c t i v e e l a s t i c modulus o f a c e t a b u l a w i t h 
c o m p l i a n t l i n i n g s 181 

7.4 A n a l y s i s o f f r i c t i o n r e s u l t s w i t h c o m p l i a n t 
l a y e r s 184 

7.5 F r i c t i o n t e s t s on p r o s t h e s e s l u b r i c a t e d w i t h SCMC 184 

7.5.1 Comparison o f f r i c t i o n f a c t o r f o r d i f f e r e n t 
t h i c k n e s s e s o f l i n i n g 187 

7.5.2 Compliant l a y e r s w i t h i n c r e a s e d c l e a r a n c e 188 

7.6 Compliant l a y e r s l u b r i c a t e d w i t h s i l i c o n e f l u i d s 189 

7.6.1 E f f e c t i v e e l a s t i c modulus a f t e r s o a k i n g i n 
s i l i c o n e f l u i d s 189 

7.6.2 Comparison o f f r i c t i o n f a c t o r f o r d i f f e r e n t 
t h i c k n e s s e s o f l i n i n g 191 



4 

7.7 R e s u l t s For 2 mm l a y e r soaked i n s i l i c o n e 
F l u i d b u t l u b r i c a t e d w i t h SCMC 191 

7.8 I n v e s t i g a t i o n oF s w e l l i n g e f f e c t s on c l e a r a n c e 
i n the p r o s t h e s e s 192 

Chapter 8 D i s c u s s i o n . 246 

8.1 The h i p - f u n c t i o n s i m u l a t o r 245 

8.2 S e l e c t i o n o f a n a l y s i s p o i n t s t h r o u g h t h e c y c l e 
247 

8.3 P r e l i m i n a r y t e s t s w i t h Charnley p r o s t h e s i s 248 

8.4 N a t u r a l h i p j o i n t s 251 

8.5 N a t u r a l h i p j o i n t s l u b r i c a t e d w i t h s i l i c o n e f l u i d s 
252 

8.6 N a t u r a l h i p j o i n t s l u b r i c a t e d w i t h SCMC 253 
8.7 N a t u r a l h i p j o i n t l u b r i c a t e d w i t h s y n o v i a l 

f l u i d and h y a l u r o n i c a c i d 256 
8.8 S y n o v i a l f l u i d t r e a t e d w i t h enzymes 257 

8.9 E f f e c t o f h y a l u r o n i d a s e d i g e s t i o n o f s y n o v i a l 
f l u i d on f r i c t i o n f a c t o r 258 

8.10 E f f e c t o f t r y p s i n d i g e s t i o n o f s y n o v i a l f l u i d 
on f r i c t i o n f a c t o r 259 

8.11 E f f e c t o f compliance o f c a r t i l a g e on f r i c t i o n 
f a c t o r 260 

8.12 Suggested l u b r i c a t i o n mechanism t h r o u g h 
w a l k i n g c y c l e 261 

8. 13 Choice of c o m p l i a n t l a y e r s 264 

8. 14 E l a s t i c modulus o f c o m p l i a n t l a y e r s 266 

8. 15 F r i c t i o n t e s t s w i t h c o m p l i a n t l a y e r s 268 

8.16 C ompliant l i n i n g s l u b r i c a t e d w i t h SCMC 269 

8.17 C o m p l i a n t l i n i n g s l u b r i c a t e d w i t h s i l i c o n e f l u i d s 
272 

8. 18 Comparison o f r e s u l t s from SCMC and s i l i c o n e f l u i d s 
274 

8.19 Comparison o f r e s u l t s w i t h t h e o r e t i c a l model 
f o r breakdown of f l u i d f i l m l u b r i c a t i o n 276 



8.20 Squeeze F i l m s 277 

8.21 Dependence oF F r i c t i o n F a c t o r on p o s i t i o n 
i n t h e c y c l e 279 

Chapter 9 C o n c l u s i o n s . 294 

Appendix 1 R e s u l t s For h i p j o i n t H10 t e s t e d w i t h s y n o v i a l 
F l u i d and u r a t e c r y s t a l s 298 

Appendix 2 E f f e c t oF F i n i t e t h i c k n e s s oF e l a s t o m e r sample 
on e l a s t i c modulus measured by an i n d e n t a t i o n 
method 300 

Appendix 3 Data c o l l e c t i o n and p r o c e s s i n g For a r t i F i c i a l 
j o i n t s 303 

References 305 



6 

NOTATION 

a r a d i u s o f i n d e n t a t i o n 

â _ r a d i u s o f i n d e n t a t i o n For s l a b oF t h i c k n e s s t 

a^. r a d i u s o f i n d e n t a t i o n f o r s l a b o f i n f i n i t e t h i c k n e ; 

^530 absorbance a t a wavelength o f 530nm 

A__._ absorbance a t a wavelength o f 585nm 585 
AA/min r a t e o f change o f absorbance per minute 

BAEE o c - N - b e n z o y l - l - a r g i n i n e e t h y l e s t e r HC1 

CaCl^ c a l c i u m c h l o r i d e 

d decrease i n c a r t i l a g e t h i c k n e s s C - h] 

d depth of i n d e n t a t i o n on s l a b o f t h i c k n e s s t 

d ^ depth of i n d e n t a t i o n on s l a b o f i n f i n i t e t h i c k n e s s 

DMAB 4-dimethylaminobenzaldehyde 

e e c c e n t r i c i t y 

e h l e l a s t o h y d r o d y n a m i c l u b r i c a t i o n 

E e l a s t i c modulus [Young's modulus] 
E' e f f e c t i v e e l a s t i c modulus 

E e l a s t i c modulus measured on s l a b o f t h i c k n e s s t 

Eoo e l a s t i c modulus c a l c u l a t e d f o r s l a b o f i n f i n i t e 
t h i ckness 

F normal l o a d 

h c a r t i l a g e t h i c k n e s s a f t e r t i m e t 

h^ i n i t i a l c a r t i l a g e t h i c k n e s s 

HC1 h y d r o c h l o r i c a c i d 

J component o f f o r c e a c t i n g on a h i p j o i n t i n a 
^ v e r t i c a l d i r e c t i o n 

K h y d r a u l i c p e r m e a b i l i t y 

L l o a d 
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N 

NAG 

NF 

P 

PEO 

r 

Pi 

Ra 

rms 
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T 

TB 
T J 
u 

u 
o 
UHMWPE 

ZN/P 

£ 

n 

VT_u/L 

3 
M 
v 
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normal s o l u t i o n [ a l s o Newtons] 
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u l t r a h i g h m o l e c u l a r w e i g h t p o l y t h e n e 
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l o g a r i t h m i c s t r a i n 

v i s c o s i t y 
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F r i c t i o n F a c t o r 

Poisson's r a t i o 

s t r e s s 
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CHAPTER ONE 

INTRODUCTION 

The l u b r i c a t i o n o f human and o t h e r animal j o i n t s has 

i n t e r e s t e d e n g i n e e r s f o r n e a r l y a c e n t u r y . Human b e a r i n g s 

a l t h o u g h very r e s i l i e n t and l o n g - l a s t i n g by e n g i n e e r i n g 

s t a n d a r d s , do f a i l i n use and can g i v e r i s e t o a g r e a t 

d e a l o f p a i n and d i s a b i l i t y . Over 90% o f the B r i t i s h 

p o p u l a t i o n can expect t o have s i g n s o f j o i n t d isease 

d u r i n g t h e i r l i f e t i m e . 

T h i s p a t h o l o g y may be caused by p h y s i c a l i n j u r y , i n f e c t i o n 

v i r a l o r o t h e r unknown causes. A common f a c t o r i n a l l 

s e r i o u s a r t h r i t i c c o n d i t i o n s i s t h e d e s t r u c t i o n o f t h e 

a r t i c u l a r c a r t i l a g e - the b e a r i n g s u r f a c e m a t e r i a l i n 

a j o i n t . I t i s n o t known whether i t i s t h e F a i l u r e o f 

the l u b r i c a t i o n which i n i t i a t e s t h e wear pro c e s s , o r 

whether t h e poor l u b r i c a t i o n i s a r e s u l t oF t h e wear and 

d e g e n e r a t i o n o c c u r r i n g i n t h e j o i n t . However, s y n o v i a l 

F l u i d , t h e j o i n t l u b r i c a n t , i s g e n e r a l l y a f f e c t e d by t h e 

dis e a s e . I t i s t h e r e f o r e o f i n t e r e s t t o c h a r a c t e r i s e 

t h e l u b r i c a t i o n mechanisms i n a j o i n t s i n c e t h i s may 

h e l p t o p r e v e n t o r a t l e a s t a l l e v i a t e some a s p e c t s of 

j o i n t disease. 

When t h e disease i s w e l l advanced, t h e j o i n t w i l l n ot 

f u n c t i o n a t a l l and t h e b i o e n g i n e e r has t o produce 

replacement j o i n t s From e n g i n e e r i n g m a t e r i a l s . T h i s 

r a i s e s a n o t h e r s e r i e s oF problems i n d e s i g n i n g a j o i n t 
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w i t h low f r i c t i o n which w i l l have a l i f e o f many y e a r s 

w i t h o u t r e q u i r i n g maintenance. Some of t h e problems 

e n c o u n t e r e d are r e l a t e d t o f i x a t i o n and bone r e s o r p t i o n . 

The f r i c t i o n i n a j o i n t i s i n t i m a t e l y connected w i t h 

t h e problem o f f i x a t i o n s i n c e t h e f r i c t i o n a l t o r q u e 

t r a n s m i t t e d t h r o u g h t h e j o i n t may c o n t r i b u t e t o the l o o s e n ­

i n g mechanism. 

The work r e p o r t e d here examined two areas of the l u b r i ­

c a t i o n problem; one r e l a t i n g t o n a t u r a l j o i n t s and t h e 

o t h e r t o p r o s t h e s e s . The h i p j o i n t was chosen f o r t h i s 

s t u d y because i t i s g e o m e t r i c a l l y s i m p l e , b e i n g a b a l l 

and s o c k e t j o i n t , and i t i s o f t e n i n v o l v e d i n severe 

j o i n t d e g e n e r a t i o n . Hip a r t h r o p l a s t y [ r e p l a c e m e n t of t h e 

h i p j o i n t by a p r o s t h e s i s ] i s a w e l l e s t a b l i s h e d c l i n i c a l 

p r o c e d u r e . A l t h o u g h t h e replacement j o i n t s are o f t e n 

very s u c c e s s f u l i n t h e s h o r t t e r m , t h e r e are s t i l l 

d e t a i l s o f d e s i g n which need t o be s t u d i e d i n o r d e r t o 

i n c r e a s e t h e e x p e c t e d l i f e t i m e o f h i p p r o s t h e s e s . 

The i n v e s t i g a t i o n o f l u b r i c a t i o n mechanisms i n a n a t u r a l 

j o i n t must be p e r f o r m e d i n v i t r o and t h i s l e a d s t o 

problems i n t r y i n g t o reproduce t h e p h y s i o l o g i c a l con­

d i t i o n s i n t h e l a b o r a t o r y . The h i p f u n c t i o n s i m u l a t o r 

used i n t h i s work a t t e m p t s t o c h a r a c t e r i s e t h e c o n d i t i o n s 

of l o a d i n g and m o t i o n of a h i p j o i n t which may be i m p o r t a n t 

t o the l u b r i c a t i o n mechanism. I t s u b j e c t s t h e specimen 

j o i n t t o a c y c l e of l o a d i n g and o s c i l l a t i o n which c o n t a i n s 

t h e main f e a t u r e s of t h e w a l k i n g c y c l e . No a t t e m p t was 
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made t o reproduce t he c o n d i t i o n s of" t e m p e r a t u r e and 

h u m i d i t y Found i n a j o i n t . 

The e f f e c t on F r i c t i o n oF t h e c o n s t i t u e n t s oF t h e s y n o v i a l 

F l u i d has been i n v e s t i g a t e d . P r e v i o u s workers had 

p r e s e n t e d c o n f 1 i c t i n g evidence on t h e r o l e s oF the 

h y a l u r o n i c a c i d and t h e p r o t e i n components oF the s y n o v i a l 

F l u i d i n l u b r i c a t i o n t e s t s . Swann e t a l [ 1 9 7 4 ] had shown 

t h a t t h e p r o t e i n component oF s y n o v i a l F l u i d was s o l e l y 

r e s p o n s i b l e For e f f e c t i v e l u b r i c a t i o n . An opposing view 

was p r e s e n t e d by O'Kelly e t a l [ 1 9 7 8 ] . T h e i r t e s t s 

i n d i c a t e d t h a t t h e h y a l u r o n i c a c i d p l a y e d an i m p o r t a n t 

r o l e i n j o i n t l u b r i c a t i o n . F u r t h e r d e t a i l s o f t h e i r 

work are d e s c r i b e d i n Chapter 3. I n t h e p r e s e n t work, 

s y n t h e t i c l u b r i c a n t s were t e s t e d i n human j o i n t s on t h e 

s i m u l a t o r t o examine t h e e f f e c t o f v a r y i n g t h e v i s c o s i t y . 

S y n o v i a l F l u i d was d i g e s t e d w i t h t h e enzymes h y a l u r o n i d a s e 

and t r y p s i n and l u b r i c a t i o n t e s t s w i t h t h e r e s u l t i n g 

F l u i d s were compared w i t h those u s i n g u n d i g e s t e d c o n t r o l 

samples. 

I n a human j o i n t t h e a r t i c u l a t i n g s u r f a c e s a r e covered 

by a v i s c o - e l a s t i c l a y e r o f c a r t i l a g e . D e f o r m a t i o n o f 

these c o m p l i a n t l a y e r s may h e l p t o m a i n t a i n a f u l l f i l m 

o f l u b r i c a n t between them, t h u s r e d u c i n g F r i c t i o n . P a r t 

oF t h i s work was t o i n v e s t i g a t e t h e use oF c o m p l i a n t 

l a y e r s i n a r t i F i c i a l h i p j o i n t s . A commercial Femoral 

head was used w i t h a c e t a b u l a l i n e d w i t h d i f f e r e n t t h i c k ­

nesses of s i l i c o n e r ubber. I t was hoped t h a t t h i s 
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would l e a d t o a g r e a t e r u n d e r s t a n d i n g oF t h e n a t u r a l 

l u b r i c a t i o n mechanisms, t o g e t h e r w i t h p r o v i d i n g i d e a s For 

i m p r o v i n g p r o s t h e s i s d e s i g n . The model used was n o t 

i n t e n d e d For medical use, merely a c o n v e n i e n t way t o 

examine t h e r e l e v a n t m a t e r i a l p r o p e r t i e s . 

The o b j e c t s t h e n oF t h i s work were t o s t u d y t h e F u n c t i o n i n g 

oF human j o i n t s , p a r t i c u l a r l y i n terms oF l u b r i c a t i o n , 

and r e l a t e t h i s t o s i m i l a r s t u d i e s oF a r t i F i c i a l j o i n t s 

w i t h s i m i l a r mechanical p r o p e r t i e s . 
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CHAPTER TWO 

JOINT MATERIALS: ARTICULAR CARTILAGE AND SYNOVIAL FLUID 

The human h i p j o i n t i s a b a l l and s o c k e t j o i n t . The ends 

of t h e bone are covered w i t h a r t i c u l a r c a r t i l a g e and t h e 

whole i s e n c l o s e d by t h e s y n o v i a l membrane, w i t h i n 

which t h e s y n o v i a l F l u i d i s r e t a i n e d . I n c o n s i d e r i n g 

l u b r i c a t i o n o f any j o i n t , i t i s the n a t u r e oF t h e two 

o pposing s u r f a c e s , t h e l u b r i c a n t and t h e l o a d i n g which 

are oF i m p ortance. T h i s c h a p t e r d e a l s w i t h t h e F i r s t 

two oF these by l o o k i n g F i r s t a t some oF the r e l e v a n t 

p r o p e r t i e s oF a r t i c u l a r c a r t i l a g e and t h e n a t t h e b e h a v i o u r 

o f s y n o v i a l f l u i d . L u b r i c a t i o n mechanisms are d i s c u s s e d 

i n t h e f o l l o w i n g c h a p t e r and t h e l o a d c y c l e i n Chapter 4. 

2. 1 A r t i c u l a r c a r t i l a g e 

C a r t i l a g e i s a common c o n n e c t i v e t i s s u e i n t h e body. 

A r t i c u l a r c a r t i l a g e , as i t s name suggests, l i n e s t h e 

a r t i c u l a t i n g s u r f a c e s o f s y n o v i a l j o i n t s . I t s purpose 

i s t o a c t as a s t r e s s d i s t r i b u t o r and t o m i n i m i z e F r i c t i o n 

i n a j o i n t by p r o v i d i n g a 'smooth' s u r f a c e f o r l u b r i c a t i o n . 

Much work has been p u b l i s h e d on a r t i c u l a r c a r t i l a g e and 

e x t e n s i v e d e t a i l s can be f o u nd i n r e v i e w a r t i c l e s and 

books [ W r i g h t e t a l , 1973, Freeman., 1979] . T h i s s e c t i o n 

i s t h e r e f o r e i n t e n d e d o n l y t o g i v e a b r i e f o u t l i n e oF 

p r e s e n t l y accepted t h e o r i e s oF the s t r u c t u r e oF a r t i c u l a r 

c a r t i l a g e and t o examine those mechanical p r o p e r t i e s 

r e l e v a n t t o the work r e p o r t e d i n t h i s t h e s i s . 
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2.1.1 S t r u c t u r e oF A r t i c u l a r C a r t i l a g e 

A r t i c u l a r c a r t i l a g e c o n s i s t s of c e l l s d i s t r i b u t e d t h r o u g h ­

o u t a t h r e e - d i m e n s i o n a l network of c o l l a g e n F i b r i l s 

embedded i n a ground substance CEdwards, 1967]. The 

p r o p o r t i o n s oF each oF these t h r e e substances v a r i e s 

w i t h depth From t h e a r t i c u l a r s u r f a c e . 

The c e l l s , o r c h o n d r o c y t e s , r e p r e s e n t 1 - 10 % of t h e 

volume oF t h e c a r t i l a g e [Hamerman and Schubert, 1962]. 

They manufacture t h e ground substance i n t r a c e l l u l a r l y . 

T h i s ground substance i s t h e F i l l e r around t h e m a t r i x oF 

f i b r e s and i s r i c h i n mucopolysaccharides, c h o n d r o i t i n 

s u l p h a t e and k e r a t a n s u l p h a t e . I t has a very slow 

t u r n o v e r r a t e compared t o o t h e r human t i s s u e s . The c o l l a g e n 

f i b r i l s are c r o s s l i n k e d i n t o a network which, e x c e p t 

d u r i n g growth and r e p a i r , i s metabol i c a l 1 y i n e r t i n a d u l t 

c a r t i l a g e [ L i b b y e t a l , 1964]. I t has been shown t h a t 

t h e r e i s c o n s i d e r a b l e v a r i a t i o n i n t h e c o m p o s i t i o n o f 

t h e c a r t i l a g e between d i f f e r e n t j o i n t s , and between d i f ­

f e r e n t s i t e s and depths on t h e same j o i n t [ M u i r e t a l , 

1970, Kempson, 1979]. 

The f i b r e s have been i n v e s t i g a t e d w i t h scanning e l e c t r o n 

microscopy [Minns and Stevens, 1976] and shown t o i n c r e a s e 

i n w i d t h from about 0.03 j^m i n t h e s u r f a c e l a y e r t o 

0.1 - 1.0 /Am i n t h e deeper l a y e r s . 
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The change i n t h e s t r u c t u r e of a r t i c u l a r c a r t i l a g e w i t h 

depth can b e s t be summarized by a model oF Four zones, 

u s e d o r i g i n a l l y by C o l l i n s [ 1 9 4 9 } and l a t e r by M c C a l l 

[ 1369): 

Zone 1 S u p e r F i c i a l - a d j a c e n t to t h e j o i n t c a v i t y . 

The F i b r e s a r e t a n g e n t i a l t o 

the s u r f a c e , t h e c e l l s a r e 

d i s c o i d a l w i t h t h e i r l o n g a x i s 

p a r a l l e l to t h e s u r f a c e . 

Zone 2 I n t e r m e d i a t e - where t h e c o i l e d F i b r e s Form 

an i n t e r l a c i n g network. The 

c e l l s a r e s p h e r o i d a l and 

e q u a l l y s p a c e d . 

Zone 3 Deep - where the F i b r e s Form a t i g h t e r 

meshwork and a r e g e n e r a l l y r a d i a l 

t o t h e a r t i c u l a r s u r f a c e . 

S p h e r o i d a l c e l l s a r e a r r a n g e d 

i n columnar groups oF Four t o 

e i g h t c e l l s . 

Zone 4 C a l c i F i e d - a d j a c e n t t o the s u b c h o n d r a l 

bone. There a r e Few c e l l s and 

the m a t r i x i s h e a v i l y i m p r e g n a t e d 

w i t h c r y s t a l s oF c a l c i u m s a l t s . 

The p r o p o r t i o n oF e a c h zone v a r i e s between j o i n t s but 

t y p i c a l l y z o n e s 1 and 4 e a c h occupy 5 - 10 % and z o n e s 

2 and 3 each 40 - 45 % oF the t o t a l t h i c k n e s s [ F i g u r e 2 . 1 ] . 
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2.1.2 S u r f a c e c o n t o u r s of a r t i c u l a r c a r t i l a g e 

The smoothness o r o t h e r w i s e of the c a r t i l a g e s u r f a c e 

i s v e r y r e l e v a n t to t h e d i s c u s s i o n of p o s s i b l e mechanisms 

F o r j o i n t l u b r i c a t i o n . T h i s a s p e c t i s d i s c u s s e d f u r t h e r i n 

C h a p t e r 3. 

The s u r f a c e of h e a l t h y c a r t i l a g e h a s been s t u d i e d by 

s c a n n i n g e l e c t r o n m i c r o s c o p y and r e p l i c a t i o n t e c h n i q u e s . 

Walker e t a l [1969a] s u g g e s t e d t h a t the s u r f a c e was 

g e n t l y u n d u l a t i n g w i t h a peak t o v a l l e y h e i g h t oF 2 . 5 yu. m 

and a p i t c h oF 25/jim. C l a r k e [ 1 9 7 1 ] d i s p u t e d t h i s c l a i m 

by o b t a i n i n g e v i d e n c e t h a t t h e r i d g e s o c c u r r e d n e a r 

F r a c t u r e d edges oF t h e s p e c i m e n s and were p r o b a b l y 

a r t e f a c t s due t o t h e p r e p a r a t i o n t e c h n i q u e . He showed 

t h a t t h e s u r f a c e had bowl shaped d e p r e s s i o n s of depth 

1 - 6 /Jim and d i a m e t e r 15 - 30 pm, He wondered whether 

the d e p r e s s i o n s were p r e s e n t i n l i v i n g a r t i c u l a r c a r t i ­

l a g e o r whether they were c a u s e d by the a r t e f a c t u a l 

c o l l a p s e of o v e r l y i n g t i s s u e i n t o the m a t r i x l a c u n a e 

d u r i n g specimen p r e p a r a t i o n . 

O b v i o u s l y the i d e a l s i t u a t i o n would be to s t u d y t h e 

s u r f a c e r o u g h n e s s of c a r t i l a g e i n s i t u , but a s t h i s i s 

not p r a c t i c a b l e , o t h e r methods have been used. The main 

problems can be summarised a s f o l l o w s [Swanson, 1979]: 

1 Measurements under no l o a d t e n d t o g i v e h i g h 

v a l u e s f o r r o u ghness, s i n c e s u r f a c e a s p e r i t i e s 
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a r e r e d u c e d by l o a d i n g . 

2 Measurements on post-mortem m a t e r i a l may i n v o l v e 

e r r o r s due t o the death and c o l l a p s e of c e l l s n e a r 

the s u r f a c e . 

3 Measurements w i t h an e l e c t r o n m i c r o s c o p e have used 

d e h y d r a t e d s p e c i m e n s . 

4 Measurements on c a s t r e p l i c a s may be s u b j e c t to 

e r r o r s c a u s e d by t h e e f f e c t of w a t e r on t h e c u r i n g 

of t h e r e s i n . 

G a r d n e r [ 1 9 7 2 ] c l a s s i f i e d t h e s u r f a c e c o n t o u r s i n t o t h r e e 

groups a c c o r d i n g t o t he s i z e of t h e v a r i a t i o n : 

P r i m a r y : t h e a n a t o m i c a l shape of t he j o i n t s u r f a c e . 

Secondary: a s e r i e s of u n d u l a t i o n s of about 0.4 -- 0.5 mm 

wa v e l e n g t h . 

T e r t i a r y : a s e r i e s of u n d u l a t i o n s of about 2D - 3 0 ^ m 

d i a m e t e r and 1.2 - 2 . 6 ^ 1 7 1 i n h e i g h t . 

S a y l e s and Thomas [ 1 9 7 9 ] r e j e c t e d t h e p r e v i o u s s t u d i e s 

of c a r t i l a g e s u r f a c e on t he grounds of e r r o r s c a u s e d by 

t h e p r e p a r a t i o n t e c h n i q u e s , and showed t h a t d i r e c t 

s u r f a c e measurement w i t h a T a l y s u r f s t y l u s was p r a c t i c a b l e . 

They produced computer g e n e r a t e d ' c o n t o u r maps' of 
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c a r t i l a g e s u r f a c e s and Found no p e r i o d i c i t y i n t h e i r 

measurements. The s u r f a c e p r o f i l e of f e m o r a l head 

c a r t i l a g e was examined d i r e c t l y w i t h a T a l y s u r F [Thomas 

e t a l , 1980]. T h e i r measured rms r o u g h n e s s was between 

3 - 6/urn. From t h i s t hey c a l c u l a t e d a r e a l a r e a of 

c o n t a c t i n t h e h i p - assuming a l l t h e l o a d t o be c a r r i e d 

2 

by c o n t a c t i n g a s p e r i t i e s - of 127 mm a t h e e l s t r i k e . 

The p r e s s u r e a t t h i s p o i n t was 9.8 MPa and t h e mean 

d i s t a n c e between t h e c a r t i l a g e s u r f a c e s , 60yum. 

2.1.3 P e r m e a b i l i t y of a r t i c u l a r c a r t i l a g e 

C a r t i l a g e c o n s i s t s of s o l i d c o n s t i t u e n t s w i t h f l u i d 

i n t i m a t e l y d i s p e r s e d w i t h i n i t . I t can t h e r e f o r e be 

c o n s i d e r e d a s a po r o u s network t o which the Oarcy 

e q u a t i o n may be a p p l i e d : 

Q = K Ap 

where Q = volume f l o w r a t e p e r u n i t c r o s s 

s e c t i o n a l a r e a of c a r t i l a g e . 

Ap = p r e s s u r e drop p e r u n i t t h i c k n e s s . 

K = h y d r a u l i c p e r m e a b i l i t y . 

— 16 3 

The p e r m e a b i l i t y v a r i e s from about 1 - 2 . 5 x 1 0 m s k 

i n t h e deep zone t o 3 - 9 x 10 ^ m"̂  s kg ^ n e a r t h e 
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a r t i c u l a r s u r f a c e [Maroudas, 19 7 9 ] . The normal and 
t a n g e n t i a l p e r m e a b i l i t i e s seem t o be s i m i l a r to e a ch 
o t h e r . U s i n g a t y p i c a l V a l u e f o r p e r m e a b i l i t y , Maroudas 
showed t h a t the d e f o r m a t i o n due t o f l u i d f l o w out of t h e 
c a r t i l a g e must be n e g l i g i b l e o v e r the time of l o a d i n g 
i n v o l v e d i n a w a l k i n g c y c l e . T h i s i s a v e r y i m p o r t a n t 
r e s u l t , s i n c e McCutchen's t h e o r y of 'weeping' l u b r i c a t i o n 
[ s e e C h a p t e r 3] depends on s u c h a f l u i d f l o w e x i s t i n g . 

E a r l i e r work by Maroudas e t a l [ 1 9 6 8 ] on dye p e n e t r a t i o n 

i n t o c a r t i l a g e under d i f f e r e n t c o n d i t i o n s d e t e c t e d no 

d i f f e r e n c e i n d i f f u s i o n r a t e s between i n v i v o and i n v i t r o 

t e s t s . I n t e r e s t i n g l y , a c y c l i c l o a d i n g of the c a r t i l a g e 

a l s o had l i t t l e e f f e c t on t h e r a t e of d i f f u s i o n of t h e 

dye. 

2.1.4 M e c h a n i c a l p r o p e r t i e s o f a r t i c u l a r c a r t i l a g e 

Any t e s t used t o examine the m e c h a n i c a l p r o p e r t i e s of 

c a r t i l a g e i s n e c e s s a r i l y i n v i t r o , but even w i t h t h i s 

l i m i t a t i o n i t i s p o s s i b l e to do some t e s t s which a r e more 

l i k e l y to r e p r e s e n t t h e p h y s i o l o g i c a l s i t u a t i o n t h a n 

o t h e r s . T e n s i l e t e s t s - d e t a i l s of which may be found 

i n Freeman [ 1 9 7 9 ) - may be r e l e v a n t t o t h e breakdown of 
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c a r t i l a g e , but do not l e a d t o modulus v a l u e s which can 
be r e l a t e d to the l u b r i c a t i o n t e s t s c o n d u c t e d i n t h i s 
t h e s i s . 

Many oF the c o m p r e s s i v e t e s t s on c a r t i l a g e have u s e d an 

i n d e n t o r and shown t h e change of i n d e n t a t i o n w i t h time 

of a p p l i c a t i o n of a l o a d , and i t s s u b s e q u e n t r e c o v e r y . 

T y p i c a l r e s u l t s a r e shown i n F i g 2.2 [Kempson e t a l , 1971]. 

T h e s e show an i n s t a n t a n e o u s d e f o r m a t i o n f o l l o w e d by a 

s l o w e r c r e e p . On removal of t h e l o a d , the c a r t i l a g e 

r e c o v e r s o v e r a s i m i l a r p e r i o d of time a s t h e a p p l i c a t i o n 

of l o a d , and t h e r e a p p e a r s to be no r e s i d u a l d e f o r m a t i o n . 

Johnson e t a l [ 1 9 7 5 ] found t h a t i n u n c o n f i n e d c o m p r e s s i o n 

t h e e l a s t i c modulus of t h e c a r t i l a g e v a r i e d w i t h c r e e p 

s t r a i n . They a p p l i e d a s t a t i c p r e l o a d to the sample and t h e n 

s u p e r i m p o s e d a s i n u s o i d a l l y v a r y i n g l o a d a t a f r e q u e n c y 

of 1 Hz. The e l a s t i c modulus was d e f i n e d a s t h e s i n u s o i d a l 

s t r e s s a m p l i t u d e d i v i d e d by t h e s i n u s o i d a l s t r a i n amp­

l i t u d e . T h i s modulus i n c r e a s e d from 12 MPa t o 45 MPa 

a t 0.6 c r e e p s t r a i n . 

C a r t i l a g e i n a j o i n t i s not u n c o n f i n e d . I t e x i s t s i n 

a t h i n l a y e r c o v e r i n g the bone ends and any p a r t of i t 
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i s r e s t r i c t e d by t h e s u r r o u n d i n g c a r t i l a g e and by t h e 

f i x e d j u n c t i o n w i t h t h e bone. I n most measurements o f 

c a r t i l a g e d e f o r m a t i o n the u n d e r l y i n g bone can be c o n s i d e r e d 

r i g i d . H i g g i n s o n and S n a i t h [ 1 9 7 9 ] s t u d i e d t h e d e f o r m a t i o n 

of p l u g s of c a r t i l a g e c o n s t r a i n e d by a metal c y l i n d e r 

under an o s c i l l a t i n g l o a d u s i n g a s i m i l a r arrangement 

to Johnson [ a b o v e ] . They found much h i g h e r v a l u e s of 

modulus [ 0 . 1 GPa] tha n g e n e r a l l y r e p o r t e d . O s c i l l o ­

scope t r a c e s of s t r e s s - s t r a i n l o o p s showed t h a t t h s s t r e s s 

and s t r a i n were a l m o s t i n phase and t h e r e f o r e t h e 

c a r t i l a g e was b e h a v i n g l i k e a l i n e a r e l a s t i c s o l i d under 

c o n d i t i o n s which were a p p r o x i m a t e l y p h y s i o l o g i c a l . 

V i d e o r e c o r d i n g s of wet c a r t i l a g e u n d e r g o i n g c o m p r e s s i o n 

i n a s c a n n i n g e l e c t r o n m i c r o s c o p e were used by Gore 

[ 1 9 8 1 ] t o examine the c o m p l i a n c e of t h e c a r t i l a g e i n t h e 

d i f f e r e n t z o n e s . She found t h a t f o r normal p a t e l l a r 

c a r t i l a g e , t h e c o m p l i a n c e i s h i g h e s t i n t h e s u p e r f i c i a l 

zone, d e c r e a s e s t o a minimum i n t h e mid-zone and i n c r e a s e s 

a g a i n s l i g h t l y i n t h e deep zone. 

With h e r t e s t s u s i n g p l u g s of p a t e l l a r c a r t i l a g e , Gore 

found a d e f i n i t e i n c r e a s e i n c o m p l i a n c e w i t h age of 



sample and a l s o a f t e r s t o r a g e a t - 20 C. On the o t h e r 

hand, Armstrong e t a l [ 1 9 8 0 ] found no a l t e r a t i o n i n 

Young's modulus w i t h age u s i n g an i n d e n t a t i o n t e s t on 

f e m o r a l heads. However, i n an i n t a c t j o i n t , t h e magnitude 

of t h e c a r t i l a g e d e f o r m a t i o n f o r a g i v e n l o a d , markedly 

i n c r e a s e d w i t h age. T h i s was t h o u g h t t o be due t o an 

i n c r e a s e i n t h e f l u i d e x p r e s s e d i n t h e f i r s t 30 s of 

l o a d i n g . T h i s c o r r e s p o n d s t o a r e d u c t i o n i n P o i s s o n ' s 

r a t i o , i f t h e c a r t i l a g e i s m o d e l l e d a s an e l a s t i c 

m a t e r i a l . 

2.1.5 C o n t a c t a r e a s i n t h e h i p j o i n t 

The c o n t a c t a r e a i n t h e h i p , e s t i m a t e d u s i n g a d y e i n g 

2 2 2 t e c h n i q u e , v a r i e d from 3.83 i n [ 2 4 . 7 cm ] t o 4.38 i n 

2 
C 2 8 . 3 cm ] [ G r e e n w a l d and O'Connor, 1 9 7 1 ] . U s i n g a 

c a s t i n g t e c h n i q u e , Dowson e t a l C 1967] d e m o n s t r a t e d a 

2 

c o n t a c t a r e a of 4.5 cm . I f t h e maximum f o r c e a t t h e 

h i p i s 5 x body weig h t , a t y p i c a l v a l u e f o r t h e maximum 

s t r e s s i s 8 MPa• These c o n t a c t a r e a s may be h i g h e r 

t h a n t h o s e o b t a i n e d i n v i v o s i n c e t h e j o i n t must be h e l d 

under a c o m p r e s s i v e l o a d f o r a l o n g e r time t h a n would 

be normal d u r i n g w a l k i n g , i n o r d e r t o t a k e a c a s t i n g 
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o r i n j e c t a dye. The r e a l c o n t a c t a r e a i n the h i p , 

assuming a s p e r i t y c o n t a c t , was c a l c u l a t e d by Thomas e t a l 

2 

C 1980] t o be 1.27 cm , c o n s i d e r a b l y s m a l l e r t h a n the 

measured v a l u e s s i n c e t hey e s t i m a t e d t h e p r o p o r t i o n of 

the a p p a r e n t c o n t a c t a r e a where a s p e r i t i e s would a c t u a l l y 

be t o u c h i n g . 

2. 1.S T h e o r e t i c a l models oF c a r t i l a g e 

A number oF w o r k e r s have u s e d t h e o r e t i c a l models of 

c a r t i l a g e t o p r e d i c t b e h a v i o u r when p h y s i o l o g i c a l l o a d s 

a r e a p p l i e d . D e d u c t i o n s have been made c o n c e r n i n g 

s t r e s s e s and s t r a i n s produced, and F l u i d Flow between t h e 

s u r f a c e s . 

Askew and Mow [ 1 9 7 8 ] examined t h e e f f e c t of t h e f i b r o u s 

u l t r a s t r u c t u r e of t h e c a r t i l a g e on t h e s t r e s s e s and 

s t r a i n s p roduced under p h y s i o l o g i c a l l o a d s . They 

s u g g e s t e d t h a t d e g e n e r a t i o n of t h e c a r t i l a g e w i t h age 

i s more l i k e l y to be a s t r a i n f a t i g u e mechanism th a n t h e 

d i r e c t e f f e c t of t e n s i l e s t r e s s . Afoke e t a l [ 1 9 8 2 ] u s e d 

a f i n i t e e l e m e n t model of a h i p j o i n t t o c a l c u l a t e s t r e s s e s 

i n t h e a r t i c u l a r c a r t i l a g e . They found t h a t , i n t h e i r 

model, c a r t i l a g e was w e l l a b l e t o d i s t r i b u t e t h e a p p l i e d 
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l o a d , 

Kenyon [ 1 9 8 0 ] m o d e l l e d t h e s u r f a c e f l o w of f l u i d between 

two c a r t i l a g e s u r f a c e s t o d e t e r m i n e t h e c o n d i t i o n s 

under which s u r f a c e f l o w was more f a v o u r a b l e t h a n fl o w 

w i t h i n t h e c a r t i l a g e . He t e n t a t i v e l y deduced t h a t i f 

t h e v i s c o s i t y of t h e s y n o v i a l f l u i d was g r e a t e r than 

500 cP [ 0 . 5 Pa s ] , f l o w between t h e s u r f a c e s would be 

p r e v e n t e d . H i s model however d i d not c o n s i d e r t h e 

d e f o r m a t i o n of s u r f a c e a s p e r i t i e s under l o a d . 

To summarise, a r t i c u l a r c a r t i l a g e a c t s a s a s t r e s s d i s ­

t r i b u t o r and a s a b e a r i n g s u r f a c e i n human j o i n t s . I t 

ha s been d e s c r i b e d a s a v i s c o e l a s t i c s o l i d , but a p p e a r s 

w i t h i n t h e c o n f i n e s of p h y s i o l o g i c a l c o n s t r a i n t s to apprc 

bo a l i n e a r e l a s t i c s o l i d . 

2.2 S y n o v i a l f l u i d 

S y n o v i a l f l u i d i s a p a l e y e l l o w , v i s c o u s l i q u i d found 

i n human and a n i m a l j o i n t s . I t i s o n l y found i n v e r y 

s m a l l q u a n t i t i e s i n human j o i n t s , t y p i c a l l y 0.2 ml i n 

the knee, a l t h o u g h t h i s may be i n c r e a s e d many t i m e s i n 

t h e d i s e a s e d s t a t e . I n a n i m a l j o i n t s , l a r g e r amounts 

may be found eg from 5 t o 65 ml i n t h e bovine a n k l e 
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j o i n t . T h e r e i s c o n s i d e r a b l e v a r i a t i o n i n volume and 
c o m p o s i t i o n of f l u i d between a n i m a l s of the same s p e c i e s 
and between d i f f e r e n t j o i n t s i n one a n i m a l [ D a v i e s , 
1966 - 6 7 ] , D a v i e s [1966 - 67] a l s o summarises t h e 
p u r p o s e s of s y n o v i a l f l u i d . I t i s g e n e r a l l y b e l i e v e d 
t o be t h e l u b r i c a n t i n a j o i n t , but i s a l s o i m p o r t a n t f o r 
th e n u t r i t i o n of t h e a v a s c u l a r a r t i c u l a r c a r t i l a g e and 
the removal of p r o d u c t s of metabolism. The h y a l u r o n i c 
a c i d , which i s b e l i e v e d t o be s e c r e t e d by t h e s y n o v i a l 
membrane, i s p r o b a b l y c o n c e r n e d w i t h t h e maintenance of 
a c o n s t a n t pH, c o n t r o l of t h e f l u i d volume and i t s 
p r o t e i n c o n t e n t , a s w e l l a s i t s major f u n c t i o n to t h e 
b i o e n g i n e e r , t h a t of i n c r e a s i n g t h e v i s c o s i t y of t h e 
s y n o v i a l f l u i d . 

2.2.1 C o m p o s i t i o n of s y n o v i a l f l u i d 

S y n o v i a l f l u i d i s a d i a l y s a t e of b l o o d plasma w i t h t h e 

a d d i t i o n of h y a l u r o n i c a c i d . I t c o n t a i n s many of t h e 

p r o t e i n s i n plasma s u c h a s alb u m i n and g l o b u l i n [Ropes 

e t a l , 1 9 4 0 ] , but h a s a much h i g h e r p r o p o r t i o n of t h o s e 

w i t h t h e l o w e r m o l e c u l a r w e i g h t s . The a l b u m i n / g l o b u l i n 

r a t i o i s h i g h e r by a f a c t o r of about 2.5 tha n i n plasma 

[ D a v i e s 1966 - 6 7 ] . The t o t a l p r o t e i n c o n t e n t of 

s y n o v i a l f l u i d i s around 2.0 mg/100 ml compared w i t h 
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7.0 mg/100 ml F o r b l o o d plasma. 

The o t h e r major c o n s t i t u e n t oF s y n o v i a l F l u i d i s h y a l u r o n i c 

a c i d , F i r s t i s o l a t e d by Meyer e t a l [ 1 9 3 9 ] . Meyer [ 1 9 4 7 ] 

showed t h a t t h e h y a l u r o n a t e was d e p o l y m e r i z e d by t h e 

a c t i o n oF t h e enzyme h y a l u r o n i d a s e and he l a t e r c o n c l u d e d 

t h a t h y a l u r o n i c a c i d was a l o n g c h a i n polymer c o n s i s t i n g 

oF r e g u l a r r e p e a t i n g d i s a c c h a r i d e u n i t s c o n t a i n i n g 

N - a c e t y l g l u c o s a m i n e and g l u c u r o n i c a c i d [Meyer, 1 9 5 8 ] . 

The r e p e a t i n g m o l e c u l a r u n i t s a r e shown i n F i g u r e 2.3. 

6 

I t s m o l e c u l a r w e i g h t i n s y n o v i a l F l u i d i s around 10 

and i t s c o n c e n t r a t i o n , though v e r y v a r i a b l e , a v e r a g e s 

about 3.5 mg/g. 

I n Rheumatoid A r t h r i t i s t h e h y a l u r o n i c a c i d i s Found to 

have t h e same s t r u c t u r e but a s h o r t e r c h a i n l e n g t h 

t h a n i n normal f l u i d . [ B a r b e r e t a l , 1 9 6 4 ] . 

2.2.2 V i s c o s i t y oF s y n o v i a l F l u i d 

One oF t h e most i m p o r t a n t e f f e c t s oF h y a l u r o n i c a c i d 

i n s y n o v i a l F l u i d i s a s a v i s c o s i t y - r a i s e r . S y n o v i a l 

F l u i d e x h i b i t s non-Newtonian p r o p e r t i e s i e i t s v i s c o s i t y 

d e c r e a s e s w i t h i n c r e a s i n g s h e a r r a t e , but t h i s was not 

r e c o g n i s e d by many e a r l y w o r k e r s . B a r n e t t [ 1 9 5 8 ] p o i n t e d 
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out the n e c e s s i t y of q u o t i n g s h e a r r a t e w i t h measurements 

or v i s c o s i t y . He e x p l a i n s t h a t the ' w i d e s p r e a d i m p r e s s i o n 

t h a t C j o i n t ] f l u i d . . . v a r i e s from day t o day i n i t s 

p h y s i c a l p r o p e r t i e s ' i s due t o t h e l a c k of knowledge 

of the non-Newtonian type of b e h a v i o u r . I t i s n e c e s s a r y 

t o use a v i s c o m e t e r which a p p l i e s a u n i f o r m s h e a r r a t e 

t o the whole sample of f l u i d a t any one t i m e . The s h e a r 

r a t e a l s o needs t o be v a r i a b l e o v e r s e v e r a l o r d e r s of 

magnitude. Cone and p l a t e v i s c o m e t e r s f u l f i l l t h e s e 

r e q u i r e m e n t s and Cooke e t a l [ 1 9 7 8 a ] u s e d a W e i s s e n b e r g 

r h e o g o n i o m e t e r t o s t u d y both h e a l t h y and p a t h o l o g i c a l 

s y n o v i a l f l u i d . T h e i r c o m p o s i t e graph [ r e p r o d u c e d a s 

F i g u r e 2,4] shows a marked d e c r e a s e i n v i s c o s i t y a s t h e 

s h e a r r a t e i n c r e a s e s f o r normal f l u i d . F o r o s t e o a r t h r o t i c 

f l u i d t h e v i s c o s i t i e s a r e l o w e r and l e s s s h e a r dependent, 

w h i l e f o r r h e u m a t o i d f l u i d t h e s h e a r dependence i s even 

l e s s . Cooke p o i n t e d out t h a t the v i s c o s i t i e s f o r normal 

and p a t h o l o g i c a l f l u i d s a t h i g h s h e a r r a t e s a r e q u i t e 

. . 4 -1 
s i m i l a r and a t 10 s the r a t i o o f t h e v i s c o s i t i e s 

to t h a t of w a t e r w i l l o n l y be around 4:1. 

F i g u r e 2.5, t a k e n from Negami's work [ 1 9 6 4 ] , shows t h a t 

t h e v i s c o s i t y i s i n d e e d dependent on t h e h y a l u r o n i c a c i d 
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c o n t e n t oF t h e F l u i d , However he Found t h a t the a d d i t i o n 

oF h y a l u r o n i c a c i d t o p o o l e d F l u i d o r b u f f e r s o l u t i o n , 

d i d not i n c r e a s e t h e v i s c o s i t y a s much a s e x p e c t e d . He 

a t t r i b u t e d t h i s t o t h e i d e a t h a t the h y a l u r o n a t e Forms 

a complex w i t h p r o t e i n i n t h e s y n o v i a l F l u i d , which i t 

was u n a b l e t o do i n p o o l e d F l u i d o r b u f f e r . 

Negami used a method of m e a s u r i n g dynamic v i s c o s i t y 

which a l s o e n a b l e d him t o measure t h e dynamic e l a s t i c i t y 

of t h e s y n o v i a l f l u i d . He used a double c y l i n d r i c a l 

cup f i l l e d w i t h f l u i d i n which a r i n g was suspended 

c o n c e n t r i c a l l y . A t o r s i o n a l o s c i l l a t i o n was a p p l i e d t o 

t h e cup and t h e r e s p o n s e of t h e r i n g was measured. He 

found t h a t t h e dynamic e l a s t i c i t y of s y n o v i a l f l u i d 

i n c r e a s e d w i t h s h e a r r a t e a s d r a m a t i c a l l y a s t h e dynamic 

v i s c o s i t y d e c r e a s e d . Hence s y n o v i a l f l u i d may a c t a s an 

e l a s t i c m a t e r i a l i n a f a s t moving j o i n t . The v i s c o s i t y 

of s y n o v i a l f l u i d under p r e s s u r e has been i n v e s t i g a t e d 

[Cooke e t a l , 1978b]. U s i n g p a t h o l o g i c a l human and 

h e a l t h y bovine f l u i d s , t h e v i s c o s i t y was measured a t 

p r e s s u r e s up t o 104 MPa. No change i n v i s c o s i t y was 

o b s e r v e d . T h i s c o n t r a s t s w i t h r e s u l t s o b t a i n e d from 
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both m i n e r a l and s i l i c o n e o i l s which d i s p l a y an i n c r e a s i n g 
v i s c o s i t y a s t h e p r e s s u r e r i s e s . 

The pH v a l u e of" the f l u i d a l s o a f f e c t s i t s v i s c o s i t y . 

Negami [ 1964] found t h a t t h e v i s c o s i t y d e c r e a s e d by 40% 

a s the pH was r e d u c e d from 7.4 t o 4.0 and Ropes e t a l 

C 1947] a l s o found a v a r i a t i o n but showed t h a t the v i s c o s i t y 

was most s t a b l e between pH 7.0 and pH 8.0. They found 

a 10% r e d u c t i o n i n r e l a t i v e v i s c o s i t y w i t h an i n c r e a s e 

i n t e m p e r a t u r e from 25°C to 38°C. T h i s was a r e v e r s i b l e 

e f f e c t . A v a r i a t i o n i n v i s c o s i t y w i t h age was found by 

J e b e n s and Monk-Jones [ 1 9 5 9 ] . The a p p a r e n t v i s c o s i t y i n 

a c a p i l l a r y v i s c o m e t e r v a r i e d from 14 P o i s e f o r a boy 

aged 15 t o 0.6 P o i s e f o r an 8 0 - y e a r - o l d woman. F l u i d 

from j o i n t s which had e x p e r i e n c e d trauma had a v i s c o s i t y 

of l e s s t h a n 1 P o i s e . 

S i n c e p a t h o l o g i c a l f l u i d was found to have a l o w e r v i s ­

c o s i t y t h a n normal f l u i d , s e v e r a l w o r k e r s have been i n t e r ­

e s t e d i n the d e g r a d a t i o n of s y n o v i a l f l u i d . Ogston and 

S t a n i e r [ 1 9 5 3 ] s t u d i e d the e f f e c t of h y a l u r o n i d a s e on 

ox s y n o v i a l f l u i d and a s e x p e c t e d found t h a t t h e v i s c o s i t y 

was d e c r e a s e d , s i n c e t h e enzyme b r e a k s bonds i n the c h a i n s 
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of h y a l u r o n i c a c i d . L a t e r , Dgston and Sherman [ 1 9 5 9 ] 
found t h a t t r y p s i n a f f e c t e d t h e p r o t e i n i n the f l u i d 
but not the v i s c o s i t y , whereas p a p a i n produced a more 
g e n e r a l i s e d d e g r a d a t i o n . T h i s c o n f i r m e d e a r l i e r work 
by Ropes e t a l C 1 9 4 7 ] where t h e y showed t h a t c o m p l e t e 
d i g e s t i o n of the p r o t e i n by t r y p s i n r e s u l t e d i n a change 
of r e l a t i v e v i s c o s i t y o n l y from 33.1 to 31.3. 

A n t i - t r y p t i c a c t i v i t y was o b s e r v e d by Holmes e t a l [ 1 9 3 5 ] 

i n some, but not a l l , of t h e s y n o v i a l f l u i d s a m p l e s he 

t e s t e d . The i n h i b i t i o n i s n o n - c o m p e t i t i v e so i n c r e a s i n g 

t h e amount of t r y p s i n w i l l overcome t h e i n h i b i t i o n . 

I n t h e f o l l o w i n g y e a r s much work was done on b i o c h e m i c a l 

a n a l y s i s of the f l u i d . The h y a l u r o n a t e was i s o l a t e d by 

methods such a s d e n s i t y g r a d i e n t s e d i m e n t a t i o n 

[ S i l p a n a n t a e t a l , 1 9 6 8 ] , u l t r a f i l t r a t i o n [ S a n d s o n e t a l , 

1962] and u l t r a c e n t r i f u g a t i o n [ S c h e r and Hamerman, 1972], 

The l a t t e r w o r k e r s found t h a t t h e h y a l u r o n a t e c o u l d not 

be c o m p l e t e l y s e p a r a t e d from the p r o t e i n i n the F l u i d , 

c o n f i r m i n g e a r l i e r work by Dgston and S t a n i e r [1950 and 

1 9 5 2 ] . 
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Swann and Radin C197E] examined t h e l u b r i c a t i n g a b i l i t y 
o f t h e F l u i d c o n s t i t u e n t s i n an a r t h r o t r i p s o m e t e r and 
concluded t h a t t h e l u b r i c a n t was a macromolecule c o n s i s t ­
i n g o f two g l y c o p e p t i d e s and one p e p t i d e . Having d e c i d e d 
t h a t t h i s macromolecule was r e s p o n s i b l e f o r l u b r i c a t i o n 
and n o t t h e h y a l u r o n a t e , Swann e t a l [ 1977] went on t o 
i s o l a t e and c h a r a c t e r i z e t he major g l y c o p r o t e i n which 
they named ' L u b r i c a t i n g G l y c o p e p t i d e - I'[LGP - I D . 
D e t a i l s o f t h e i r l u b r i c a t i o n t e s t s are g i v e n i n t h e 
a p p r o p r i a t e p l a c e i n t h e next c h a p t e r . 

I n summary t h e n , s y n o v i a l f l u i d i s a v i s c o u s l i q u i d 

f o u n d i n j o i n t s . I t s main purposes are t o p r o v i d e n u t r i ­

t i o n f o r , and l u b r i c a t e t h e j o i n t . T h i s work i s concerned 

w i t h t h e l u b r i c a t i o n o f j o i n t s and t h e v i s c o s i t y o f t h e 

f l u i d i s t h e r e f o r e i m p o r t a n t . S y n o v i a l f l u i d i s a non-

Newtonian f l u i d , i n t h e sense t h a t i t s v i s c o s i t y decreases 

w i t h i n c r e a s i n g s h e a r - r a t e . The v i s c o s i t y o f t h e f l u i d 

i s unchanged by p r e s s u r e b u t i s a f f e c t e d by pH, age and 

enzymatic d i g e s t i o n . 
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F i g u r e 2.2 

T y p i c a l r e s u l t s For i n d e n t a t i o n t e s t on a r t i c u l a r 
c a r t i l a g e From a human Femoral head. [Kempson e t a l , 1971] 
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F i gure 2.3 

The r e p e a t i n g m o l e c u l a r u n i t o f h y a l u r o n i c a c i d 
[Homsy e t a l , 1973} 
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F i g u r e 2.4 

The v a r i a t i o n o f t h e v i s c o s i t y o f s y n o v i a l f l u i d w i t h 
shear r a t e , showing normal and a r t h r o t i c f l u i d s . 
[Cooke e t a l , 1978a] 
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F i gure 2.5 

Graph showing t h e i n c r e a s e i n v i s c o s i t y of s y n o v i a l 
F l u i d w i t h t h e a d d i t i o n oF h y a l u r o n i c a c i d . 
[Negami, 1964] (Shecxr cote, approx. 2-OOOs"') 
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CHAPTER THREE 

LITERATURE REVIEW OF JOINT LUBRICATION 

There i s a w e a l t h o f l i t e r a t u r e on t h e mechanisms i n v o l v e d 

i n t h e l u b r i c a t i o n o f j o i n t s . The m a t t e r has aroused 

c o n s i d e r a b l e c o n t r o v e r s y and many d i f f e r e n t approaches 

have been made t o t h e problem o f c h a r a c t e r i s i n g animal 

j o i n t l u b r i c a t i o n i n t h e l a b o r a t o r y . 

The modes o f l u b r i c a t i o n n o r m a l l y a c c e p t e d i n T r i b o l o g y 

a r e i l l u s t r a t e d i n F i g u r e 3.1. Hersey, i n 1914, was t h e 

f i r s t t o a p p l y d i m e n s i o n a l a n a l y s i s t o the l u b r i c a t i o n o f 

a j o u r n a l b e a r i n g [Dowson, 1979}. The c o e f f i c i e n t o f 

f r i c t i o n , i s p l o t t e d a g a i n s t t h e non-dimensional 

parameter r^u/p [ v i s c o s i t y x r o t a t i o n a l speed/load per 

u n i t w i d t h ] . The c h a r a c t e r i s t i c shape o f t h e curve can be 

i n d i c a t i v e o f t h e d i f f e r e n t l u b r i c a t i o n modes p r e s e n t 

i n t h e system. 

I n t h e f i r s t r e g i o n , boundary l u b r i c a t i o n o c c u r s and t h e r e 

i s c o n t a c t between t h e a s p e r i t i e s on t h e two b e a r i n g 

s u r f a c e s . The f r i c t i o n i s n o t dependent on t h e b u l k 

p r o p e r t i e s o f t h e l u b r i c a n t , such as v i s c o s i t y , b u t 

depends on t h e b e a r i n g s u r f a c e s which may be covered w i t h 

a l a y e r produced by a chemical r e a c t i o n , eg an o x i d e , o r 

an adsorbed l a y e r o f l u b r i c a n t . I n t h e t h i r d r e g i o n o f 

t h e graph, t h e s u r f a c e s are c o m p l e t e l y s e p a r a t e d by a 

f i l m o f f l u i d and so t h e v i s c o s i t y o f t h e f l u i d becomes 
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i m p o r t a n t i n a hydro dynamic mechanism. Here t h e moePFic l e n t of -frichon 

i n c r e a s e s w i t h v i s c o s i t y and s l i d i n g speed, b u t decreases 

w i t h l o a d . Between th e s e two extremes t h e r e i s a t r a n s i t i o n 

r e g i o n , known as mixed l u b r i c a t i o n , where boundary and 

hydrodynamic mechanisms are b o t h o p e r a t i n g . The minimum 

c o e f f i c i e n t o f f r i c t i o n o c c u r s a t the t r a n s i t i o n between 

mixed and f u l l f l u i d f i l m l u b r i c a t i o n as can be seen 

on t h e graph. 

I n a b e a r i n g l i k e a human j o i n t , two f u r t h e r mechanisms 

promote t h e presence o f a f l u i d f i l m . As t h e b e a r i n g 

s u r f a c e s are c o m p l i a n t , t h e y w i l l deform under l o a d and 

th e p o s s i b i l i t y o f o b t a i n i n g a f u l l f l u i d f i l m i s i n c r e a s e d 

a t h i g h e r l o a d s - t h i s i s known as an e l a s t o h y d r o d y n a m i c 

mechanism. A l s o , i n a dynamic l o a d i n g s i t u a t i o n , a 

squeeze f i l m mechanism can o p e r a t e as t h e f l u i d r e s i s t s 

b e i n g pushed o u t from between t h e s u r f a c e s on a p p l i c a t i o n 

o f t h e l o a d . 

The l i t e r a t u r e r e v i e w which f o l l o w s a t t e m p t s t o o u t l i n e 

t h e d i f f e r i n g t h e o r i e s produced by v a r i o u s workers, Most 

o f the a u t h o r s were i n v e s t i g a t i n g t h e l u b r i c a t i o n mechanism 

i n n a t u r a l j o i n t s though n o t always u s i n g b i o l o g i c a l 

m a t e r i a l s t o do so. On t h e o t h e r hand some of t h e l a t e r 

p u b l i s h e d work i n c l u d e s t h e l u b r i c a t i o n o f h i p p r o s t h e s e s . 

The e a r l i e s t r e f e r e n c e t o t h e p o s s i b l e a p p l i c a t i o n o f 

hydrodynamic l u b r i c a t i o n t h e o r y t o s y n o v i a l j o i n t s was 

made by Osborne Reynolds [ 1 8 Q 6 ] i n a w e l l known paper 
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w r i t t e n n e a r l y a c e n t u r y ago i n which he proposed a t h e o r y 

o f f l u i d f i l m l u b r i c a t i o n . Many y e a r s l a t e r MacConnail 

[19 3 2 ] a p p l i e d t h i s t h e o r y , p o i n t i n g o u t t h a t t h e i n c o n ­

gruence of t h e j o i n t components would r e s u l t i n t h e 

wedge shaped gaps r e q u i r e d by t h e l u b r i c a t i o n t h e o r y . 

Jones C 1934] was p r o b a b l y t he f i r s t t o measure t h e s t a t i c 

c o e f f i c i e n t o f f r i c t i o n i n a j o i n t . He used a horse's 

s t i f l e j o i n t t o examine t h e c o e f f i c i e n t o f f r i c t i o n under 

v a r i o u s c o n d i t i o n s o f l o a d i n g and l u b r i c a t i o n . He found 

t h e d ry c o e f f i c i e n t o f f r i c t i o n t o be about f o u r t e e n t i m e s 

t h e l u b r i c a t e d v a l u e . Two y e a r s l a t e r , Jones [1936] was 

u s i n g a human i n t e r p h a l a n g e a l f i n g e r j o i n t as t h e f u l c r u m 

o f a pendulum t o measure f r i c t i o n - a method which has 

been used by many workers s i n c e . He deduced t h a t a 

f l u i d f i l m c o u l d s u r v i v e a l o a d capable o f c r u s h i n g bone. 

Ropes e t a l [ 1 9 4 7 ] examined t h e l u b r i c a t i n g a b i l i t y o f 

s y n o v i a l f l u i d and mucin i n an a r t i f i c i a l j o i n t made o f 

l u c i t e [ p e r s p e x ] and fo u n d no advantage over serum. 

However, they were l o o k i n g a t a c o n s t a n t l y l o a d e d j o i n t 

which was l i k e l y t o be o p e r a t i n g w i t h boundary l u b r i c a t i o n . 

Good boundary l u b r i c a n t s are adsorbed onto t h e b e a r i n g 

s u r f a c e s so t h e i n t e r a c t i o n o f t h e f l u i d and s u r f a c e needs 

t o be c a r e f u l l y c o n s i d e r e d . The i n e f f e c t i v e n e s s o f 

s y n o v i a l f l u i d as a boundary l u b r i c a n t i n an a r t i f i c i a l 

j o i n t t h e r e f o r e t e l I s us 1 i t t l e about i t s boundary 

l u b r i c a t i n g a b i l i t y i n a n a t u r a l j o i n t . 
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Charnley [1959, 1960a, 1960b] c r i t i c i s e d t he c o n c l u s i o n s 

o f b o t h MacConnail and Jones. He b e l i e v e d t h a t the 

l u b r i c a t i o n mechanism was p r i m a r i l y boundary and t h a t a 

hydrodynamic mechanism c o u l d n o t work due t o t h e heavy 

l o a d s , slow movement, and t h e e l a s t i c i t y o f the c a r t i l a g e 

which would make th e s u r f a c e s conform. He t r i e d t o r e p e a t 

Jones' experiments on s t a t i c f r i c t i o n b u t f o u n d no 

d i f f e r e n c e i n c o e f f i c i e n t o f f r i c t i o n when t h e s y n o v i a l 

f l u i d was removed. I n h i s pendulum e x p e r i m e n t s w i t h 

a n k l e j o i n t s , C harnley found a l i n e a r decay o f a m p l i t u d e 

w i t h t i m e which he assumed must be c o n s i s t e n t w i t h a 

boundary l u b r i c a t i o n mechanism. T h i s l e d him t o t h e 

c o n c l u s i o n t h a t a r t i f i c i a l j o i n t s must be designed t o 

be boundary l u b r i c a t e d and he began t o c o n s i d e r t h e use 

o f p o l y t e t r a f l u o r e t h y l e n e [ p t f e ] i n p r o s t h e s e s s i n c e i t 

has a c o e f f i c i e n t o f f r i c t i o n a g a i n s t s t e e l o f around 0.04. 

A 'new and i n t e r e s t i n g c l a s s of b e a r i n g s ' was proposed 

by McCutchen [ 1 9 5 9 ] . He e x p e r i m e n t e d w i t h c l o s e d and 

open c e l l sponge r u b b e r s and suggested a l u b r i c a t i o n 

mechanism where f l u i d 'weeped' from t h e b e a r i n g s u r f a c e 

under p r e s s u r e , so m a i n t a i n i n g a f l u i d f i l m . Lewis and 

McCutchen [ 1 9 5 9 ] a p p l i e d t h e t h e o r y t o animal j o i n t s 

and showed t h a t f l u i d was exuded from a r t i c u l a r c a r t i l a g e 

under p r e s s u r e . The low permeability o f c a r t i l a g e l e a d s t o 

doubts as t o whether t h e t r a n s p o r t t h r o u g h t h e c a r t i l a g e 

can occur q u i c k l y enough f o r 'weeping' t o be e f f e c t i v e . 

A l s o , s i n c e the c a r t i l a g e s u r f a c e s are rough t h e c o n t a c t 
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areas i n i t i a l l y w i l l be s m a l l and p o o l s o f F l u i d w i l l 

become t r a p p e d between opposing s u r f a c e s , w i t h o u t t h e 

n e c e s s i t y For 'weeping'. 

D i n t e n f a s s [ 1967] i n h i s re v i e w oF t h e c u r r e n t s t a t u s 

oF j o i n t l u b r i c a t i o n suggested t h a t p r e v i o u s workers had 

o v e r s i m p l i f i e d t h e s i t u a t i o n , i n o p t i n g f o r e i t h e r hydro-

dynamic or boundary l u b r i c a t i o n . He f a v o u r e d an e l a s t o -

hydrodynamic mechanism c o m p l i c a t e d by t h e t i m e and l o a d 

v a r y i n g p r o p e r t i e s o f t h e c a r t i l a g e , t h e c o m p l e x i t y o f t h e 

s y n o v i a l f l u i d i t s e l f and t h e geometry and k i n e m a t i c s 

o f t h e j o i n t s . Tanner [ 196B] c o n t i n u e d t h e i d e a o f 

e l a s t o h y d r o d y n a m i c l u b r i c a t i o n [ e h l ] and c a l c u l a t e d a 

F i l m t h i c k n e s s For t h e h i p j o i n t oF 10 ^ m o r more. 

T h i s i s r a t h e r s m a l l For F l u i d F i l m l u b r i c a t i o n s i n c e 

t h e s u r f a c e roughness o f t h e c a r t i l a g e i s around 10 ^ m. 

F u r t h e r w e i g h t f o r t h e e l a s t o h y d r o d y n a m i c t h e o r y was 

p r o v i d e d by Dowson [ 1966 -B7] i n a paper i n which he 

comprehensively summarised t h e h i s t o r y o f j o i n t l u b r i ­

c a t i o n and t h e n c o n s i d e r e d t h e p r e s e n t p o s i t i o n . He 

suggested t h a t e h l was l i k e l y t o occur, h e l p e d by 

squeeze f i l m e f f e c t s and e l a s t o h y d r o s t a t i c a c t i o n where t h e 

e l a s t i c l i n i n g was a l s o porous, b u t t h a t boundary l u b r i c a t ­

i o n was i m p o r t a n t under c e r t a i n h i g h l y loaded and slow 

moving c o n d i t i o n s . He modelled a human j o i n t i n t r i -

b o l o g i c a l terms and c a l c u l a t e d F i l m t h i c k n e s s e s a t t h e knee 

and h i p . For t h e h i p t h e e l a s t o h y d r o d y n a m i c F i l m t h i c k n e s s 
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was about 4 - B x 10 m and he showed t h a t t h e squeeze 

F i l m t i m e would be much g r e a t e r t h a n any o s c i l l a t o r y 

j o i n t movement. When t h e r e i s p e r s i s t e n t l o a d i n g w i t h o u t 

r o l l i n g or s l i d i n g , t h e F l i m t h i c k n e s s would reduce u n t i l 

i t reached t h e s i z e oF t h e h y a l u r o n i c a c i d molecule, 

which would t h e n a c t as a boundary l u b r i c a n t . 

F e i n [1966 - 7] examined t h e q u e s t i o n oF a squeeze F i l m 

w i t h a model t o p r e d i c t F i l m t h i c k n e s s e s and an e x p e r i m e n t 

w i t h a l e n s and an o p t i c a l F l a t t o count i n t e r f e r e n c e 

F r i n g e s as a F u n c t i o n oF t i m e a f t e r l o a d i n g . He o b t a i n e d 

c l o s e agreement and went on t o d i s c u s s t h e a p p l i c a t i o n 

oF t h e t h e o r y t o n a t u r a l j o i n t s , c o n c l u d i n g t h a t they 

were p r o b a b l y squeeze F i l m l u b r i c a t e d w i t h hydrodynamic 

a c t i o n r e p l e n i s h i n g t h e F i l m . T h i s i d e a was r e v i v e d 

t e n y e a r s l a t e r by H i g g i n s o n ' s [ 1 9 7 7 ] c a l c u l a t i o n s oF 

probable F i l m t h i c k n e s s e s o b t a i n a b l e by a squeeze F i l m 

mechani sm. 

McCutchen [ 1966 - 7] r e t u r n e d t o h i s weeping l u b r i c a t i o n 

t h e o r y w i t h e x p e r i m e n t s u s i n g a p i g ' s humerus r u b b i n g 

a g a i n s t g l a s s . The F r i c t i o n rose w i t h t i m e and was 

l o w e r For s y n o v i a l F l u i d t h a n water. R a i s i n g t h e c a r t i l a g e 

From t h e g l a s s For one second t h e n c o n t i n u i n g t h e t e s t 

l o w e r e d t h e F r i c t i o n b r i e F l y , a t e n second i n t e r v a l improve 

t h e r e d u c t i o n . McCutchen e x p l a i n e d t h i s w i t h h i s weeping 

t h e o r y i n t h a t l u b r i c a n t i s g r a d u a l l y squeezed o u t o f t h e 
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c a r t i l a g e m a t r i x when l o a d e d and t h e c a r t i l a g e s w e l l s 

a g a i n on removal of t h e l o a d . I t s h o u l d be n o ted t h a t he 

used around e i g h t minutes c o n t i n u o u s l o a d i n g which i s 

n o t a s i t u a t i o n o f t e n f o u n d under dynamic c o n d i t i o n s i n 

human j o i n t s . When he rubbed a t h i n r u b b e r sheet on g l a s s 

w i t h s y n o v i a l f l u i d as t h e l u b r i c a n t , the f r i c t i o n 

a g a i n rose w i t h t i m e , and c o u l d be reduced by s o a k i n g 

t h e r u b b e r i n t h e s y n o v i a l f l u i d . T h i s he i n t e r p r e t e d 

as a boundary mechanism where t h e s y n o v i a l f l u i d t a k e s 

t i m e t o be adsorbed o n t o t h e r u b b e r s u r f a c e . Again, t h e 

c o n d i t i o n s used p r e d i s p o s e t o boundary l u b r i c a t i o n and 

a r e n o t t y p i c a l of t h e a c t i o n s o f human j o i n t s . 

To examine t h e c o n s t i t u e n t s of s y n o v i a l f l u i d McCutchen 

used m i l l i p o r e f i l t e r s and a l s o d i g e s t i o n w i t h h y a l u r o n i d a s e . 

From t h i s work he c o n c l u d e d t h a t t h e h y a l u r o n i c a c i d and 

v i s c o s i t y o f s y n o v i a l F l u i d were u n i m p o r t a n t i n l u b r i ­

c a t i o n b u t t h e r e was p r o b a b l y some c o n s t i t u e n t i n t h e 

mucin which was a good boundary l u b r i c a n t . He suggested 

t h a t t h e r h e o l o g y of t h e s y n o v i a l F l u i d was i m p o r t a n t 

For t h e l u b r i c a t i o n oF t h e s o f t t i s s u e around a j o i n t 

r a t h e r t h a n t h e c a r t i l a g e b e a r i n g s u r f a c e s , 

The t h i c k n e s s oF a F i l m oF s y n o v i a l F l u i d which mi g h t 

be Farmed as a boundary l u b r i c a n t was examined by Maroudas 

[19B6 - 7 ] . At a water - a i r i n t e r f a c e a f i l m 150S 
— 8 o — 8 [ 1 . 5 x 10 m] was observed, on q u a r t z 700A [ 7 x 10 m]. 

She c a l c u l a t e d the s i z e o f t h e gap between two c a r t i l a g e 
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s u r f a c e s a t which f l o w t h r o u g h t h e c a r t i l a g e , r a t h e r t h a n 

i n t he gap, became i m p o r t a n t as 5,000 S [ 5 x 10" m]. 

Below t h i s v a l u e i t i s l i k e l y t h a t a c o n c e n t r a t e d f i l m 

o f h y a l u r o n i c a c i d would form on the s u r f a c e s , s i n c e t h e 

water w i l l permeate t h r o u g h the c a r t i l a g e . T h i s g e l 

may be i m p o r t a n t t o t h e a c t i o n o f s y n o v i a l f l u i d as a 

boundary l u b r i c a n t , b u t i t s h o u l d be n o t e d t h a t f o r a 

s t a b l e g e l t o f o r m , t h e water f l a w e d t h r o u g h t h e c a r t i l a g e 

f o r a p e r i o d i n excess of t w e n t y hours which i s an e x t r e m e l y 

l o n g t i m e i n terms o f c o n s t a n t j o i n t l o a d i n g . 

W i l k i n s [ 1 9 6 8 ] a l s o examined t h e boundary l u b r i c a t i n g 

a b i l i t y o f s y n o v i a l f l u i d w i t h a l a t e x r u b b e r on g l a s s 

f r i c t i o n measuring d e v i c e . He used c o n d i t i o n s s p e c i f i c a l l y 

designed t o g i v e good boundary l u b r i c a t i o n , w i t h a 
-2 -2 

c o n s t a n t l o a d o f 330 g cm [ 3 2 KNm ] and s l i d i n g 
-3 -1 

speeds from 0 t o 10 ms . Whole s y n o v i a l f l u i d gave 

f r i c t i o n c o e f f i c i e n t s of about 0.01 i n h i s t e s t system. 

M i l d d i g e s t i o n o f t h e f l u i d w i t h h y a l u r o n i d a s e d i d not 

a l t e r t h i s v a l u e but e x h a u s t i v e d i g e s t i o n i n c r e a s e d i t 

more t h a n t e n t i m e s . Even l a r g e r i n c r e a s e s i n f r i c t i o n 

c o e f f i c i e n t [ > 0 . 2 ] were observed a f t e r p r o t e o l y s i s w i t h 

t r y p s i n or papain, W i l k i n s deduced t h a t f o r boundary 

l u b r i c a t i o n t h e p r o t e i n component, d e s t r o y e d by t r y p s i n , 

was e s s e n t i a l . The h y a l u r o n i c a c i d a l s o seemsd neces­

s a r y , but i t s c h a i n l e n g t h c o u l d be c o n s i d e r a b l y s h o r t e n e d 

b e f o r e boundary l u b r i c a t i o n was a f f e c t e d . 
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L i n n produced a s e r i e s of papers i n which he s t u d i e d 

j o i n t l u b r i c a t i o n u s i n g dogs' a n k l e s i n an a r t h r o t r i p s o m e t e r . 

The F i r s t paper [ L i n n , 1967] d e s c r i b e s t h e c o n s t r u c t i o n 

and use oF t h e a r t h r o t r i p s o m e t e r t o measure the c o e f f i c i e n t 

oF F r i c t i o n i n t h e j o i n t and a l s o t h e d e f o r m a t i o n oF t h e 

c a r t i l a g e . I t was designed so t h a t t h e t a l u s r o t a t e d 

t h r o u g h 36.2°, but problems arose s i n c e t h e c e n t r e oF 

r o t a t i o n oF an a n k l e j o i n t i s not F i x e d . T h i s meant 

t h a t t h e l i n e oF a c t i o n oF t h e Force d i d not always pass 

t h r o u g h t h e c e n t r e oF r o t a t i o n , so he Found s u p e r p o s i t i o n 

oF t h e t o r q u e due t o t h e l o a d , and t h e t o r q u e due t o 

the F r i c t i o n . T a k i n g an average r e a d i n g From t h e two 

h a l v e s oF t h e c y c l e overcame t h i s problem. Most t e s t s 

were r u n w i t h a c o n s t a n t l o a d v a r y i n g From 9 t o 64 Kg 

and a t speeds From 10 t o 200 cpm [0.17 t o 3.3 H z ] . He 

Found t h a t t h e c o e f f i c i e n t o f f r i c t i o n reduced w i t h i n ­

creased speed o f o s c i l l a t i o n , w i t h i n c r e a s e d l o a d , and 

w i t h b o v ine s y n o v i a l f l u i d i n s t e a d o f s a l i n e s o l u t i o n as 

l u b r i c a n t . The r e d u c t i o n i n f r i c t i o n w i t h t h e change 

i n l u b r i c a n t was from .0124 t o .0057. He p o s t u l a t e d 

s h e a r i n g and p l o u g h i n g components o f s l i d i n g f r i c t i o n . 

L i n n ' s second paper [1 9 6 8 ] d i s c u s s e s t h e l u b r i c a t i o n 

mechanism i n terms of t h e t r i b o l o g i c a l parameter ZN/P 

and concludes t h a t i t i s a mixed mode w i t h h y d r o s t a t i c 

[ w e e p i n g ] , e l a s t o h y d r o d y n a m i c and boundary l u b r i c a t i o n 

a l l c o n t r i b u t i n g . 
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L i n n and Radin C 1968] showed t h a t h y a l u r o n i d a s e d i g e s t i o n 

o f s y n o v i a l f l u i d mucin, which reduced i t s v i s c o s i t y 

t o t h a t o f b u f f e r , d i d n o t a f f e c t t h e f r i c t i o n c o e f f i c i e n t , 

whereas t r y p t i c d i g e s t i o n o f t h e mucin d i d not a l t e r t h e 

v i s c o s i t y but i n c r e a s e d t h e c o e f f i c i e n t o f f r i c t i o n 

t y p i c a l l y from .0028 t o .0054. They p o i n t e d o u t t h a t 

t h e pH ahd m o l a r i t y o f b u f f e r a f f e c t s t h e f r i c t i o n a l 

v a l u e s . F o r m a l i n f i x a t i o n o f t h e c a r t i l a g e a l s o i n c r e a s e d 

th e c o e f f i c i e n t o f f r i c t i o n by a f a c t o r o f f o u r , presum­

a b l y by making t h e c a r t i l a g e much s t i f f e r . T h e i r e x p e r i ­

ments l e d them t o the c o n c l u s i o n t h a t a p r o t e i n component 

of s y n o v i a l f l u i d i s i m p o r t a n t i n l u b r i c a t i o n and t h e 

v i s c o s i t y has no e f f e c t . However, i t s h o u l d be n o t e d 

t h a t t h e i r e x p e r i m e n t s were c a r r i e d o u t w i t h t h e a n k l e s 

c o n s t a n t l y l o a d e d under c o n t i n u o u s o s c i l l a t i o n . As 

p r e v i o u s l y observed, t h i s c o n d i t i o n i s n o t o f t e n f o u nd 

i n t h e normal range o f j o i n t a c t i o n s where, i f j o i n t 

s u r f a c e s are i n r e l a t i v e m o t i o n , t h e l o a d i n g i s n o r m a l l y 

dynamic, v a r y i n g from n e a r l y z e r o t o s e v e r a l t i m e s body 

w e i g h t [ s e e Chapter 4 ] . 

L i n n ' s paper i n t h e f o l l o w i n g year C1969] summarised h i s 

p r e v i o u s r e s u l t s , r e i t e r a t i n g h i s c o n c l u s i o n s t h a t t h e 

mechanism of j o i n t l u b r i c a t i o n was i n h i s b e l i e f a com­

b i n a t i o n o f boundary, e l a s t o h y d r o d y n a m i c and s e l f induced 

h y d r o s t a t i c l u b r i c a t i o n [ t h e 'weeping' t h e o r y o f McCutchen]. 
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Radin, Paul and P o l l o c k [ 1 9 7 0 ] used a m o d i f i e d a r t h r o -

t r i p s o m e t e r and bovine m e t a t a r s o - p h a l a n g e a l j o i n t s 

under i n c r e a s i n g l o a d s w i t h b u f f e r and s y n o v i a l f l u i d . 

They used h e a v i e r l o a d s t h a n L i n n [ f r o m 100 Kg t o 500 Kg] 

and f o u n d t h a t f o r s y n o v i a l f l u i d , t h e c o e f f i c i e n t o f 

f r i c t i o n i n c r e a s e d w i t h l o a d and a t t h e h i g h e s t l o a d s 

had no advantage over b u f f e r . T h i s l e d them t o conclude 

t h a t a weeping t y p e o f mechanism was a c t i v e , b u t a g a i n 

they were n o t s t u d y i n g f r i c t i o n under p h y s i o l o g i c a l 

c o n d i t i o n s s i n c e t h e i r f r i c t i o n a l v a l u e s were r e c o r d e d 

a f t e r two hours c o n t i n u o u s o s c i l l a t i o n a t c o n s t a n t heavy 

1oads. 

I n answer t o t h e c r i t i c i s m t h a t t h e d i g e s t i o n o f s y n o v i a l 

f l u i d may have u n p r e d i c t a b l e e f f e c t s on i t , Radin, 

Swann and Weisser C1970] used a d e n s i t y g r a d i e n t s e d i ­

m e n t a t i o n t e c h n i q u e t o o b t a i n t h r e e l u b r i c a n t s c o n t a i n i n g 

r e s p e c t i v e l y no h y a l u r o n a t e , a l l t h e h y a l u r o n a t e , and 

most o f t h e p r o t e i n . U s i n g t h e same r i g as Radin, Paul 

and P o l l o c k w i t h a l o a d o f 250 l b , t h e y found t h a t t h e 

f l u i d c o n t a i n i n g t h e p r o t e i n was t h e o n l y one which showed 

any advantage over b u f f e r - c o n c l u d i n g t h a t i t i s t h i s 

p r o t e i n which i s s o l e l y r e s p o n s i b l e f o r j o i n t l u b r i c a t i o n . 

Since t h e i r t e s t c o n d i t i o n s o f c o n s t a n t l o a d i n g p r e d i s ­

pose t o boundary l u b r i c a t i o n , i t may be t r u e t h a t o n l y 

the p r o t e i n component i s i m p o r t a n t i n t h e i r system. 

T h i s cannot be g e n e r a l i s e d t o cover j o i n t l u b r i c a t i o n under 

a l l c o n d i t i o n s . 
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A d e c r e a s e i n c o e f f i c i e n t of f r i c t i o n w i t h i n c r e a s i n g 

speed of o s c i l l a t i o n was n o t i c e d by R a d i n , P a u l and 

W e i s s e r [ 1 9 7 1 ] , a l s o i n t h e a r t h r o t r i p s o m e t e r . T h i s 

they p o s t u l a t e d was due t o the f o r c e n e c e s s a r y t o overcome 

the e l a s t i c n a t u r e of t he c a r t i l a g e but c o u l d a l s o have 

been due t o a mixed l u b r i c a t i o n regime, where an i n c r e a s e 

i n s l i d i n g s p e e d would re d u c e t h e c o e f f i c i e n t of f r i c t i o n 

Csee F i g u r e 3 . 1 ] . They a l s o t r i e d a r t i f i c i a l l u b r i c a n t s , 

s u c h a s SOD cS s i l i c o n e f l u i d , and found them t o be l e s s 

e f f i c i e n t t h a n s y n o v i a l f l u i d , c o n c l u d i n g t h a t V i s c o s i t y 

i s not i m p o r t a n t . T h i s may be t r u e i n t h e i r s y s t e m of 

c o n s t a n t l o a d i n g , which i s l i k e l y t o r e q u i r e boundary 

l u b r i c a t i o n . As e x p l a i n e d i n t h e d i s c u s s i o n of Rope's 

work, t h e i n t e r a c t i o n o f s u r f a c e and l u b r i c a n t i s i m p o r t a n t 

h e r e and may not be a c h i e v e d i f one component i s s y n t h e t i c . 

I f however, t h e y were o p e r a t i n g i n t h e mixed l u b r i c a t i o n 

regime, n e a r t h e minimum of t h e c u r v e i n F i g 3 . 1 , 

i n c r e a s i n g v i s c o s i t y may have t a k e n t h e s y s t e m i n t o t h e 

f l u i d f i l m r e g i o n . An i n c r e a s e d v i s c o s i t y h e r e i n c r e a s e s 

t h e c o e f f i c i e n t of f r i c t i o n . 

R a d i n e t a l C1971] s t u d i e d t h e l u b r i c a t i o n of bovine 

s y n o v i a l membrane on a m o t o r - d r i v e n g l a s s s l i d e r and found 

h e r e t h a t h y a l u r o n a t e was a b e t t e r l u b r i c a n t t h a n b u f f e r 

and t h a t removal of h y a l u r o n i c a c i d from s y n o v i a l f l u i d 

w i t h h y a l u r o n i d a s e , removed t h e l u b r i c a t i n g a d vantage 

of s y n o v i a l f l u i d o v e r b u f f e r . 
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I n t h e i r ' c o n s o l i d a t e d c o n c e p t ' of j o i n t l u b r i c a t i o n , 

R a d i n and P a u l [ 1 9 7 2 ] s u g g e s t t h a t t h e c a r t i l a g e -

c a r t i l a g e l u b r i c a t i o n i s boundary a t low l o a d s and 

squ e e z e - f i l m a t h i g h l o a d s , but t h i s squeeze f i l m i s 

not dependent on t h e p r e s e n c e of h y a l u r o n a t e . The h y a l u r o -

n a t e i s o n l y i m p o r t a n t f o r t h e boundary l u b r i c a t i o n of 

the s y n o v i a l membrane. T h i s squeeze f i l m i n t h e ab s e n c e 

of h y a l u r o n a t e does not appear t o be backed up by any 

e x p e r i m e n t a l d a t a , and a l l t h e i r p r e v i o u s e x p e r i m e n t s 

i n v o l v e d c o n s t a n t l o a d i n g , where t h e squeez e f i l m e f f e c t 

i s u n l i k e l y t o o c c u r . 

Swann e t a l C1974] brought t o g e t h e r t e s t s on both c a r t i l a g e 

and s y n o v i a l membrane i n t h e same s e r i e s of e x p e r i m e n t s . 

They o b t a i n e d h y a l u r o n i c a c i d from v a r i o u s s o u r c e s 

i n c l u d i n g r o o s t e r combs and showed t h a t t h e v i s c o s i t y of 

the f l u i d was i m p o r t a n t i n t h e membrane l u b r i c a t i o n t e s t s 

and t h a t t h e r e was no r e d u c t i o n i n l u b r i c a t i n g a b i l i t y 

u n t i l t h e h y a l u r o n i c a c i d c o n t e n t f e l l below 0.5 mg/ml. 

Human rh e u m a t o i d f l u i d was a l s o t e s t e d and found t o 

g i v e s i m i l a r r e s u l t s t o t h o s e w i t h b o v i n e s y n o v i a l 

f l u i d . T h e i r t e s t s on c a r t i l a g e , c a r r i e d out i n t h e same 

manner a s R a d i n , P a u l and P o l l o c k but w i t h a l o a d of 

250 Kg, c o n f i r m e d p r e v i o u s r e s u l t s - t h a t t h e p r o t e i n 

c o n t e n t i s a l l i m p o r t a n t . T h i s l e d them t o s u g g e s t t h a t 

t h e a r t i c u l a r l u b r i c a t i n g moiety i s d e r i v e d from t h e 

c a r t i l a g e and not produced by t h e s y n o v i a l membrane. 
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T h e r e a r e no v a l u e s g i v e n F o r c o e F F i c i e n t oF F r i c t i o n , y u , 

i n t h i s paper: a l l t h e r e s u l t s a r e quoted a s a ' l u b r i c a t i n g 

a b i l i t y ' d e F i n e d a s a p e r c e n t a g e 

yU. [ b u f f e r ] - /^.Csample] 
x 100% 

y t ^ C b u F F e r ] - [ s y n o v i a l F l u i d ] 

Hence i F the sample l u b r i c a n t i s t h e same a s t h e s y n o v i a l 

F l u i d , t h e l u b r i c a t i n g a b i l i t y w i l l be 100%, r e g a r d l e s s 

oF t h e d i f f e r e n c e between t h e b u f f e r and t he s y n o v i a l 

f l u i d . However, i f [ s a m p l e ] i s d i f f e r e n t from 

JLK [ s y n o v i a l f l u i d ] , t h e l u b r i c a t i n g a b i l i t y w i l l be 

dependent on t h e d i f f e r e n c e between yu.[ s y n o v i a l f l u i d ! 

and ym-[ buf f e r ] . 

A c r y l i c c a s t i n g s of t h e s u r f a c e of c a r t i l a g e t a k e n by 

Dawson e t a l C1967] showed t h a t i t was r o u g h e r t h a n e x p e c t e d . 

A s e r i e s of p a p e r s was p u b l i s h e d f o l l o w i n g Dowson, which 

p r o p o s e d a t h e o r y of 'boosted' l u b r i c a t i o n [ W a l k e r e t a l 

1968, 1969b]. S i n c e t h e c a r t i l a g e s u r f a c e was found t o 

c o n t a i n u n d u l a t i o n s up t o 200 yu.inch [5" x 10 m] deep, 

t h e y s u g g e s t e d t h a t f l u i d was t r a p p e d i n p o o l s between 

t h e c a r t i l a g e s u r f a c e s and t h e v i s c o s i t y of t h i s f l u i d 

was i n c r e a s e d a s t h e l o a d i n c r e a s e d , due t o w a t e r s q u e e z i n g 

out t h r o u g h t h e p o r e s of t h e c a r t i l a g e . I n t h e l i g h t l y 

l o a d e d phase of a c y c l i c motion a f u l l f l u i d f i l m c a n be 

r e s t o r e d between t h e s u r f a c e s . 

T h e i r s t u d i e s showed t h e c o n t a c t a r e a i n t h e h i p t o be 
2 -2 a maximum of 9.5 cm w i t h a maximum p r e s s u r e of 32 Kg cm 

[3. 1 MPa] [ L o n g f i e l d e t _ a l , 1969], 
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E x a m i n i n g t h e F i l m of s y n o v i a l F l u i d d e p o s i t e d on t h e 

c a r t i l a g e s u r f a c e a f t e r s l i d i n g on g l a s s , Walker e t a l 

C1970a] Found t h a t a t l i g h t l o a d s , the d e p o s i t showed 

an o r i e n t e d p a t t e r n , p r o b a b l y r e p r e s e n t i n g t h e d i r e c t i o n 

oF Flow. At h i g h e r l o a d s t h e p a t t e r n c o l l a p s e d i n t o a 

c o n t i n u o u s s k i n o v e r t h e s u r F a c e . 

• owson e t a l [ 1970] s t u d i e d the c o n c e p t oF b o o s t e d 

l u b r i c a t i o n t h e o r e t i c a l l y . They assumed t h a t t h e v i s c o s i 

oF t h e s y n o v i a l F l u i d i n c r e a s e d w i t h d e c r e a s i n g F i l m 

t h i c k n e s s , and F o r r i g i d g e o m e t r i e s they c a l c u l a t e d t h e 

s q u e e z e F i l m time t o be about one minute - a l o n g time 

compared w i t h the w a l k i n g c y c l e . They s u g g e s t e d t h a t 

s i d e l e a k a g e oF F l u i d , r a t h e r t h a n p a s s a g e t h r o u g h t h e 

c a r t i l a g e was more l i k e l y t o o c c u r . 

W a l k e r e t a l [ 1 970b] examined i n d e t a i l t h e a g g r e g a t e s 

oF h y a l u r o n i c a c i d / p r o t e i n complex Formed on c a r t i l a g e 

s u r F a c e s when s l i d i n g a g a i n s t g l a s s . A F t e r F r e e z i n g 

s p e c i m e n s t h e y were v i e w e d i n a s c a n n i n g e l e c t r o n 

m i c r o s c o p e . The F o r m a t i o n oF t h e a g g r e g a t e i n c r e a s e d the 

s q u e e z e F i l m time and i n extreme c o n d i t i o n s , c o l l a p s e d 

to Form a p r o t e c t i v e s k i n a c t i n g a s a boundary l u b r i c a n t . 

Dowson and W r i g h t [ 1 9 7 2 ] d i s c u s s e d t h e p r e s e n c e oF both 

F l u i d F i l m and boundary l u b r i c a t i o n mechanisms i n a j o i n t 

under d i F F e r e n t c o n d i t i o n s oF l o a d i n g and movement and 

p o i n t e d out t h a t the F u l l range oF c o n d i t i o n s must be 

c a r e f u l l y c o n s i d e r e d i n any s t u d i e s oF j o i n t l u b r i c a t i o n . 
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They s a i d t h a t t h e f l u i d f i l m may be p r o l o n g e d by e i t h e r 
' boosted' o r 'weeping' mechanisms, o r both, but McCutchen 
[ 1 9 7 2 ] , t h e proponent of 'weeping' l u b r i c a t i o n , a r g u e d 
t h a t b o o s t e d and weeping t h e o r i e s a r e not c o m p a t i b l e . 
B o o s t e d t h e o r y p o s t u l a t e s f l o w of f l u i d i n t o t h e c a r t i l a g e , 
whereas weeping t h e o r y assumes f l o w i n the r e v e r s e d i r e c ­
t i o n . However, L i n g [ 1 9 7 4 ] u s e d a t h e o r e t i c a l model o f 
th e c o n t a c t o f two e l a s t i c p o r o u s c y l i n d r i c a l d i s c s on 
e l a s t i c non-porous b a s e s t o show t h a t t h e two t h e o r i e s 
were n o t e x c l u s i v e . As t h e d i s c s a p p r o a c h e d e a c h o t h e r , 
t h e c e n t r a l p o r t i o n underwent 'boosted' t y p e of l u b r i ­
c a t i o n , t h e edges weeping whereas l a t e r i n t h e time i n t e r v a l 
t h e whole s u r f a c e 'weeped'. 

A l l t h e work on l u b r i c a t i o n so f a r d e s c r i b e d h a s assumed 

t h a t t h e s y n o v i a l f l u i d i s t h e j o i n t l u b r i c a n t , though 

th e i m p o r t a n c e of t h e d i f f e r e n t c o n s t i t u e n t s i s i n d i s p u t e . 

L i t t l e e t a l [ 1 9 6 9 ] c l a i m e d t h a t i f t h e f a t l a y e r was 

removed from t h e s u r f a c e of t he c a r t i l a g e , t h e c o e f f i c i e n t 

of f r i c t i o n r o s e c o n s i d e r a b l y and t h e r e f o r e t h i s l a y e r 

of l i p i d was a c t i n g a s a boundary l u b r i c a n t . 

A l s o i n 1969, Mow r e v i e w e d t h e p r e s e n t s t a t e of l u b r i c a t i o n 

t h e o r i e s , c o n c l u d i n g t h a t thB mechanism was e l a s t o r h e o -

dynamic - a term which i n c l u d e s both t h e e l a s t i c i t y of 

the c a r t i l a g e and t h e non-Newtonian b e h a v i o u r of s y n o v i a l 

f l u i d . He posed a s e r i e s of t h e o r e t i c a l p r oblems which 

needed a n s w e r i n g t o d e s c r i b e t h e mechanism i n d e t a i l . 
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C l a r k e e t a l C1975] u s e d a pendulum t o t e s t t h e F r i c t i o n 

i n h i p j o i n t s and Found t h a t y-A = •. 0095 t o 0.03 w i t h 

s y n o v i a l F l u i d p r e s e n t and jy<= 0.028 t o 0. 147 when run 

'dry'. A f t e r e i g h t h o u r s 'dry* r u n n i n g t h e c a r t i l a g e 

began t o F i s s u r e and F l a k e i n t h o s e a r e a s n o r m a l l y 

a s s o c i a t e d w i t h o s t e o a r t h r i t i c damage. They were wary 

oF s p e c i F y i n g a l u b r i c a t i o n mode s i n c e p r e v i o u s r e s u l t s 

had shown t h a t t h i s was d i F F i c u l t t o p r e d i c t From 

pendulum r e s u l t s . 

Unsworth e t a l [ 1 9 7 5 a ] c o n s i d e r e d t h e problem oF both 

boundary and F l u i d F i l m l u b r i c a t i o n p r o d u c i n g a l i n e a r 

decay i n a m p l i t u d e i n a pendulum machine a s d e s c r i b e d 

by C h a r n l e y [ 1 9 5 9 ] and B a r n e t t and Cobbold [ 1 9 6 2 ] . 

B a r n e t t and Cobbold had p r o v i d e d a d e t a i l e d c r i t i c i s m 

oF C h a r n l e y ' s p a p e r s , c o n f i r m i n g h i s e x p e r i m e n t a l r e s u l t s 

showing a l i n e a r decay i n a m p l i t u d e . b u t d r a w i n g o p p o s i t e 

c o n c l u s i o n s . They showed t h a t a h y d r o s t a t i c b e a r i n g 

[where a F l u i d F i l m must e x i s t ] u s e d a s t h e F u l c r u m 

oF a pendulum c a u s e d an a p p a r e n t l y l i n e a r decay i n 

a m p l i t u d e - a s i t u a t i o n C h a r n l e y had b e l i e v e d t o t y p i F y 

boundary l u b r i c a t i o n . Unsworth e t a l [ 1 9 7 5 a ] c o n c l u d e d 

t h a t t h e exponent oF t h e F l u i d F i l m decay was so s m a l l 

t h a t t h e decay would a p p e a r t o be l i n e a r . To overcome 

t h i s problem they d e s i g n e d a c a r r i a g e F o r t h e a c e t a b u l u m 

which r e s t e d i n h y d r o s t a t i c b e a r i n g s and measured t h e 

F r i c t i o n a l t o r q u e d i r e c t l y . T h i s Form oF c a r r i a g e was 

a l s o u s e d i n the h i p F u n c t i o n s i m u l a t o r employed i n t h e 
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p r e s e n t work and w i l l t h e r e f o r e be d e s c r i b e d i n C h a p t e r 4 

of t h i s t h e s i s . A f u r t h e r m o d i f i c a t i o n t o t h e pendulum 

was t h e a d d i t i o n of a j a c k i n g mechanism so t h a t t h e l o a d 

c o u l d be a p p l i e d s u d d e n l y a t t h e b e g i n n i n g of the t e s t . 

They t e s t e d a number of n a t u r a l h i p j o i n t s and found 

t h a t t h e c o e f f i c i e n t of f r i c t i o n was g r e a t e r a t low l o a d s 

t h a n h i g h ones, and i t i n c r e a s e d w i t h number of s w i n g s 

u n t i l t h e r e was a r a p i d decay j u s t b e f o r e t h e pendulum 

st o p p e d . They s u g g e s t e d t h a t t h i s decay might not be 

due t o a s l i d i n g f r i c t i o n f o r c e , but t h a t once the 

pendulum had come t o r e s t , t h e y were r e c o r d i n g t h e 

r e s i s t a n c e of t h e c a r t i l a g e t o s h e a r i n g f o r c e s . 

A r t i f i c i a l j o i n t s were a l s o t e s t e d w i t h t h i s pendulum 

[Unsworth e t a l , 1975b] t o i n v e s t i g a t e t h e l u b r i c a t i n g 

a b i l i t y of s y n o v i a l f l u i d i n p r o s t h e s e s . They found 

t h a t under dynamic l o a d i n g c o n d i t i o n s , t h e c o e f f i c i e n t 

of f r i c t i o n was r e d u c e d i n t h e p r e s e n c e of s y n o v i a l f l u i d , 

s u g g e s t i n g t h e o p e r a t i o n o f a s q u e e z e f i l m mechanism. 

F u r t h e r i n v e s t i g a t i o n of t h e l u b r i c a t i o n of a r t i f i c i a l 

j o i n t s was r e p o r t e d i n 1978 [ U n s w o r t h ] . The most s i g ­

n i f i c a n t f i n d i n g s were t h a t p r o s t h e s e s had l o w e r f r i c t i o n 

when l u b r i c a t e d t h a n when dry and t h e f r i c t i o n depended 

on the v i s c o s i t y of t he l u b r i c a n t , r e d u c i n g a s the 

v i s c o s i t y i n c r e a s e d a s would be e x p e c t e d i n mixed l u b r i ­

c a t i o n r e g i m e s . 
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• ' K e l l y e t a l [ 1 9 7 7 ] d e s c r i b e d a h i p j o i n t s i m u l a t o r 

which a p p l i e d dynamic l o a d s t o a j o i n t o s c i l l a t i n g i n 

F l e x i o n and e x t e n s i o n . The s i m u l a t o r u s e d i n the work 

r e p o r t e d i n t h i s t h e s i s was b a s e d on t h i s d e s i g n and so 

a F u l l d e s c r i p t i o n w i l l be g i v e n l a t e r . They u s e d s i l i c o n e 

o i l s w i t h a wide range of v i s c o s i t i e s i n a C h a r n l e y j o i n t 

and produced a graph of yn. a g a i n s t Tju/L which showed t h e 

c l a s s i c a l f e a t u r e s of mixed, and f l u i d f i l m l u b r i c a t i o n . 

The f o l l o w i n g y e a r D ' K e l l y e t a l [ 1 9 7 8 ] r e p o r t e d f u r t h e r 

work u s i n g t h e s i m u l a t o r and pendulum w i t h human h i p 

j o i n t s arrd'bovine s y n o v i a l f l u i d . They c o n c l u d e d t h a t under 

s t a t i c l o a d i n g c o n d i t i o n s w i t h s y n o v i a l f l u i d of v i s c o s i t y 
_3 

10 Pa s, t h e l u b r i c a t i o n was mixed but under dynamic 

l o a d i n g t h e s q u e e z e f i l m a c t i o n gave a f u l l f l u i d f i l m . 

They d i d some work w i t h d i g e s t e d s y n o v i a l f l u i d and found 

t h a t t h e f r i c t i o n i n c r e a s e d a f t e r h y a l u r o n i d a s e d i g e s t i o n 

but not a f t e r t r y p t i c d i g e s t i o n . However, t h e r e i s l i t t l e 

d e t a i l of t h e b i o c h e m i c a l work and no c o n t r o l s a m p l e s of 

the same f l u i d w hich had not been e n z y m a t i c a l l y d i g e s t e d 

were u s e d i n l u b r i c a t i o n t e s t s . No a s s a y s were made to 

e n s u r e t h a t d i g e s t i o n had t a k e n p l a c e w i t h e i t h e r 

h y a l u r o n i d a s e o r t r y p s i n . F u r t h e r work i n t h i s a r e a 

was p u b l i s h e d by R o b e r t s e t a l [ 1 9 8 2 ] , the d e t a i l s of 

which a r e r e p o r t e d i n t h i s t h e s i s . The r e s u l t s of 

• ' K e l l y ' s work were d i r e c t l y opposed t o t h a t of L i n n , 

R a d i n and Swann d e s c r i b e d p r e v i o u s l y . 
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0 ' K e l l y e t a l [ 1 9 7 9 } a l s o s t u d i e d t h e l u b r i c a t i o n oF 

s e v e r a l d i f f e r e n t p r o s t h e s e s w i t h s i l i c o n e F l u i d s . 

Above a v i s c o s i t y oF 0.1 Pa s F u l l F l u i d F i l m l u b r i c a t i o n 

was o b t a i n e d . They s u g g e s t e d t h a t s i n c e t h e s y n o v i a l 

F l u i d p roduced around a p r o s t h e s i s a f t e r h i p s u r g e r y 

had a v i s c o s i t y l e s s t h a n t h i s , c o n s i d e r a t i o n s h o u l d be 

g i v e n t o s e a l i n g a l u b r i c a n t i n w i t h a p r o s t h e t i c j o i n t . 

I n A m e r i c a a t t h e same time, D a v i s e t a l [ 1 9 7 8 ] were 

l o o k i n g s p e c i f i c a l l y a t t h e boundary l u b r i c a t i n g a b i l i t y 

of s y n o v i a l f l u i d i n a l a t e x - g l a s s s y stem. T h e i r 

c o n d i t i o n s of c o n s t a n t l o a d i n g and r i g i d s u r f a c e s were 

not e x p e c t e d t o produce a f l u i d F i l m so i t i s not s u r ­

p r i s i n g t h a t t h e y Found t h a t t h e F r i c t i o n was i n d e p e n d e n t 

oF the v i s c o s i t y oF t h e s y n o v i a l F l u i d . They pro p o s e d 

a c o m p l i c a t e d t h e o r y [ D a v i s e t a l , 1979] oF t h e s t r u c t u r i n g 

oF boundary w a t e r t o e x p l a i n t h e boundary l u b r i c a t i n g 

a b i l i t y oF s y n o v i a l f l u i d , but admit t h a t t h e i r r e s u l t s 

a r e F o r a l a t e x - g l a s s s y s t e m and may not r e l a t e d i r e c t l y 

t o j o i n t s . The t e s t s t h e y t r i e d w i t h c a r t i l a g e s u r f a c e s 

i n t h e i r t e s t s y s t e m d i d not g i v e r e p r o d u c i b l e r e s u l t s . 

E l a s t o h y d r o d y n a m i c l u b r i c a t i o n was s u g g e s t e d by H i g g i n s o n 

[ 1 9 7 7 ] w i t h a s q u e e z e F i l m mechanism r a t h e r t h a n r o l l i n g 
—8 — 7 

o r s l i d i n g . He showed t h a t 1D t o 10 m was a r e a s o n a b l e 

e s t i m a t e oF t h e F i l m t h i c k n e s s which c o u l d be o b t a i n e d 

by r o l l i n g / s l i d i n g i n t h e knee, whereas t h e Ra v a l u e oF 
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c a r t i l a g e i s no b e t t e r t h a n 10 m. However when he 

c o n s i d e r e d s q u e e z e F i l m t h i c k n e s s a f t e r 0.5 s i n t h e knee 
_B , -6 

he a r r i v e d a t a F i g u r e oF 10 m [ o r 5 x 10 m F o r t h e 

h i p ] . T h i s i s much more p r o m i s i n g F o r t h e maintenance 

oF a F l u i d F i l m and depends on the e l a s t i c i t y oF t h e 

c a r t i l a g e r a t h e r t h a n i t s p e r m e a b i l i t y , which i s p r o b a b l y 

too low t o be i m p o r t a n t i n t h e time s c a l e oF t h e w a l k i n g 

c y c l e . He used e x p e r i m e n t s w i t h rough and smooth r u b b e r 

l a y e r s t o i l l u s t r a t e h i s t h e o r i e s . P r e v i o u s work w i t h 

t h i n c o m p l i a n t l a y e r s [ B e n n e t atad H i g g i n s o n , 1970] had 

d e m o n s t r a t e d t h a t t h e y were b e n e F i c i a l t o l u b r i c a t i o n and 

F r i c t i o n i n a pure s l i d i n g arrangement [ r i g i d c y l i n d e r 

r o t a t i n g a g a i n s t a p l a n e w i t h a c o m p l i a n t s u r f a c e l a y e r ] . 

I n e x p e r i m e n t s e x a m i n i n g t h e normal a p p r o a c h oF a r i g i d 

s p h e r e onto a p l a n e w i t h a c o m p l i a n t s u r f a c e l a y e r 

[Gaman e t a l , 1974] a pool oF l u b r i c a n t was t r a p p e d i n 

t h e c e n t r a l r e g i o n and g r e a t l y i n c r e a s e d t h e s q u e e z e F i l m 

t i me. 

H i g g i n s o n and Norman [ 1 9 7 4 ] l o o k e d a t the l u b r i c a t i o n oF 

porous e l a s t i c s o l i d s , both e x p e r i m e n t a l l y and t h e o r e t i c ­

a l l y by a g a i n c o n s i d e r i n g t h e normal app r o a c h oF a r i g i d 

s p h e r i c a l s u r f a c e onto a t h i n c o m p l i a n t l a y e r on a r i g i d 

b a c k i n g . The c o m p l i a n t l a y e r was a l s o e i t h e r p o r o u s o r 

p e r f o r a t e d , E x t e n d i n g t h e i r t h e o r y t o a n i m a l j o i n t s 

t h e y proposed t h a t t h e p e r m e a b i l i t y of c a r t i l a g e i s too 

low t o p l a y a r o l e i n t h e l u b r i c a t i o n mechanism [ a s r e q u i r e d 

by the weeping t h e o r y f o r i n s t a n c e ] . The entrapment of 
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a s q u e e z e F i l m by the F l e x i b l e c a r t i l a g e may be i m p o r t a n t 

a s may t h e F i l t r a t i o n t h r o u g h s u r f a c e a g g r e g a t e s s u g g e s t e d 

i n t h e 'boosted' t h e o r y . 

T h i s i d e a t h a t t h e e l a s t i c i t y oF t he c a r t i l a g e was im­

p o r t a n t i n r e d u c i n g F r i c t i o n l e d Thompson [ 1979] t o s t u d y 

t h e e f f e c t of a c o m p l i a n t l a y e r i n a h i p p r o s t h e s i s . 

He found a c o n s i d e r a b l e r e d u c t i o n i n f r i c t i o n o v e r a 

c o n v e n t i o n a l C h a r n l e y j o i n t when he u s e d a m e t a l 

a c e t a b u l u m l i n e d w i t h s i l i c o n e r u b b e r of v a r i o u s t h i c k ­

n e s s e s . I n o r d e r t o o b t a i n a wide range of v i s c o s i t i e s 

he u s e d s i l i c o n e f l u i d f o r t h e l u b r i c a n t . 

O t h e r w o r k e r s have l o o k e d a t t h e e f f e c t of c o m p l i a n t 

l a y e r s from a t h e o r e t i c a l v i e w p o i n t . R y b i c k i e t a l 

C1979] u s e d a f i n i t e e l e m e n t model of a s q u e e z e f i l m 

b e a r i n g w i t h low modulus e l a s t i c s u r f a c e s and a v i s c o u s 

l u b r i c a n t t o examine t h e e f f e c t of c a r t i l a g e s t i f f n e s s 

and l u b r i c a n t v i s c o s i t y on F r i c t i o n under i m p u l s e l o a d i n g . 

They found t h a t i n t h e i r model, c o m p l i a n t b e a r i n g s were 

s u p e r i o r t o r i g i d ones, but t h a t i n g e n e r a l , c h a n g i n g 
_3 

t h e v i s c o s i t y of t h e l u b r i c a n t from 7 t o 80 cP [ 7 x 10 

t o 8 x 10 Pa s ] had a g r e a t e r e f f e c t t h a n c h a n g i n g t h e 
-2 -2 modulus of the c a r t i l a g e from 4.4 MNm t o 17.6 MNm 

They d i d not i n c l u d e non-Newtonian o r v i s c o e l a s t i c 

b e h a v i o u r i n t h e i r model. A t h e o r e t i c a l a n a l y s i s by 

Tandon and Rakesh [ 1 9 8 1 ] of t h e squeeze f i l m t i m e s f o r 

two rough c a r t i l a g e s u r f a c e s a p p r o a c h i n g e a c h o t h e r w i t h 

f l u i d i n between, showed t h a t t h e time i n c r e a s e s w i t h 
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c a r t i l a g e r o u g h n e s s and i n c r e a s i n g c o n c e n t r a t i o n o f 

h y a l u r o n i c a c i d m o l e c u l e s i n t h e s y n o v i a l f l u i d . 

R e c e n t work by Gore e t a l [ 1 9 8 1 ] on a n o t h e r m o d i f i e d 

pendulum machine has p r o v i d e d f u r t h e r e v i d e n c e of f l u i d 

f i l m l u b r i c a t i o n by a squ e e z e f i l m mechanism i n h i p 

p r o s t h e s e s . They a t t e m p t e d t o i n c o r p o r a t e some of the 

a d v a n t a g e s of t e s t i n g w i t h a s i m u l a t o r i n t o t h e s i m p l e r 

pendulum motion. The l o a d c o u l d be a p p l i e d t o t he j o i n t 

f o r one d i r e c t i o n of swing and removed f o r t h e o t h e r 

h a l f - c y c l e . T h i s was a more p h y s i o l o g i c a l c y c l e t h a n 

c o n s t a n t l o a d i n g . They a l s o u s e d t h e method of d i r e c t 

f r i c t i o n measurement employed by Unsworth e t a l [ 1 9 7 5 a ] . 

They compared f r i c t i o n f a c t o r s w i t h c o n s t a n t and o n / o f f 

l o a d i n g . The o n / o f f l o a d i n g gave s i g n i f i c a n t l y l o w e r 

v a l u e s of f r i c t i o n f a c t o r . They deduced t h a t v i s c o u s 

f l u i d l u b r i c a t i o n o p e r a t e s o v e r a t l e a s t p a r t of t h e 

p h y s i o l o g i c a l range of l o a d s and motion and t h e s q u e e z e 

f i l m mechanism i s i m p o r t a n t . 

A c o m p r e h e n s i v e r e v i e w a r t i c l e by Chandra [ 1980] s u g g e s t s 

t h a t a l t h o u g h t h e l i t e r a t u r e i s e x t e n s i v e , t h e f i n a l 

c o n c l u s i o n h a s not y e t been r e a c h e d ; t h e e v i d e n c e so 

f a r p o i n t i n g t o v a r i o u s mechanisms a c t i n g under d i f f e r e n t 

o p e r a t i n g c o n d i t o n s . The work i n t h i s t h e s i s was p l a n n e d 

t o p r o v i d e more e v i d e n c e , i n p a r t i c u l a r w i t h dynamic 

l o a d i n g , where t h e d a t a h a s so f a r been l i m i t e d . 
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CHAPTER FOUR 

THE HIP FUNCTION SIMULATOR: DESCRIPTION AND USE 

A h i p j o i n t f u n c t i o n s i m u l a t o r s i m i l a r to t h a t d e s c r i b e d 

by 0 ' K e l l y e t a l [ 1 9 7 7 ] was u s e d f o r t h e l u b r i c a t i o n 

t e s t s [ F i g u r e 4 . 1 ] . The machine was d e s i g n e d t o g i v e 

a more p h y s i o l o g i c a l c y c l e t h a n t h e s i m p l e pendulum 

machines so f r e q u e n t l y used, w h i l s t not a t t e m p t i n g 

c o m p l e t e l y t o s i m u l a t e j o i n t c o n d i t i o n s . The l o a d i n g and 

motion c y c l e s were ba s e d on t h e c o n d i t i o n s e x p e r i e n c e d 

by t h e h i p d u r i n g w a l k i n g which have been d e t e r m i n e d 

by v a r i o u s w o r k e r s . 

4. 1 The w a l k i n g c y c l e 

S u b j e c t s were photographed w i t h c i n e f i l m a s they walked 

o v e r a F o r c e p l a t f o r m f o r P a u l ' s [1966 - 7] a n a l y s i s of 

t h e f o r c e s t r a n s m i t t e d by j o i n t s . By c o n s i d e r i n g t h e 

muscle groups a c t i n g and t h e masses and a c c e l e r a t i o n s 

of t h e l i m b segments, he was a b l e t o deduce t h e F o r c e s 

a c t i n g on t h e h i p j o i n t d u r i n g t h e w a l k i n g c y c l e . F i g u r e 

4.2 shows t h e t h r e e components and t h e r e s u l t a n t F o r c e a t 

t h e h i p . I t c an be s e e n t h a t t h e F o r c e i n t h e v e r t i c a l 

d i r e c t i o n , J y , i s much l a r g e r t h a n i n t h e two h o r i z o n t a l 

d i r e c t i o n s and t h e r e f o r e t h e r e s u l t a n t c l o s e l y F o l l o w s 

J y o v e r much oF the c y c l e . T h e r e a r e two p e a k s p e r c y c l e , 

c o r r e s p o n d i n g t o h e e l - s t r i k e and t o e - o F F , where t h e 

F o r c e r e a c h e s t h r e e and Four t i m e s body w e i g h t r e s p e c t i v e l y . 
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E n g l i s h and K i l v i n g t o n [ 1 9 7 9 ] u s e d a f e m o r a l p r o s t h e s i s 

w i t h s t r a i n gauges i n c o r p o r a t e d i n i t s neck t o r e c o r d 

t h e f o r c e a c t i n g i n t h e j o i n t . A l o c a l l y i m p l a n t e d 

t r a n s m i t t e r e m i t t e d s i g n a l s which were p i c k e d up 

e x t e r n a l l y and r e c o r d e d a g a i n s t time. F i g u r e 4.3 shows 

a t r a c e t a k e n t w e l v e days a f t e r a h i p r e p l a c e m e n t o p e r a t i o n 

on a 5 9 - y e a r - o l d woman. Her body w e i g h t was 80 Kg and 

t h e v e r t i c a l a x i s t h e r e f o r e shows m u l t i p l e s of body w e i g h t , 

r e d u c e d by a f a c t o r t o a l l o w f o r t h e s u p p o r t g i v e n by 

t h e o t h e r l i m b . T h e r e was a swing phase w i t h a l o a d 

of about 1.2 x body w e i g h t and a l o n g e r s t a n c e phase 

[ 6 1 % of t h e c y c l e ] w i t h l o a d s of 2.4 x body w e i g h t . 

U n l i k e P a u l , E n g l i s h and K i l v i n g t o n o n l y r e c o r d e d one 

l o a d peak p e r c y c l e . However, t h e i r p a t i e n t a p p e a r s t o 

have been w a l k i n g a t about h a l f normal spe e d which may 

a c c o u n t f o r t h e d i f f e r e n c e . As they had no f o o t s w i t c h e s 

o r p h o t o g r a p h i c means of c o r r e l a t i n g t h e p o s i t i o n i n t h e 

c y c l e w i t h l o a d i t i s d i f f i c u l t t o compare r e s u l t s . 

The v e r y r a p i d l o a d i n g and u n l o a d i n g of t h e j o i n t i s 

a f e a t u r e of t h e r e s u l t s o b t a i n e d by both w o r k e r s and 

i s r e p r o d u c e d by t h e s i m u l a t o r . F i g u r e 4.4 shows a 

t y p i c a l l o a d t r a c e . I n one c y c l e t h e r e a r e two s i m i l a r 

l o a d p e a k s . T h i s s i m i l a r i t y between t h e p e a k s e n a b l e s 

a v e r a g e f r i c t i o n r e a d i n g s t o be t a k e n which, a s e x p l a i n e d 

l a t e r , r e d u c e s e r r o r s due t o o f f - c e n t r e mounting. T h i s 

t h e r e f o r e d i f f e r s from P a u l ' s work i n t h a t t h e l o a d 



6 1 

r e d u c e s t o t h e same v a l u e between t h e two p e a k s r a t h e r 
t h a n r e m a i n i n g h i g h e r between h e e l - s t r i k e and t o e - o f f . 

The a n g u l a r d i s p l a c e m e n t s of t h e h i p have a l s o been 

s t u d i e d . Lamoreux [ 1 9 7 1 ] u s e d a complex e x o s k e l e t o n 

w i t h h i p , knee and a n k l e a t t a c h m e n t s t o r e c o r d d a t a on 

ta p e f o r computer a n a l y s i s . F i g u r e 4.5 shows t y p i c a l 

p l o t s f o r t h e a n g l e o f f l e x i o n - e x t e n s i o n and a x i a l 
o 

r o t a t i o n . The f l e x i o n a n g l e h a s a maximum of about 30 , 

t h e e x t e n s i o n 20°, whereas i n r o t a t i o n t h e t o t a l range 

of movement i s o n l y 10°. These f i g u r e s were c o n f i r m e d 

by Gore e t a l C1979] when they u s e d an e l e c t r o g o n i o m e t e r 

t o measure h i p j o i n t movements. The movement of t h e h i p 

of a woman w a l k i n g i s shown i n F i g u r e 4.5. I t can be 

s e e n t h a t t h e t o t a l a m p l i t u d e i n f l e x i o n and e x t e n s i o n 

was about 30°, whereas t h e movements about t h e o t h e r 

two a x e s were c o n s i d e r a b l y l e s s . 

The s i m u l a t o r moves o n l y i n t h e f l e x i o n - e x t e n s i o n 

d i r e c t i o n , and from t h e above d i s c u s s i o n , t h i s a p p e a r s 

t o be a r e a s o n a b l e s i m p l i f i c a t i o n of t h e w a l k i n g c y c l e . 

The d i s p l a c e m e n t i s s i n u s o i d a l t h r o u g h t h e c y c l e . The 

l o a d i s a l w a y s a p p l i e d v e r t i c a l l y w i t h two maxima p e r 

c y c l e c o r r e s p o n d i n g t o h e e l - s t r i k e and t o e - o f f . 

4.2 D e s c r i p t i o n of t h e s i m u l a t o r 

The two components o f a h i p j o i n t , whether n a t u r a l o r 

a r t i f i c i a l , were mounted i n s e p a r a t e h o l d e r s [ d e s c r i b e d 

l a t e r ] which f i t t e d i n t o t h e s i m u l a t o r . The a c e t a b u l a r 
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h o l d e r was s u p p o r t e d i n a f r i c t i o n m e a s u r i n g c a r r i a g e . 

The f e m o r a l h o l d e r was mounted i n a frame t h r o u g h which 

h y d r a u l i c l o a d s were a p p l i e d t o the j o i n t . The f e m o r a l 

head r e s t e d i n t h e a c e t a b u l a r cup a s n e a r t o t h e a n a t o m i c a l 

p o s i t i o n a s p o s s i b l e . 

4.2.1 Load a p p l i c a t i o n 

A diagram showing t h e a p p l i c a t i o n of t h e h y d r a u l i c l o a d s 

i s shown i n F i g u r e 4.7. The cam was d r i v e n by a b e l t 

d r i v e from a Kopp V a r i a t o r v a r i a b l e s p e e d gearbox and 

motor. The cam moved t h e p i s t o n i n c y l i n d e r A, which 

t r a n s m i t t e d the c o n s e q u e n t i n c r e a s e i n p r e s s u r e to c y l i n ­

d e r C, and hence t h r o u g h a l o a d i n g frame t o t h e j o i n t . 

The N i t r o g e n / A i r a c c u m u l a t o r was s e t a t a p r e s s u r e of 

70 p s i [ 4 . 8 x 10 Nm ] , T h i s p r e s s u r e governed t h e 

r e l a t i o n s h i p between t h e maximum and minimum f o r c e s 

produced. The p r e s s u r e i n t h e a i r / o i l a c c u m u l a t o r was 

a d j u s t e d t o b a l a n c e t h e w e i g h t of t h e l o a d i n g frame. 

C y l i n d e r B was u s e d t o p r e s s u r i s e t h e s y s t e m and r e p l a c e 

o i l l o s s . 

A s t r a i n - g a u g e d l o a d c e l l was s i t u a t e d between c y l i n d e r 

C and the l o a d i n g frame from which t h e l o a d was r e c o r d e d 

a s a c o n t i n u o u s t r a c e . The i n s t r u m e n t a t i o n and c a l i ­

b r a t i o n a r e d e s c r i b e d i n s e c t i o n 4.3. 

4.2.2 O s c i l l a t i o n 

The s h a f t d r i v e n by t h e v a r i a b l e s p e e d motor had t h e cam 

mounted a t one end and a t t h e o t h e r s i d e of t h e l o a d i n g 
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Frame was a s c o t c h yoke mechanism which c o n v e r t e d t h e 

r o t a r y motion t o a v e r t i c a l r e c i p r o c a t i n g motion. 

T h i s drove a r a c k and p i n i o n and t h u s o s c i l l a t e d t h e 

f e m o r a l head c a r r i a g e s i n u s o i d a l l y w i t h an a m p l i t u d e 

d e t e r m i n e d by the a d j u s t m e n t of t h e e c c e n t r i c i t y oF t h e 

s c o t c h yoke and a s p e e d F i x e d by t h e motor/gearbox. 

The o s c i l l a t i o n and l o a d a p p l i c a t i o n were a l w a y s s y n ­

c h r o n i s e d s i n c e t h e y were a c t i v a t e d by t h e same d r i v e 

s h a F t . 

4.2.3 F r i c t i o n m e a s u r i n g c a r r i a g e 

The F r i c t i o n m e a s u r i n g c a r r i a g e c o n s i s t e d oF an aluminium 

t r a y s u p p o r t e d on two s t u b s h a f t s which were c a r r i e d 

i n e x t e r n a l l y p r e s s u r i s e d b e a r i n g s . E a c h b e a r i n g had 

two p o c k e t s a t an a n g l e oF 45° t o t h e v e r t i c a l , t h r o u g h 

w h i c h o i l was pumped. Thes e b e a r i n g s were d e s i g n e d 

F o r maximum s t i F F n e s s and had a v e r y low c o e f f i c i e n t oF 
-4 

F r i c t i o n [ a r o u n d 10 D [ U n s w o r t h , 1 9 7 8 ] . The a c e t a b u l a r 

h o l d e r F i t t e d i n a c i r c u l a r h o l e i n t h e b a s e oF t h e t r a y . 

F i g u r e 4.8 shows an a r t i F i c i a l j o i n t i n p o s i t i o n . 

B e c a u s e oF the d i F F i c u l t y oF a c c u r a t e l y c e n t r i n g j o i n t s 

i n t h e i r h o l d e r s , t h r e e p o s s i b l e a d j u s t m e n t s were i n t r o ­

duced. The h y d r o s t a t i c b e a r i n g s c o u l d t r a n s l a t e i n t h e 

a n t e r i o r - p o s t e r i o r d i r e c t i o n on two hardened s t e e l r o d s . 

T h i s a l l o w e d the a x i s of r o t a t i o n oF t h e a c e t a b u l u m t o be 

l i n e d up w i t h t h a t oF t h e head even though t h i s might 

v a r y t h r o u g h t h e c y c l e F o r a n o n - s p h e r i c a l h i p j o i n t . 

The t o t a l movement i n t h i s d i r e c t i o n was B mm. Along 
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•the a x i s oF r o t a t i o n a c l e a r a n c e was i n t r o d u c e d between 

t h e b e a r i n g c a s e and t h e c a r r i a g e . T h i s was 0.6 mm 

on e a c h s i d e and a l l o w e d t h e acetabulum t o move u n t i l 

i t mated e x a c t l y w i t h t h e head. The t h i r d a d j u s t m e n t 

was t h e h e i g h t of t h e Femoral head i n i t s mount. Washers 

c o u l d be u s e d on t h e top oF t h e l o a d Frame, on which 

t h e Femoral head h o l d e r r e s t e d , t o i n c r e a s e t h e d i s t a n c e 

between the h o l d e r and t h e r o t a t i o n a l a x i s oF t h e j o i n t . 

I n o r d e r t o F a c i l i t a t e t h e s e t t i n g up, t h e l e F t hand 

s t u b s h a f t and b e a r i n g were d r i l l e d a l o n g t h e i r a x e s 

t o accommodate a s t e e l m a n d r i l . T h i s c o u l d be s l o t t e d 

t h r o u g h t o l i n e up t h e a x e s oF t h e F r i c t i o n c a r r i a g e and 

t h e Femoral Frame. 

A mount was p r o v i d e d on one s i d e oF t h e t r a y F o r t h e 

p i e z o - e l e c t r i c t r a n s d u c e r [ F i g u r e 4 . 9 ] . The c a r r i a g e 

was b a l a n c e d w i t h l e a d s h o t w h i l e F l o a t i n g F r e e l y i n 

i t s b e a r i n g s . The t r a n s d u c e r was a t t a c h e d t o a b r a s s 

p l a t e on t h e a x i s oF t h e b e a r i n g s by means oF a s c r e w 

which p a s s e d t h r o u g h an o v e r s i z e d h o l e i n t h e p l a t e and 

i n t o t h e end oF t h e t r a n s d u c e r . T h e r e was a PTFE washer 

on e a c h s i d e oF t h e p l a t e . T h i s arrangement a l l o w e d t h e 

t r a n s d u c e r t o move v e r t i c a l l y w i t h r e s p e c t t o t h e b e a r i n g s , 

when t h e l o a d was a p p l i e d o r removed, w i t h o u t c a u s i n g 

bending oF t h e t r a n s d u c e r . The movement a l l o w e d ' h o r i z o n ­

t a l l y c o r r e s p o n d e d w i t h t h e a x i a l F l o a t i n t h e b e a r i n g s 
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and e n a b l e d t h e u n s t r a i n e d p o s i t i o n of t h e t r a n s d u c e r 

t o be Found a t the b e g i n n i n g of a t e s t . 

4,3 I n s t r u m e n t a t i o n and measurement 

The l o a d , d i s p l a c e m e n t and F r i c t i o n a l t o r q u e were a l l 

r e c o r d e d c o n t i n u o u s l y t h r o u g h o u t the c y c l e onto t h e same 

c h a r t . A b l o c k diagram of t h e components i s shown i n 

F i g u r e 4.10 and d e s c r i b e d under t h e s e p a r a t e h e a d i n g s . 

4.3.1 Measurement oF l o a d 

The l o a d measurement took p l a c e a t t h e l o w e r p i s t o n 

where t h e r e was a s t r a i n - g a u g e d l o a d c e l l . T h i s c o n s i s t e d 

oF two a c t i v e F o i l s t r a i n gauges and two p a s s i v e ones 

c o n n e c t e d t o form a h a l f b r i d g e . T h i s was i n t u r n 

c o n n e c t e d to a Wheatstone b r i d g e [BPA t r a n s d u c e r 

m e t e r ] which i n c o r p o r a t e d an a n a l o g u e g a l v a n o m e t e r t o 

d i s p l a y t h e l o a d . The o u t p u t From t h e BPA meter was 

p a s s e d through a s m a l l a m p l i F i e r [ F i g u r e 4.11] and i n t o 

one c h a n n e l oF the c h a r t r e c o r d e r [Manarp o s c i l l o g r a p h 

150}. The a d d i t i o n a l s m a l l a m p l i F i e r was n e c e s s a r y 

t o match the impedances oF the BPA meter and t h e g a l ­

vanometer i n t h e r e c o r d e r . The c h a r t r e c o r d e r u s e s a 

l i g h t t r a c e on s e n s i t i s e d paper and h a s a maximum 
- 1 

w r i t i n g s p e e d oF 250 ms . T h i s means t h a t i t s r e s p o n s e 

i s much F a s t e r t h a n t h e c h a n g e s i n l o a d and F r i c t i o n 

t h a t i t i s r e c o r d i n g . 

4.3.2 Measurement oF F r i c t i o n 

S i n c e t h e F r i c t i o n m e a s u r i n g c a r r i a g e was s u p p o r t e d i n 

h y d r o s t a t i c b e a r i n g s i t c o u l d be assumed t h a t a l l t h e 

t o r q u e t r a n s m i t t e d t hrough t h e j o i n t was measured by 
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t h e p i e z o - e l e c t r i c F o r c e t r a n s d u c e r [ K I S T L E R t y p e 9203, 

maximum F o r c e + 500N3 which was t h e o n l y c o n s t r a i n t on 

t h e F r e e s w i n g i n g oF t h e c a r r i a g e . The o u t p u t From t h e 

t r a n s d u c e r was Fed through a K i s t l e r c h a r g e a m p l i F i e r t o 

a s e c o n d c h a n n e l on t h e c h a r t - r e c o r d e r . 

4.3.3 Measurement oF d i s p l a c e m e n t 

S i f t e r c o n d u c t i n g a number oF t e s t s , i t was c o n s i d e r e d u s e f u l 

t o have a r e c o r d of t h e d i f f e r e n t s l i d i n g s p e e d s t h r o u g h 

the c y c l e on t h e same c h a r t a s t h e l o a d and f r i c t i o n 

measurements. S i n c e t h e s l i d i n g s p e e d was r e l a t e d t o 

the d i s p l a c e m e n t of t h e top c a r r i a g e , i t was d e c i d e d 

t h a t a measurement of d i s p l a c e m e n t would be s u f f i c i e n t 

s i n c e t h i s g i v e s t h e p o s i t i o n s of z e r o v e l o c i t y which 

a l l o w s t h e v e l o c i t y e v e r y w h e r e t o be c a l c u l a t e d s i n c e 

t h e v a r i a t i o n i s known t o be s i n u s o i d a l [ S c o t c h yoke 

c h a r a c t e r i s t i c ] . 

An e x t e n s i o n was s c r e w e d onto the end o f t h e s h a f t 

o s c i l l a t e d by t h e p i n i o n and a p o t e n t i o m e t e r was mounted 

on a b r a c k e t f i x e d t o t h e r a c k and p i n i o n h o u s i n g . The 

two were c o n n e c t e d v i a a f l e x i b l e c o u p l i n g , to a l l o w 

f o r m i s a l i g n m e n t . The o u t p u t from t h i s was a d j u s t e d 

[ f i g u r e 4.12] to g i v e a t h i r d t r a c e on t h e c h a r t - r e c o r d e r 

showing the v a r i a t i o n of p o s i t i o n w i t h time. The s l o p e 

of t h i s c u r v e g i v e s t h e s l i d i n g speed. 
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4.3.4 Measuremerrb o f f r e q u e n c y o f o s c i l l a t i o n 

T h i s c o u l d be v a r i e d u s i n g t h e Kopp v a r i a t o r . The 

f r e q u e n c y f o r a g i v e n motor s p e e d was c a l c u l a t e d by 

c o u n t i n g a number of l o a d c y c l e s r e c o r d e d on t h e c h a r t 

and knowing t h e c h a r t speed, m e a s u r i n g t h e d i s t a n c e t a k e n . 

The c y c l e l e n g t h s were marked on a s e r i e s of t e m p l a t e s , 

one f o r ea c h s p e e d and t h e s e were u s e d t h r o u g h b u t t h e 

t e s t s , showing t h a t f o r a g i v e n s p e e d s e t t i n g on t h e 

v a r i a t o r t h e f r e q u e n c y of o s c i l l a t i o n and c h a r t speed 

were v e r y r e p r o d u c i b l e . 

4.3.5 Measurement of a m p l i t u d e o f o s c i l l a t i o n 

An i n c l i n o m e t e r was u s e d t o measure t h e a m p l i t u d e of 

o s c i l l a t i o n . The f e m o r a l head c a r r i a g e was r o t a t e d t o 

th e maximum i n c l i n a t i o n i n one d i r e c t i o n a l l o w e d by t h e 

s c o t c h yoke s e t t i n g and a r e a d i n g t a k e n . The p o s i t i o n 

o f maximum i n c l i n a t i o n d u r i n g t h e o t h e r h a l f c y c l e was 

a l s o n o t ed and t h e d i f f e r e n c e between t h e two gave 

t w i c e t h e a m p l i t u d e o f o s c i l l a t i o n . 

4.4 C a l i b r a t i o n o f s i m u l a t o r 

4.4.1 L o a d 

I n o r d e r t o c a l i b r a t e t h e l o a d t r a c e , a s t a n d a r d s t r a i n 

gauge t r a n s d u c e r CBPA] was f i t t e d i n p l a c e of a h i p j o i n t . 

I t r e s t e d on a metal p l a t e i n t h e f r i c t i o n m e a s u r i n g 

c a r r i a g e and a p l a t e b o l t e d onto t h e f e m o r a l head c a r r i a g e 

was a d j u s t e d so t h a t c o n t a c t was made when t h e a x e s o f t h e 

two were c o i n c i d e n t a s d e t e r m i n e d u s i n g t h e m a n d r i l . 

The a m p l i t u d e of t he o s c i l l a t i o n was r e d u c e d t o z e r o 

by a d j u s t i n g t h e s c o t c h yoke mechanism t o z e r o e c c e n t r i c i t y 
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and t h e l o a d c y c l e was r e c o r d e d both by t h e l o a d c e l l , and 

t h e t r a n s d u c e r . F u r t h e r p o i n t s were o b t a i n e d by s t a t i c ­

a l l y l o a d i n g t h e t r a n s d u c e r and l o a d c e l l by i n c r e a s i n g 

t h e o i l p r e s s u r e i n t h e s y s t e m and r e c o r d i n g both l o a d 

r e a d i n g s . Two t y p i c a l c a l i b r a t i o n g r a p h s a r e shown i n 

F i g u r e 4.13. L i t t l e v a r i a t i o n was Found o v e r t h e months 

oF t h e t e s t s . 

4.4.2 F r i c t i o n 

The F o r c e t r a n s d u c e r was c a l i b r a t e d i n s i t u d i r e c t l y 

i n t e r m s oF F r i c t i o n a l t o r q u e . With t h e t r a n s d u c e r 

removed a l o n g m e t a l b a r was c a r e F u l l y b a l a n c e d on t h e 

F r i c t i o n m e a s u r i n g c a r r i a g e and t h e n b o l t e d i n t o p l a c e . 

The t r a n s d u c e r was r e p l a c e d and a s e r i e s oF masses 

hung i n t u r n From e a c h end oF t h e bar. Knowing t h e l e n g t h 

of t h e bar, the a p p l i e d t o r q u e c o u l d be c a l c u l a t e d F o r 

t h e t r a n s d u c e r both i n t e n s i o n and c o m p r e s s i o n . A 

t y p i c a l graph i s shown i n F i g u r e 4.14. R e a d i n g s were a l s o 

t a k e n on t h e c h a r t F o r d i F F e r e n t a m p l i F i c a t i o n s c a l e s 

t o c h e c k t h e i r l i n e a r i t y and i n d i c a t e d a m p l i F i c a t i o n 

r a n g e s . 

4.5 Mounting and c e n t r i n g j o i n t s 

4.5.1 S e t t i n g - u p j i g 

A s p e c i a l j i g was c o n s t r u c t e d F o r c e n t r i n g t h e j o i n t s 

i n t h e i r h o l d e r s b e f o r e F i t t i n g them i n t o the s i m u l a t o r . 

I t i s p i c t u r e d i n F i g u r e 4.15 and was made i n two p a r t s . 

The main p a r t c o n s i s t e d oF an a n n u l a r base i n which Four 
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v e r t i c a l p i l l a r s were mounted. These had s t o p s F o r a 

g i v e n h e i g h t and a r e c t a n g u l a r p l a t e which F i t t e d o v e r 

t h e s e p i l l a r s and r e s t e d on t h e s t o p s . The p l a t e had a 

r e c t a n g u l a r h o l e machined out oF i t , i n t o which t h e 

h o l d e r F o r t h e Femoral component was a push F i t . Two 

v e r t i c a l p a r a l l e l s were mounted on t h e b a s e , c e n t r a l l y 

between t h e p i l l a r s on e a c h l o n g s i d e . The a n n u l a r 

b a s e F i t t e d onto one oF two base p l a t e s . One had a 

c e n t r a l a d j u s t a b l e b o s s w i t h a p l a s t i c cup F i t t e d onto 

i t and can be s e e n i n use w i t h t h e M c K e e - F a r r a r head 

i n F i g u r e 4.16. The o t h e r had a Frame i n t o which t h e 

a c e t a b u l a r h o l d e r was b o l t e d i n a c e n t r a l p o s i t i o n . 

4.5.2 Method oF c e n t r i n g a n a t u r a l j o i n t 

The Femoral h o l d e r was p l a c e d i n t h e s e t t i n g up j i g and 

t h e Femoral head was p o s i t i o n e d i n s i d e i t , r e s t i n g i n 

th e p l a s t i c cup and w i t h t h e g r e a t e r t r o c h a n t e r F a c i n g 

a s h o r t s i d e oF t h e h o l d e r . The h e i g h t oF t h e cup was 

a d j u s t e d u n t i l t h e maximum d i a m e t e r oF t h e Femoral head 

was a t a d i s t a n c e From t h e top oF t h e h o l d e r s u c h t h a t i t 

would c o i n c i d e w i t h t h e a x i s oF r o t a t i o n when i n t h e 

s i m u l a t o r . F o u r F i x i n g s c r e w s were s c r e w e d t hrough h o l e s 

i n t h e Femoral h o l d e r u n t i l t h e y h e l d t h e j o i n t i n 

p o s i t i o n . An i n t e r n a l m i c r o m e t e r was u s e d t o measure 

t h e d i s t a n c e between t h e maximum d i a m e t e r oF t h e Femoral 

head and e a c h oF t h e v e r t i c a l p a r a l l e l s . The p o s i t i o n 

oF t h e head was a d j u s t e d u n t i l t h e s e d i s t a n c e s were 

e q u a l . The bottom oF t h e h o l d e r was s e a l e d w i t h t a p e 
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and p l a s t e r of p a r i s u s e d t o f i l l t h e h o l d e r and s e c u r e 

t h e f e m o r a l head i n i t s c o r r e c t p o s i t i o n . The b a s e of 

t h e j i g was t h e n changed and t h e a c e t a b u l a r h o l d e r p l a c e d 

i n p o s i t i o n . T h i s was p a r t l y f i l l e d w i t h p l a s t e r , t h e 

a c e t a b u l u m was mated w i t h t h e f e m o r a l head and p r e s s e d 

i n t o p o s i t i o n i n t h e wet p l a s t e r . 

The c a r t i l a g e s u r f a c e s of t h e j o i n t were k e p t c o v e r e d 

w i t h t i s s u e s s oaked i n R i n g e r ' s s o l u t i o n t h r o u g h o u t t h i s 

p r o c e d u r e . 

4.5.3 Method of c e n t r i n g an a r t i f i c i a l j o i n t 

F o r t h e complete c o m m e r c i a l p r o s t h e s i s u s e d t h e same 

p r o c e d u r e a s f o r a n a t u r a l j o i n t was adopted, but i t 

was e a s i e r s i n c e t h e components were s y m m e t r i c a l and 

t h e a c e t a b u l u m d i d not have a s p e c i f i c o r i e n t a t i o n w i t h 

r e s p e c t t o t h e f e m o r a l head. 

F o r t h e c o n i c a l shaped b a s e s w i t h c o m p l i a n t l i n i n g s a 

s p e c i a l j i g which c e n t r e d t h e base w i t h o u t r e f e r e n c e 

t o t h e f e m o r a l component was c o n s t r u c t e d . The c y l i n d e r 

f o r t h e a c etabulum was p l a c e d o v e r t h e j i g C F i g u r e 4.17] 

and t h e cone p l a c e d on top. P l a s t e r was t h e n poured i n 

t o s e c u r e t h e base, t h e j i g removed, and t h e r e m a i n i n g 

h o l e f i l l e d w i t h p l a s t e r . 

4.B Method of a l i g n i n g t h e mounted j o i n t i n t h e 

s i m u l a t o r 

The j o i n t , f i x e d i n i t s h o l d e r s , was f i t t e d i n t o t h e 

s i m u l a t o r and t h e o i l s u p p l y t o the h y d r o s t a t i c b e a r i n g s 
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was t u r n e d on. The F r i c t i o n a l t o r q u e t r a n s d u c e r was 

l o o s e n e d and t h e s t e e l m a n d r i l was u s e d t o a l i g n t h e two 

s e t s oF b e a r i n g s . The h e i g h t s oF t h e components were 

t h e n a d j u s t e d i F n e c e s s a r y t o g i v e c o n c e n t r i c i t y . 

The l o a d Frame was j a c k e d up u s i n g t h e compressed a i r 

s u p p l y u n t i l t h e Femoral head was j u s t F r e e oF t h e 

a c e t a b u l u m [ i e t h e F r i c t i o n m e a s u r i n g c a r r i a g e no l o n g e r 

F o l l o w e d t h e movement oF t h e head when t h e Femur was 

o s c i l l a t e d ] . T h i s was t a k e n t o be t h e z e r o l o a d p o s i t i o n 

and t h e z e r o was a d j u s t e d on t h e BPA meter a c c o r d i n g l y . 

The a i r p r e s s u r e was r e d u c e d t o g i v e t h e r e q u i r e d b a s e 

l o a d , t h e F r i c t i o n t r a n s d u c e r was t i g h t e n e d and t h e 

t h r e e z e r o t r a c e s on t h e c h a r t r e c o r d e r noted. The 

s i m u l a t o r was t h e n r e a d y t o r u n l u b r i c a t i o n t e s t s . 
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The h i p F u n c t i o n s i m u l a t o r - and a s s o c i a t e d i n s t r u m e n t a t i o n 
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F i g u r e 4.2 

Components of F o r c e , and r e s u l t a n t F o r c e , a c t i n g 
a h i p j o i n t d u r i n g w a l k i n g . 
[ P a u l 1966 - 6 7 ] 
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F i g u r e 4.3 

A w a l k i n g -trace t a k e n t w e l v e days a f t e r o p e r a t i o n . 
W a l k i n g speed 0.44 ms-1. S t a n c e phase l o a d i s 2.4E 
t i m e s c o r r e c t e d body w e i g h t [ u n s u p p o r t e d ] . 
[ E n g l i s h and K i l v i n g t o n , 1979] 
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F i g u r e 4.5 

Hip a n g u l a r d i s p l a c e m e n t s d u r i n g w a l k i n g . The c u r v e s 
a r e a v e r a g e s t a k e n o v e r 20 c y c l e s . 
[Lamoureux, 1971] 
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F i gure 4.B 

The a n g u l a r d i s p l a c e m e n t s of a h i p j o i n t d u r i n g normal 
Female w a l k i n g : a v e r a g e oF 5 s t e p s , 
[ G o r e , 1980] 
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F i n u r e 4.8 

McKee-Far—ar o i n t i n t h e s i m u l a t o s h o w i n g t h e F r i c t i o n 
m e a s u r i n g ca l a g e 
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F i g u r e 4.10 

B l o c k diagram of t h e i n s t r u m e n t a t i o n F o r t h e h i p F u n c t i o n 
s i m u l a t o r . 
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F i g u r e 4.11 

S m a l l a m p l i f i e r F o r impedance matching i n l o a d r e c o r d i n g 
c i r c u i t . 
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F i g u r e 4.12 

P o t e n t i o m e t e r c i r c u i t F o r m e a s u r i n g d i s p l a c e m e n t . 



83 

2.SO0-, 

A 

ISOO 

000 

Soon 

to 20 30 SO 

j on 

F i g u r e 4.13 

C a l i b r a t i o n g r a p h s f o r l o a d a p p l i e d by s i m u l a t o r . 
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F i g u r e 4.14 

C a l i b r a t i o n graph F o r F r i c t i o n a l t o r q u e . 
[ S c a l e on c h a r g e a m p l i F i e r was 0.1 Mech u n i t s / v o l t . ] 
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F i g u r e 4.15 

S e t t i n g - u p j i g 

I 

F i g u r e 4.1B 

S e t t i n g - u p j i g u s i n g base w i t h c e n t r a l cup F o r p o s i t i o n i n g 
Femoral head 
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C C n r r i n 

F i g u r e 4.17 

Diagram t o show use of c e n t r i n g j i g F o r s e t t i n g up 
ace t a b u l u m w i t h c o m p l i a n t l a y e r . 
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CHAPTER F I V E 

MATERIALS AND METHODS 

The p r e v i o u s c h a p t e r h a s d e s c r i b e d t h e main a p p a r a t u s 

u s e d i n t h i s work - t h e h i p F u n c t i o n s i m u l a t o r . T h i s 

c h a p t e r d e t a i l s t h e j o i n t s and l u b r i c a n t s u s e d t o g e t h e r 

w i t h t h e equipment r e q u i r e d i n t h e i r p r e p a r a t i o n and 

t e s t i n g . 

5. 1 J o i n t s 

T e s t s were r u n w i t h both n a t u r a l and a r t i F i c i a l h i p 

j o i n t s . The n a t u r a l j o i n t s were a s i n d i c a t e d i n T a b l e 5. 

A l t h o u g h they were a l l e l d e r l y , t h e y were t a k e n From 

p e o p l e w i t h no h i s t o r y oF j o i n t d i s e a s e and were i n 

good c o n d i t i o n . Hip H10 was i n t h e w o r s t c o n d i t i o n a s 

i t had an a r e a oF e r o d e d c a r t i l a g e on t h e m e d i a l s i d e . 

However a s t h i s i s not t h e main l o a d b e a r i n g a r e a , i t 

was F e l t t h a t i t would no t have a s e r i o u s e f f e c t on t h e 

r e s u l t s , though t h e l o a d b e a r i n g r e g i o n s may a l s o have 

been somewhat a f f e c t e d . 

The a r t i F i c i a l j o i n t s u s e d r a n g e d From c o m m e r c i a l p r o s ­

t h e s e s t o j o i n t s which were s p e c i a l l y made t o s t u d y 

t h e e f f e c t s o f s o f t e l a s t i c l a y e r s on j o i n t l u b r i c a t i o n . 

T h i s l a t t e r group were p u r e l y f o r l a b o r a t o r y u s e a t t h i s 

s t a g e and n o t i n t e n d e d f o r i m p l a n t a t i o n . They a r e l i s t e d 

below. 
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C h a r n l e y T o t a l Hip P r o s t h e s i s 

T h i s was t h e co m m e r c i a l C h a r n l e y p r o s t h e s i s c o n s i s t i n g 

of a s t a i n l e s s s t e e l f e m o r a l head, 22 mm i n d i a m e t e r 

and an u l t r a - h i g h m o l e c u l a r w e i g h t p o l y t h e n e CUHMWPE] 

cup. 

M c K e e - F a r r a r F e m o r a l Head 

T h i s was a co m m e r c i a l f e m o r a l head, 35 mm i n d i a m e t e r 

made from c o b a l t chrome molybdenum a l l o y . I t was u s e d 

w i t h a v a r i e t y of a c e t a b u l a r c u p s w i t h c o m p l i a n t l i n i n g s , 

made a s d e s c r i b e d i n t h e n e x t s e c t i o n . The l i n i n g s 

v a r i e d i n t h i c k n e s s from 0.5 mm t o 3 mm and t h e c l e a r a n c e 

between t h e cup and t h e head was a l s o v a r i e d . D e t a i l s 

of t h e c u p s a r e g i v e n i n T a b l e 5.2. 

5.2 Man u f a c t u r e of c o m p l i a n t l i n i n g s f o r a c e t a b u l a r cups 

The c o m p l i a n t l a y e r s were moulded from S y l g u a r d 182 

s i l i c o n e e l a s t o m e r [Dow C o r n i n g ] . T h i s i s s u p p l i e d a s 

a c l e a r v i s c o u s l i q u i d base and s e p a r a t e c u r i n g a gent. 

To p r e p a r e t h e rubber, one p a r t by w e i g h t of c u r i n g a g e n t 

was mixed i n t o 10 p a r t s base. The m i x t u r e was p l a c e d 

i n a vacuum chamber and e v a c u a t e d t o a p r e s s u r e of 

25 mm mercury and l e f t u n t i l a l l t h e t r a p p e d a i r b u b b l e s 

were removed. The b u b b l e s o f a i r were e x p e l l e d more 

r a p i d l y i f t h e vacuum was r e l e a s e d and r e s t o r e d s e v e r a l 

t i m e s i n i t i a l l y . Once a l l t h e a i r b u b b l e s had d i s a p p e a r e d 

Cas t h e r u b b e r was t r a n s p a r e n t t h i s was e a s y t o s e e ] , 

t h e l i q u i d c o u l d be poured i n t o moulds r e a d y f o r c u r i n g . 
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A s p e c i a l j i g was u s e d to mould c o m p l i a n t l a y e r s i n 

a c e t a b u l a r components, s e e F i g u r e 5.1. B r a s s Femoral 

p l u g s , w i t h a r a d i u s e q u a l t o t h a t oF the M c K e e - F a r r a r 

head p l u s t h e c l e a r a n c e r e q u i r e d , were machined. These 

c o u l d be i n s e r t e d i n a h o l d e r , which a l s o h e l d t h e 

a c e t a b u l a r b a s e , and a d j u s t e d t o g i v e t h e r e q u i r e d t h i c k 

n e s s oF c o m p l i a n t l a y e r . S e v e r a l a c e t a b u l a r b a s e s were 

machined w i t h d i F F e r e n t cup s i z e s . T hese were made From 

m i l d s t e e l . The r a d i u s oF e a c h cup was e q u a l t o the 

r a d i u s oF t h e M c K e e - F a r r a r head p l u s t h e c o m p l i a n t l a y e r 

t h i c k n e s s p l u s t h e c l e a r a n c e d e s i r e d . 

To mould a c o m p l i a n t l a y e r , both components were c a r e f u l 

c l e a n e d and t h e cup p a r t oF the base was g i v e n a t h i n 

c o a t oF S y l g u a r d P r i m e r [DC 92-023] and a l l o w e d t o dry 

F o r one hour. The base was p l a c e d i n t h e h o l d e r and t h e 

o v e r s i z e d Femoral p l u g l o w e r e d i n t o i t . The c o l l a r 

above t h e Frame was l a c k e d i n t h i s p o s i t i o n w i t h a grub 

s c r e w [ s e e diagram i n F i g u r e 5 . 2 ] . A F e e l e r gauge was 

i n s e r t e d between t h e c o l l a r and t h e Frame t o r a i s e t h e 

Femoral p l u g by t h e t h i c k n e s s oF e l a s t o m e r r e q u i r e d i n 

t h e cup. The l a r g e s c r e w shown i n F i g u r e 5.2 was u s e d 

t o l o c k t h e Femoral p l u g i n p o s i t i o n u n t i l i t s c o l l a r 

was r e p o s i t i o n e d . Thus a gap oF known c o n s t a n t t h i c k n e s 

was Formed between t h e a c e t a b u l a r base and t h e Femoral 

p l u g . The a c e t a b u l a r base was h a l F F i l l e d w i t h t h e 

l i q u i d e l a s t o m e r and t h e p l u g g e n t l y l o w e r e d i n t o i t s 

p r e s e t p o s i t i o n so t h a t t h e e l a s t o m e r F i l l e d t h e s p a c e 

between the two components. ThB whole a s s e m b l y was 
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p l a c e d i n an oven F o r Four h o u r s a t 75 C t o c u r e t h e 

e l a s t o m e r . A F t e r c u r i n g , t h e p l u g was removed From t h e 

b a s e , and any e x c e s s e l a s t o m e r trimmed away, l e a v i n g a 

l a y e r oF known t h i c k n e s s bonded t o t h e metal a c e t a b u l a r 

b a s e . 

E a c h t i m e an a c e t a b u l a r l i n i n g was moulded, a s l a b oF 

e l a s t o m e r was a l s o c u r e d between two p e r s p e x p l a t e s 

s e p a r a t e d by b r a s s s p a c i n g b a r s 6.5 mm t h i c k . T h i s s l a b 

was u s e d F o r e l a s t i c modulus measurements s i n c e i t was 

From t h e same mix a s t h e l i n i n g and had undergone t h e 

same c u r e c y c l e . 

5.3 C o m p l i a n c e and modulus t e s t i n g 

T h e r e were t h r e e d i F F e r e n t t e s t s w h i c h were u s e d t o 

examine t h e e l a s t i c i t y oF t h e j o i n t s . F o r t h e n a t u r a l 

j o i n t s p l u g s oF c a r t i l a g e were removed From t h e j o i n t s 

and t e s t e d i n u n c o n f i n e d c o m p r e s s i o n From whic h a v a l u e 

oF 'compliance* c o u l d be c a l c u l a t e d . F o r t h e a r t i F i c i a l 

j o i n t s w i t h c o m p l i a n t l a y e r s , two t e s t s were performed. 

The F i r s t was t o d e t e r m i h e t h e e l a s t i c modulus oF a 

s l a b oF e l a s t o m e r From e a c h mix, t o e n s u r e c o m p a r a b i l i t y 

between mixes. The s e c o n d was t o g a i n some v a l u e F o r 

an ' e f f e c t i v e ' modulus o f e a c h t h i n e l a s t o m e r l a y e r 

bonded onto t h e s t e e l a c e t a b u l a r cup. The s e t h r e e t e B t 

methods a r e d e s c r i b e d more f u l l y below. 
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5.3.1 C a r t i l a g e c o m p r e s s i o n t e s t i n g 

When a l l t h e l u b r i c a t i o n t e s t s had been c o m p l e t e d on a 

n a t u r a l j o i n t , t h e f e m o r a l head was sawn i n h a l f . The 

h e m i s p h e r i c a l p o r t i o n which had been removed was p l a c e d , 

c a r t i l a g e uppermost, i n a s t a i n l e s s s t e e l d i s h which 

had f o u r p o i n t e d - e n d s c r e w s s c r e w e d t h r o u g h t h e w a l l s . 

T h e s e were u s e d t o h o l d t h e sample f i r m l y i n p l a c e . 

The d i s h was mounted on an a d j u s t a b l e s t a n d so t h a t any 

a r e a of c a r t i l a g e c o u l d be made t o l i e h o r i z o n t a l l y . 

A hardened s t e e l c u t t e r , 5 mm i n d i a m e t e r , was use d t o 

o b t a i n s a m p l e s of c a r t i l a g e and u n d e r l y i n g bone. The 

c a r t i l a g e s u r f a c e was p e r p e n d i c u l a r to t h e s i d e s of t h e 

specimen i f t h e h o l d e r was c o r r e c t l y a d j u s t e d but t h e 

bone end needed t o be machined f l a t i n a watchmaker's 

l a t h e . U s u a l l y , f i v e s a m p l e s were t a k e n from e a c h f e m o r a l 

head. 

E a c h c y l i n d r i c a l p l u g of c a r t i l a g e and bone was s t u c k 

i n t h e c e n t r e of a c i r c u l a r b r a s s p l a t e w i t h cyano-

a c r y l a t e a d h e s i v e . The b r a s s p l a t e had a c i r c u l a r 

c h a n n e l i n t o which a p e r s p e x tube f i t t e d . The tube 

was f i l l e d w i t h R i n g e r s ' s o l u t i o n t o immerse t h e specimen. 

The a s s e m b l y was p o s i t i o n e d c e n t r a l l y on t h e base p l a t e 

of an I n s t r o n 1195 u n i v e r s a l t e s t i n g machine and a b r a s s 

c y l i n d e r was s c r e w e d i n t o t h e c r o s s - h e a d so t h a t l o a d 

c o u l d be a p p l i e d t o t h e specimen. 
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A BOON c o m p r e s s i o n l o a d c e l l was used on t h e I n s t r o n 

and t h e sample was l o a d e d t o I2.0N a t a s t r a i n r a t e of 

0.3 mm s . A f t e r t e s t i n g t h e c a r t i l a g e was s l i c e d o f f 

the bone w i t h a s c a l p e l and i t s t h i c k n e s s measured w i t h 

a m i c r o m e t e r , t a k i n g c a r e n o t t o compress t h e c a r t i l a g e . 

5.3.2 E l a s t i c modulus of e l a s t o m e r 

The e l a s t i c modulus of e a c h s h e e t of e l a s t o m e r was meas­

u r e d u s i n g the a p p a r a t u s of C l i s h [ 1 9 7 9 ] . F i g u r e s 5.3 

and 5.4 show t h e a s s e m b l y c o n t a i n i n g a specimen. The 

d i a m e t e r of t h e i n d e n t a t i o n c i r c l e c a u s e d by l o a d i n g 

a l e n s i n c o n t a c t w i t h t h e e l a s t o m e r was measured f o r 

a range of w e i g h t s . The e l a s t o m e r was p l a c e d i n i n t i m a t e 

c o n t a c t w i t h a s h e e t of p e r s p e x r e s t i n g on the frame. 

The l e n s and mass h o l d e r were p l a c e d on top. The whole 

a s s e m b l y was t h e n p l a c e d under a t o o l m a k e r ' s v e r n i e r 

m i c r o s c o p e and i l l u m i n a t e d from below. The d i a m e t e r of 

t h e c i r c l e v i s i b l e was measured w i t h masses added i n 

m u l t i p l e s of 50 g from z e r o t o 450 g. The modulus c o u l d 

be found from a graph of [ r a d i u s ] a g a i n s t a d d i t i o n a l 

mass. 

5.3.3 E f f e c t i v e modulus of c o m p l i a n t l a y e r s 

The e l a s t i c modulus of t h e e l a s t o m e r u s e d f o r c o m p l i a n t 

l i n i n g s i s n e c e s s a r y t o c h e c k t h e c o m p a r a b i l i t y of the 

d i f f e r e n t mixes, but does not i n d i c a t e t h e e f f e c t i v e 

modulus of t h e t h i n c o m p l i a n t l a y e r on s t e e l u s e d i n the 

t r i a l a c e t a b u l a . To examine how t h i s v a r i e d w i t h t h i c k n e s s 
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of the c o m p l i a n t l a y e r , t e s t s were p e r f o r m e d u s i n g t h e 

I n s t r o n t e s t i n g machine. 

A 25kN c o m p r e s s i o n l o a d c e l l was u s e d i n t h e I n s t r o n 

t e s t i n g machine. The a c e t a b u l a r component was p l a c e d 

on the p l a t e n and a s t e e l b a l l 34.9 mm i n d i a m e t e r 

[ t h e same d i a m e t e r a s t h e M c K e e - F a r r a r head] was p l a c e d 

i n i t . The c r o s s - h e a d was t h e n l o w e r e d t o l o a d t h e 

a s s e m b l y up t o 3kN a t a s p e e d oF 10 mm/min. The l o a d 

was r a p i d l y removed. T h i s was r e p e a t e d s e v e r a l t i m e s t o 

c h e c k t h e r e p r o d u c i b i l i t y oF t h e l o a d - d i s p l a c e m e n t 

t r a c e o b t a i n e d . 

5.4 S u r f a c e measurement oF p r o s t h e t i c components 

A ' T a l y s u r F 4' s u r f a c e measurement d e v i c e was u s e d t o 

e s t i m a t e t h e s u r f a c e f i n i s h of t h e p r o s t h e t i c components 

used. A s t y l u s t r a v e r s e s t h e sample and a m a g n i f i e d 

t r a c e of t h e s u r f a c e i s p roduced on a c h a r t r e c o r d e r . 

A meter r e a d i n g a l s o g i v e s t h e Ra v a l u e f o r t h e s u r f a c e . 

The i n s t r u m e n t n o r m a l l y t r a v e r s e s i n a h o r i z o n t a l p l a n e 

but can be u s e d f o r c u r v e d s u r f a c e s by t h e use of a 

'Datum a t t a c h m e n t ' . The i n s e r t i o n of a r a d i u s b a r of 

a p p r o p r i a t e l e n g t h i n t o t h i s a t t a c h m e n t e n s u r e s t h a t the 

s t y l u s t r a v e r s e s an a r c of t h e same r a d i u s a s t h e specimen. 

The M c K e e - F a r r a r Femoral head was measured d i r e c t l y . 

The cups w i t h c o m p l i a n t l a y e r s c o u l d not be measured 

i n t h i s way s i n c e t h e e l a s t i c i t y oF t h e r u b b e r would 

have been a problem a s w e l l a s t h e i r c o n c a v i t y . However 
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a s t h e y were moulded a g a i n s t b r a s s p l u g s , t h e s e p l u g s 

c o u l d be measured to g i v e an i n d i c a t i o n of the s u r f a c e 

f i n i s h on t h e c o m p l i a n t l a y e r s . 

5.5 L u b r i c a n t s 

Two t y p e s of s y n t h e t i c l u b r i c a n t , a s w e l l a s human 

s y n o v i a l f l u i d were u s e d i n t h e t e s t s . 

S e v e r a l p o t e n t i a l s y n t h e t i c l u b r i c a n t s f o r use i n de­

g e n e r a t e s y n o v i a l j o i n t s a r e d i s c u s s e d by Cooke [ 1 9 7 8 ] . 

He s t u d i e d t h e i r v i s c o s i t y s i n c e a s y n t h e t i c l u b r i c a n t 

s h o u l d have s i m i l a r p r o p e r t i e s t o s y n o v i a l f l u i d . F o r 

t h e p u r p o s e s of t h i s work i t was n e c e s s a r y t o use 

l u b r i c a n t s which were r e a d i l y a v a i l a b l e i n a range of 

v i s c o s i t i e s . S i l i c o n e f l u i d was an o b v i o u s c h o i c e f o r 

a Newtonian f l u i d s i n c e i t i s c o m m e r c i a l l y a v a i l a b l e 

i n a wide range of v i s c o s i t i e s . 

The two c o n t e n d e r s f o r a non-Newtonian l u b r i c a n t were 

p o l y e t h y l e n e o x i d e CPEO] s o l u t i o n s and sodium c a r b o x y -

methyl c e l l u l o s e [SCMC] s o l u t i o n s . PEG e x h i b i t s a 

s t r o n g e r v a r i a t i o n of v i s c o s i t y w i t h s h e a r r a t e but a s 

Cooke noted, t h e v i s c o s i t y of t h e f l u i d i s v e r y s u s c e p t ­

i b l e t o m e c h a n i c a l d e g r a d a t i o n . T h i s was borne out by 

Muddeman [ 1 9 8 0 ] who found t h a t PED produced e r r a t i c 

r e s u l t s when u s e d to l u b r i c a t e p r o s t h e s e s . Cooke's main 

c r i t i c i s m of SCMC i s t h a t i t d e g r a d e s a t h i g h t e m p e r a t u r e s 

and t h e r e f o r e c a n n o t be s t e r i l i s e d by a u t o c l a v i n g . 

A l t h o u g h t h i s i s o b v i o u s l y i m p o r t a n t i n a l u b r i c a n t 
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which i s i n t e n d e d f o r use i n t h e body, a s a l u b r i c a n t 

which r e p r o d u c e s some or t h e c h a r a c t e r i s t i c s of s y n o v i a l 

F l u i d i n i n v i t r o t e s t s , i t i s i r r e l e v a n t and so t h i s 

polymer was c h o s e n F o r t h e work r e p o r t e d h e r e . 

S i l i c o n e F l u i d s were o b t a i n e d w i t h s i x d i f f e r e n t v i s c o s i t i e s . 

Two i n t e r m e d i a t e v a l u e s oF v i s c o s i t y were mixed u s i n g 

a m a n u f a c t u r e r ' s c h a r t t o g i v e t h e p r o p o r t i o n s oF F l u i d s 

r e q u i r e d . T a b l e 5.3 g i v e s t h e Dow C o r n i n g r e f e r e n c e 

number and t h e v i s c o s i t y f o r t h e f l u i d s used. S o l u t i o n s 

of sodium c a r b o x y m e t h y 1 e e l 1 u l o s e [SCMC] i n w a t e r were made 

w i t h e i g h t d i f f e r e n t v i s c o s i t i e s . The r e f e r e n c e f o r e a c h 

f l u i d and i t s v i s c o s i t y a r e g i v e n i n T a b l e 5.4. 

The s y n o v i a l f l u i d was c o l l e c t e d from p a t i e n t s whose 

knee j o i n t s r e q u i r e d a s p i r a t i o n . U s u a l l y 10 - 30 ml 

was a v a i l a b l e from e a c h p a t i e n t . The t r e a t m e n t of t h e 

f l u i d b e f o r e use a s a l u b r i c a n t i s d e t a i l e d i n t he 

n e x t s e c t i o n and t h e s p e c i f i c f l u i d s u s e d f o r e a c h j o i n t 

a r e d e t a i l e d i n t h e r e s u l t s s e c t i o n . 

5.6 B i o c h e m i c a l a n a l y s e s and e s t i m a t i o n s 

P r e l i m i n a r y e x p e r i m e n t s were pe r f o r m e d both t o d e t e r m i n e 

s u i t a b l e c o n d i t i o n s f o r t h e e n z y m a t i c d i g e s t i o n of t h e 

s y n o v i a l f l u i d and t o f i n d a s u i t a b l e t e s t t o check t h a t 

d i g e s t i o n had t a k e n p l a c e . T h i s c h e c k was a v i t a l p a r t 

of the p r o j e c t s i n c e e a r l i e r work by O ' K e l l y e t a l 

C 1978] had not c h e c k e d t h a t t h e f l u i d had been a f f e c t e d 

by t h e e n z y m a t i c d i g e s t i o n . A l s o , they d i d not use 
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c o n t r o l s a m p l e s of t h e same f l u i d a s t h a t which was 

d i g e s t e d . 

A v e r o n a t e b u f f e r was used t h r o u g h o u t , e x c e p t where 

s p e c i f i e d o t h e r w i s e . The more u s u a l phosphate b u f f e r 

was not u s e d s i n c e Pigman and R i z v i C 1959] r e p o r t e d t h a t 

i t c a u s e d d e g r a d a t i o n of s y n o v i a l f l u i d . The v e r o n a t e 

b u f f e r was t h a t u s e d by L i n n and R a d i n [ 1 9 6 8 ] and con­

s i s t e d of 0.00408 M sodium 5-5 d i e t h y l b a r b i t u r a t e and 

0.0652 M HC1 w i t h 0.088 M NaCl, pH 7.2. 

The s y n o v i a l f l u i d s a m p l e s were spun i m m e d i a t e l y a f t e r 

c o l l e c t i o n i n an u l t r a c e n t r i f u g e [ u s i n g an 8 x 50 ml 

r o t o r i n an HSE High Speed 18 c e n t r i f u g e ] f o r 30 m i n u t e s 

a t 4°C and 14000 x g t o remove p a r t i c u l a t e m a t t e r . The 

s u p e r n a t a n t was t h e n f r o z e n i n a l i q u o t s u n t i l r e q u i r e d . 

On t h a w i n g , the pH v a l u e was measured. The pH v a r i e d 

from 7.2 t o 8.7. The f l u i d s were a d j u s t e d t o pH 7.2 

by e q u i l i b r i u m d i a l y s i s a g a i n s t s i x c h a n g e s of v e r o n a t e 

b u f f e r i n a c o l d room a t 4°C o v e r a p e r i o d of 24 h o u r s . 

T h i s was t o e n s u r e a c o n s t a n t pH v a l u e f o r a l l the s a m p l e s 

s i n c e L i n n and R a d i n [ 1 9 6 8 ] found t h a t t h e c o e f f i c i e n t 

of f r i c t i o n was a f f e c t e d by t h e pH v a l u e of the l u b r i c a n t 

used i n t h e i r t e s t s w i t h an a r t h r o t r i p s o m e t e r . 

5.7 H y a l u r o n i d a s e d i g e s t i o n of s y n o v i a l f l u i d 

H y a l u r o n i d a s e s p l i t s p - [1 4 ] - N - a c e t y l g l u c o s a m i n i d e 

l i n k s i n h y a l u r o n i c a c i d [ F i g u r e 2 . 3 ] . An a s s a y method 

was r e q u i r e d w h i c h would c o n f i r m t h e a c t i o n of the 
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enzyme on e a c h s y n o v i a l F l u i d sample. Two p o s s i b l e a s s a y s 

were i n v e s t i g a t e d : [ a ] u r o n i c a c i d r e s i d u e s and 

C b ] N - a c e t y l g l u c o s a m i n e [NAG] r e s i d u e s . The p r e l i m i n a r y 

t e s t s f o r both a s s a y s a r e d e s c r i b e d below. 

5.7.1 C h e m i c a l e s t i m a t i o n oF u r o n i c a c i d r e s i d u e s 

The m o d i f i e d u r o n i c a c i d c a r b a z o l e r e a c t i o n oF B i t t e r and 

Muir C19B2] was used. 

The s u l p h u r i c a c i d r e a g e n t was p r e p a r e d From a 0.025 M 

s o l u t i o n oF sodium t e t r a b o r a t e . l O H ^ O i n s u l p h u r i c a c i d . 

The c a r b a z o l e r e a g e n t was a 0.125% s o l u t i o n oF c a r b a z o l e 

i n a b s o l u t e e t h a n o l . 

3.0 ml s u l p h u r i c a c i d r e a g e n t was p l a c e d i n e a c h tube 

and c o o l e d w i t h s o l i d C0^. 0.5 ml sample was c a r e f u l l y 

added and the t u b e s s t o p p e r e d and shaken w h i l s t r e m a i n ­

i n g below room t e m p e r a t u r e . The t u b e s were h e a t e d f o r 

10 m i n u t e s i n a b o i l i n g w a t e r b a t h , t h e n c o o l e d t o room 

t e m p e r a t u r e . 0.1 ml c a r b a z o l e r e a g e n t was added, t h e 

t u b e s shaken a g a i n , t h e n r e h e a t e d f o r 10 m i n u t e s i n t h e 

same w a t e r b a t h . A f t e r c o o l i n g to room t e m p e r a t u r e the 

a b s o r b a n c e a t a w a v e l e n g t h of 530 nm was measured i n a 

Pye-Unicam SP 18000 s p e c t r o p h o t o m e t e r . 

A c a l i b r a t i o n c u r v e was p r e p a r e d u s i n g a range of s t a n d a r d 

s o l u t i o n s of g l u c u r o n o l a c t o n e i n w a t e r s a t u r a t e d w i t h 

b e n z o i c a c i d . 0.1 ml of t h e s t a n d a r d s o l u t i o n was 

added t o 0.4 ml v e r o n a t e b u f f e r t o g i v e t h e r e q u i r e d 
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volume f o r a s s a y . The lo w e r c u r v e i n F i g u r e 5.5 shows 

t h e r e s u l t s o b t a i n e d . 

When t h e c a l i b r a t i o n a s s a y was r e p e a t e d w i t h 0.1 ml 

s t a n d a r d g l u c u r o n o l a c t o n e s o l u t i o n added t o 0.4 ml 

s y n o v i a l f l u i d , t h e r e a c t i o n m i x t u r e was found t o be v e r y 

dark and d i s c o l o u r e d , r e s u l t i n g i n much h i g h e r and more 

e r r a t i c v a l u e s of A c _ n , T h i s i s de m o n s t r a t e d by comparing 

t h e upper c u r v e i n F i g u r e 5.5 w i t h t h e l o w e r one. 

5.7.2 C h e m i c a l e s t i m a t i o n of N - a c e t y l g l u c o s a m i n e 

r e s i dues 

The method f o l l o w e d was t h a t of B a r r e t t C 1 9 7 2 ] . A b o r a t e 

b u f f e r was made by a d j u s t i n g an 0.80 M p o t a s s i u m t e t r a ­

b o r a t e s o l u t i o n t o pH 8.9 w i t h c o n c e n t r a t e d h y d r o c h l o r i c 

a c i d . DMAB r e a g e n t was p r e p a r e d by d i s s o l v i n g 1.0 g 

of 4 - d i m e t h y l a m i n o b e n z a l d e h y d e [DMAB] i n 1.25 ml con­

c e n t r a t e d h y d r o c h l o r i c a c i d . The s o l u t i o n was made up 

to 100 ml w i t h g l a c i a l a c e t i c a c i d . 

0.1 ml of t h e b o r a t e b u f f e r was added t o 0.5 ml sample . 

The m i x t u r e was h e a t e d f o r 3 m i n u t e s i n a b a i l i n g w a t e r 

b a t h and c o o l e d i n t a p wa t e r . 3.0 ml DMAB r e a g e n t 

were added and t h e c o l o u r d e v e l o p e d f o r 12 m i n u t e s a t 

37°C. A f t e r a g a i n c o o l i n g i n t a p w a t e r , t h e a b s o r b a n c e a t 

a w a v e l e n g t h of 585 nm [A ] was measured i n a Pye-

Unicam SP 18000 s p e c t r o p h o t o m e t e r . 
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A c a l i b r a t i o n c u r v e was p r e p a r e d u s i n g s i x s t a n d a r d 

s o l u t i o n s of NAG i n d i s t i l l e d w a t e r r a n g i n g From 
- 1 - 1 

5 0 ^ g ml t o 350 yug ml . 0.1 ml of t h e s t a n d a r d s o l u t i o n 

was added t o 0.4 ml v e r o n a t e b u f f e r to make t h e r e q u i r e d 

volume f o r a s s a y . 

The a s s a y was r e p e a t e d u s i n g s y n o v i a l f l u i d i n p l a c e of 

v e r o n a t e b u f f e r t o make up t h e r e q u i r e d a s s a y volume. 

The c a l i b r a t i o n c u r v e i n F i g u r e 5.B shows t h a t t h e 

a b s o r b a n c e was u n a f f e c t e d by t h e p r e s e n c e of s y n o v i a l 

f l u i d i n t h e r e a c t i o n m i x t u r e . 

S i n c e t h e p r e s e n c e of s y n o v i a l f l u i d d i d not a f f e c t t h e 

r e s u l t s of t h e NAG c a l i b r a t i o n a s s a y a s happened w i t h 

t h e u r o n i c a c i d a s s a y , i t was d e c i d e d to use t h e NAG 

method to examine t h e e f f e c t i v e n e s s of t h e h y a l u r o n i d a s e 

d i g e s t i o n . 

5,8 E v a l u a t i o n of optimum c o n d i t i o n s f o r e n z y m a t i c 

d i g e s t i o n of s y n o v i a l f l u i d by h y a l u r o n i d a s e 

The h y a l u r o n i d a s e u s e d was Type VI - S [SIGMA] from 

b o v i n e t e s t e s , made i n t o a s o l u t i o n of 10,000 NF u n i t s 
-1 

ml i n v e r o n a t e b u f f e r . P r e l i m i n a r y e x p e r i m e n t s were 

p e r f o r m e d t o de t e r m i n e s u i t a b l e t i m e s , t e m p e r a t u r e and 

pH f o r t h e r o u t i n e d i g e s t i o n of s y n o v i a l f l u i d by 

h y a l u r o n i d a s e p r i o r t o l u b r i c a t i o n t e s t s . 

5.8.1 Time of d i g e s t i o n 

D i g e s t i o n of s a m p l e s of b o v i n e and human s y n o v i a l f l u i d 

and a h y a l u r o n i c a c i d s o l u t i o n were performed. I n i t i a l l y , 
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1500 NF u n i t s of h y a l u r o n i d a s e were added t o 1.5 ml 

sample. An a d d i t i o n a l 1000 u n i t s were added e v e r y 3 

h o u r s . A NAG a s s a y was p e r f o r m e d a t i n t e r v a l s to d e t e r ­

mine the optimum time f o r the d i g e s t i o n . F i g u r e 5.7 

shows the c u r v e s o b t a i n e d and i t can be s e e n t h a t t h e r e 

was l i t t l e f u r t h e r d i g e s t i o n a f t e r t w e l v e h o u r s f o r any 

of t h e s a m p l e s used. 

5.8.2 I n c u b a t i o n t e m p e r a t u r e 

T h r e e i d e n t i c a l s o l u t i o n s of s y n o v i a l f l u i d were d i g e s t e d 

f o r 18 h o u r s a t t e m p e r a t u r e s of 22°C, 30°C and 37°C. 

The s o l u t i o n s c o n s i s t e d of 0.5 ml s y n o v i a l f l u i d and 

1.5 ml v e r o n a t e b u f f e r c o n t a i n i n g 200 NF u n i t s h y a l u r o n i -

dase. A NAG a s s a y was p e r f o r m e d on t h e d i g e s t e d s a m p l e s . 

The r e s u l t s i n T a b l e 5.5 show t h a t t h e enzyme was more 

a c t i v e a t a r a i s e d t e m p e r a t u r e . The d i g e s t i o n s were t h u s 

p e r f o r m e d a t 37°C. 

5.8.3 E f f e c t of pH 

The e f f e c t of pH of t h e b u f f e r on t h e d i g e s t i o n was 

i n v e s t i g a t e d t o e n s u r e t h a t r e a s o n a b l y e x h a u s t i v e d i g e s t i o n 

would t a k e p l a c e a t pH 7.2. The v e r o n a t e b u f f e r p r e ­

c i p i t a t e d below pH 6.8 so b a r b i t a l sodium a c e t a t e b u f f e r 

was u s e d f o r t h i s t e s t w i t h a range of s e v e n pH v a l u e s 

from 5.4 t o 8.0. 

The b a r b i t a l sodium a c e t a t e b u f f e r was made from a 

m i x t u r e of s o l u t i o n s A and B. S o l u t i o n A was a 0.143 M 
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sodium a c e t a t e and 0.143 M b a r b i t a l sodium s o l u t i o n . 

S o l u t i o n B was a 0.1 N s o l u t i o n of h y d r o c h l o r i c a c i d . 

The a d d i t i o n of a s p e c i f i e d volume of B t o 50 ml 

s o l u t i o n A and 20 ml 8.5% NaCl, t h e whole t h e n d i l u t e d 

t o 250 ml, r e s u l t e d i n a b u f f e r whose pH v a r i e d from 

5.4 t o 8.0. 

A range of m i x t u r e s of s y n o v i a l f l u i d , b u f f e r and 

h y a l u r o n i d a s e , d e t a i l e d i n T a b l e 5.6, were made w i t h 

e a c h of s i x pH v a l u e s . The m i x t u r e s were i n c u b a t e d f o r 

18 h o u r s a t 37°C i n a s h a k i n g w a t e r b a t h . A NAG a s s a y , 

a s e a r l i e r d e s c r i b e d , was t h e n p e r f o r m e d on a sample 

from e a c h m i x t u r e . The r e s u l t s a r e p l o t t e d i n F i g u r e 

5.8. The a b s o r b a n c e f o r m i x t u r e B [ s y n o v i a l f l u i d + : 

b u f f e r + h y a l u r o n i d a s e ] d e c l i n e s above pH 6.6, showing 

t h a t above t h i s v a l u e of pH l e s s NAG r e s i d u e s a r e formed. 

At a pH of 7.2 t h e a b s o r b a n c e i s 82% of i t s maximum 

f o r t h i s m i x t u r e , hence i t was d e c i d e d t h a t i t would be 

r e a s o n a b l e , i f not optimum, t o pe r f o r m d i g e s t i o n a t t h i s 

pH v a l u e . 

5.8.4 Optimum c o n d i t i o n s f o r h y a l u r o n i d a s e d i g e s t i o n 

As a r e s u l t of t h e p r e l i m i n a r y t e s t s , t h e s t a n d a r d 

c o n d i t i o n s u s e d f o r t h e d i g e s t i o n of s y n o v i a l f l u i d 

w i t h h y a l u r o n i d a s e were 0.01 ml enzyme s o l u t i o n p e r ml 

s y n o v i a l f l u i d [ i e 100 u n i t s / m l ] i n c u b a t e d a t 37°C, 

pH 7.2 f o r e i t h e r 1 o r 18 h o u r s . The two t i m e s were 

c h o s e n t o show a d i f f e r e n c e i n degree of d i g e s t i o n . 

t 2 MAY !9aj 
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18 h o u r s would r e s u l t i n maximum d i g e s t i o n whereas a f t e r 

one hour t h e sample would o n l y be p a r t i a l l y d i g e s t e d . 

A NAG a s s a y was p erformed on t h e r e s u l t i n g f l u i d t o e n s u r e 

t h a t d i g e s t i o n had t a k e n p l a c e . 

5.9 T r y p s i n d i g e s t i o n of s y n o v i a l f l u i d 

The aim of t h i s d i g e s t i o n was t o c a u s e f r a g m e n t a t i o n 

of the p r o t e i n p r e s e n t i n the s y n o v i a l f l u i d . A g a i n 

i t was n e c e s s a r y t o e n s u r e t h a t d i g e s t i o n would t a k e 

p l a c e and f o r t h i s r e a s o n the i n h i b i t o r y e f f e c t of 

s y n o v i a l f l u i d on t h e a c t i o n of t r y p s i n was i n v e s t i ­

g a t e d . 

5.10 E s t i m a t i o n of t h e a n t i - t r y p s i n a c t i v i t y of 

s y n o v i a l f l u i d 

S y n o v i a l f l u i d h a s been r e p o r t e d i n t h e l i t e r a t u r e 

[Holmes e t a l , 1935] t o c o n t a i n i n h i b i t o r s t o t h e a c t i o n 

of t r y p s i n so a c h e c k was needed t o e n s u r e t h a t t h e 

q u a n t i t y of t r y p s i n u s e d would be s u f f i c i e n t t o overcome 

t h i s i n h i b i t i o n . The s y n o v i a l f l u i d was i n v e s t i g a t e d 

a s an i n h i b i t o r t o t h e a c t i o n of t r y p s i n on a 

O f - N - b e n z o y l - l - a r g i n i n e e t h y l e s t e r HC1 (BAEE] s u b s t r a t e 

and from t h i s work, t h e c o n c e n t r a t i o n of t r y p s i n r e ­

q u i r e d to overcome t h e i n h i b i t o r y a c t i o n of the s y n o v i a l 

f l u i d was deduced [ B u r c k , 1970], 

An 0.00025 M s o l u t i o n of BAEE i n 0.5 M T r i s / H C l b u f f e r 

[pH 8.0] was u s e d a s t h e s u b s t r a t e . The t r y p s i n [ t y p e 

I I - S , SIGMA] was i n i t i a l l y u sed i n a c o n c e n t r a t i o n of 
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1000 BAEE u n i t s / m l i n 0.0025 N HC1 w i t h 0.02 M C a C l 2 . 

The c a l c i u m c h l o r i d e was n e c e s s a r y t o keep the t r y p s i n 

a c t i v e o v e r a p r o l o n g e d p e r i o d [ K a s s e l e t a l , 1 963]. 

A l l t h e s o l u t i o n s were k e p t i n a w a t e r b a t h a t 25°C. 

The t r y p s i n and i n h i b i t o r s o l u t i o n s were mixed t o g e t h e r 

i n e q u a l p r o p o r t i o n s and a f t e r a few m i n u t e s , 0.2 ml 

of t h i s m i x t u r e was added t o 3.0 ml BAEE s o l u t i o n i n 

a q u a r t z c u v e t t e . The s o l u t i o n was q u i c k l y shaken, t h e n 

t h e a b s o r b a n c e was compared w i t h a b l a n k of BAEE s o l u t i o n 

a l o n e i n a Pye-Unicam SP 18000 s p e c t r o p h o t o m e t e r . The 

a b s o r b a n c e a t 253 nm was r e c o r d e d on a c h a r t a g a i n s t 

time and t h e r a t e of change of a b s o r b a n c e [AA/min] was 

c a l c u l a t e d from the s l o p e of the graph, 

5.10.1 S t a n d a r d i n h i b i t o r t e s t 

A s t a n d a r d t r y p s i n i n h i b i t o r [ S o ybean, t y p e I - S , SIGMA] 

was u s e d i n a range of c o n c e n t r a t i o n s i n T r i s / H C l b u f f e r 

t o t e s t t h e s y s t e m . The method was a s d e s c r i b e d above. 

The r a t e of change of a b s o r b a n c e was p l o t t e d a g a i n s t 

the c o n c e n t r a t i o n of t h e soybean i n h i b i t o r s o l u t i o n . 

The r e s u l t s a r e shown i n F i g u r e 5.9. I t can be s e e n t h a t 

t h e a b s o r b a n c e d e c r e a s e s w i t h i n c r e a s i n g c o n c e n t r a t i o n 

of i n h i b i t o r showing t h a t t h e i n h i b i t i o n i s n o t c o m p l e t e 

a t c o n c e n t r a t i o n s of l e s s t h a n 80^ug i n h i b i t o r i n 3.0 ml 

BAEE s u b s t r a t e s o l u t i o n . 
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5.10.2 S y n o v i a l f l u i d i n h i b i t o r t e s t 

A range of s o l u t i o n s of s y n o v i a l f l u i d i n T r i s / H C l 

b u f f e r were t h e n u s e d a s an i n h i b i t o r i n t h e same way 

a s t h e soybean i n h i b i t o r and F i g u r e 5.10 p l o t t e d from 

t h e r e s u l t s . From t h i s graph i t can be s e e n t h a t a 

10% s o l u t i o n of s y n o v i a l f l u i d was a p o w e r f u l i n h i b i t o r 

of t h i s c o n c e n t r a t i o n of t r y p s i n . T h i s i s e q u i v a l e n t 

t o 0.01 ml s y n o v i a l f l u i d i n h i b i t i n g t h e a c t i o n of 100 

u n i t s of t r y p s i n . 

5. 10.3 V a r y i n g t r y p s i n c o n c e n t r a t i o n 

The t e s t was r e p e a t e d w i t h a range of c o n c e n t r a t i o n s 

of t r y p s i n i n t h e enzyme s o l u t i o n . T h r e e d i f f e r e n t 
0 

s t r e n g t h s of s y n o v i a l f l u i d s o l u t i o n were u s e d a s 

i n h i b i t o r s . The r e s u l t s a r e p l a t t e d i n F i g u r e 5.11. 
_ 1 

Above a t r y p s i n c o n c e n t r a t i o n of 130 ^ g ml i n t h e 

enzyme s o l u t i o n , t h e e f f e c t of s y n o v i a l f l u i d a s an 

i n h i b i t o r was r a p i d l y l o s t . 

5.10.4 F i n a l t e s t 

The t e s t was r e p e a t e d w i t h 0.1 ml u n d i l u t e d s y n o v i a l 

f l u i d a s i n h i b i t o r and g r e a t e r c o n c e n t r a t i o n s of t r y p s i n 

a t pH 7.2. T a b l e 5.7 shows t h a t a c o n c e n t r a t i o n of 

t r y p s i n of 2 mg ml i n t h e enzyme s o l u t i o n [ i e 200 / J I g 

i n 0.1 ml s o l u t i o n ] was s u f f i c i e n t t o overcome the 

i n h i b i t o r y a c t i o n of t h e s y n o v i a l f l u i d , i n c r e a s i n g t h e 

r a t e of change of a b s o r b a n c e s i x f o l d from 0.012 t o 

0.075 pe r minute. 
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5.10.5 Optimum c o n d i t i o n s F o r t r y p s i n d i g e s t i o n 
F o l l o w i n g t h e above t e s t s , i t was d e c i d e d t h a t t r y p s i n 
d i g e s t i o n s h o u l d be p e r f o r m e d a t a c o n c e n t r a t i o n oF 
2 mg t r y p s i n [20,000 BAEE u n i t s ] F o r 1 ml s y n o v i a l F l u i d 
a t 22°C F o r e i t h e r 1 o r 18 h o u r s a t pH 7.2. 

5.11 V i s c o s i t y measurement 

T h e r e were two p r oblems a s s o c i a t e d w i t h the measurement 

oF v i s c o s i t y oF t h e l u b r i c a n t s . F i r s t l y , t h e non-

Newtonian n a t u r e oF some oF t h e F l u i d s means t h a t i t i s 

n e c e s s a r y t o measure v i s c o s i t i e s a t known s h e a r r a t e s . 

S e c o n d l y , o n l y a s m a l l volume oF s y n o v i a l F l u i d was 

a v a i l a b l e F o r e a ch measurement. F o r t h e s e r e a s o n s a 

F e r r a n t i - S h i r l e y cone and p l a t e v i s c o m e t e r was c h o s e n 

F o r t h e measurements. T h i s o n l y r e q u i r e s 1 ml s a m p l e s 

oF F l u i d . 

The v i s c o m e t e r c o n s i s t s oF a s t a t i o n a r y F l a t p l a t e and 

a s l i g h t l y c o n i c a l r o t a t i n g d i s c d r i v e n by a v a r i a b l e 

s p e e d motor. The cone speed, w h i c h i s v a r i a b l e between 

1 and 1000 rpm, i s d i r e c t l y p r o p o r t i o n a l t o t h e s h e a r 

r a t e . The v i s c o u s drag on t h e cone e x e r t s a t o r q u e on 

a dynamometer which i s d i r e c t l y p r o p o r t i o n a l t o the 

s h e a r i n g s t r e s s . Hence t h e v i s c o s i t y a t a g i v e n s h e a r 

r a t e can be c a l c u l a t e d . A w a t e r j a c k e t c o n t r o l s t h e 

t e m p e r a t u r e oF t h e sample under t e s t . 

A 1 ml sample oF e a c h F l u i d u s e d i n the l u b r i c a t i o n 

t e s t s was k e p t F r o z e n u n t i l i t s v i s c o s i t y c o u l d be 
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measured. The measurements of v i s c o s i t y were t a k e n o v e r 

a range of s h e a r r a t e s f o r e a c h sample a t 25°C . These 

measurements a r e g i v e n w i t h t h e d e t a i l e d r e s u l t s i n t h e 

n e x t c h a p t e r . 

5.12 T e s t method f o r a s e r i e s of l u b r i c a n t s i n one j o i n t 

The i n s t r u m e n t a t i o n was s w i t c h e d on and a l l o w e d t o warm 

up f o r a t l e a s t 30 m i n u t e s b e f o r e t e s t i n g began. The 

a l i g n m e n t of t h e j o i n t components was c a r r i e d o u t a s 

d e s c r i b e d i n C h a p t e r 4. 

The f e m o r a l component was t h e n removed, 1 ml of l u b r i c a n t 

added t o t he a c e t a b u l a r cup and t h e f e m o r a l head r e p l a c e d . 

With t h e c h a r g e a m p l i f i e r on i t s l e a s t s e n s i t i v e s c a l e , 

t h e motor was s w i t c h e d on and t h e t r a c e s o b s e r v e d . The 

s e n s i t i v i t y of t h e c h a r g e a m p l i f i e r was i n c r e a s e d u n t i l 

t h e t r a c e of f r i c t i o n a l t o r q u e was of a r e a s o n a b l e 

a m p l i t u d e . 

A f t e r a c o u p l e of m i n u t e s , a check was made t o e n s u r e 

t h a t t h e f r i c t i o n a l a m p l i t u d e had remained c o n s t a n t . 

A t r a c e was t h e n r un o f f w i t h t h e c h a r t on a spee d of 
_ 1 

125 mm s . The spee d of t h e motor was t h e n a l t e r e d 

and s i m i l a r t r a c e s o b t a i n e d , u s u a l l y f o r two o t h e r s p e e d s . 

The t h r e e s p e e d s u s e d were 0.55, 0.83 and 1.0 Hz. The 

speed of t he motor was v a r i e d i n a d e l i b e r a t e l y random 

o r d e r . The s i m u l a t o r d r i v e motor and t h e o i l s u p p l y t o 

t h e b e a r i n g s were t h e n s w i t c h e d o f f , t h e f e m o r a l component 



107 

was removed and t h e a r t i c u l a t i n g s u r f a c e s wiped dry w i t h 

t i s s u e . F o r n a t u r a l j o i n t s , t h e c a r t i l a g e was s o a k e d 

i n R i n g e r ' s s o l u t i o n and d r i e d a g a i n between t e s t s . 

A nother l u b r i c a n t was t h e n u s e d and t h e t e s t r e p e a t e d 

from t h e p o i n t of i n t r o d u c t i o n of the l u b r i c a n t . The 

z e r o l o a d p o s i t i o n was c h e c k e d p e r i o d i c a l l y . 
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R e f e r e n c e Age 
C y r s ] 

Sex D i a m e t e r 
[mm] 

L u b r i c a n t s u s e d R e f e r e n c e Age 
C y r s ] 

Sex D i a m e t e r 
[mm] 

S y n o v i a l 
F l u i ds 

S i 1 i cone 
F 1 u i ds 

SCMC 

H1 78 F 43 Y e s - -
HE 62 M 54 Y e s - -
H3 63 M 52 Y e s - -
H4 60 M 53 Y e s - -
H5 74 M 50 Y e s - -
H6 64 M 49 Y e s - Y e s 

H7 63 M 49 - Y e s Y e s 

H8 54 M 45 Y e s - -
H9 79 F 41 Y e s Y e s Y e s 

H10 70 F 46 Y e s 

T a b l e 5.1 

Human h i p j o i n t s t e s t e d . 
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R e f e r e n c e V i s c o s i t y [ P a s ] 

DC 10/200 9.4 x 1 0 " 3 

50 4.85 x 1 0 " 2 

100 9.7 x 1 0 ~ 2 

500 4.85 x 1 0 " 1 

1000 9.7 x 10~ 1 

1000 ") 
V 3360 3. 36 

30000 J 

1000 ~) 
\ 11450 11.45 

30000 J 

30000 29. 1 
. 

T a b l e 5.3 

Range of s i l i c o n e f l u i d s and t h e i r v i s c o s i t i e s u s e d a s 

l u b r i c a n t s . -
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R e f e r e n c e S h e a r r a t e 
C s - 1 ] 

V i s c o s i t y 
C 10-3 p a s ] 

C 10 1650 2.8 
C50 1650 7. 1 
C4 1650 8. 0 
C 100 1650 1 1 
CC 1690 25 
CB 1690 83 
C 17 1600 85 
CD 1690 104 
C6 1600 112 
C5 1600 131 
CA 1690 210 

T a b l e 5.4 

S o l u t i o n s of SCMC and t h e i r v i s c o s i t i e s u s e d a s 

l u b r i c a n t s . 
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T e m p e r a t u r e A 5 8 5 NAG r e l e a s e d 
C°c] C/xg/ml ] 

22 0. 260 22 
30 0.325 27 
37 0. 318 26 

T a b l e 5.5 

E f f e c t of t e m p e r a t u r e of h y a l u r o n i d a s e d i g e s t i o n 

s y n o v i a l f l u i d on amount of NAG r e l e a s e d . 
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Volume of 
BAEE 
s o l u t i o n 
Cml] 

Volume of 
s y n o v i a l 
f l u i d 
Cml] 

Mass of 
t r y p s i n 
i n 0.1 ml of 
s o l u t i o n 
Cyug3 

_ 1 
min 

3.0 - 40 0. 16 
3.0 - 200 too f a s t t o 

r e c o r d 
3.0 0. 1 100 0.012 
3.0 0. 1 200 0. 075 

T a b l e 5.7 

R a t e of change of a b s o r b a n c e of BAEE s u b s t r a t e w i t h 

d i f f e r e n t c o n c e n t r a t i o n s of t r y p s i n and s y n o v i a l f l u i d . 
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F i g u r e 5. 1 

M o u l d i n g j i g F o r c o m p l i a n t l a y e r s 
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b<"aSS p l o ^ 

acetabu lar b a s e 

F i g u r e 5.E 

C r o s s s e c t i o n o f moulding j i g F o r c o m p l i a n t l a y e r s 
C not t o s c a l e ] . 
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F i g u r e 5.3 

C l i s h ' s a p p a r a t u s F o r m e a s u r i n g t h e e l a s t i c m o d u l u s oF 
an e l a s t o m e r 
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--mi cro scope 

m a m 

lens holder 

l e n * 

OJCigVih h a n g e r 

F i g u r e 5.4 

C r o s s - s e c t i o n oF C l i s h ' s a p p a r a t u s F o r m e a s u r i n g t h e e l a s t i c 
m o d u l u s oF an e l a s t o m e r . 
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18 

9 l 
I fluid + S u n o o i a £ 1 + 

li / ' 2 

3 h ° 
c i 
2 0 8 

\ t i c u r o n o l a c h 3 n e sol 

O So too f5o Zoo aso 3 0 0 3 S O 

F i gure 5.5 

E F F e c t oF p r e s e n c e oF s y n o v i a l F l u i d on s t a n d a r d s a s s a y 
F o r u r o n i c a c i d . 
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3 0 0 - i 

oAurcrrivc. a " 

2 5 0 

en 

2 0 0 

0) 

SO 

0 0 -

'8 2 1 3b 
T ? m e (hou rs ) 

F i gure 5.7 

Graph showing NAG r e l e a s e d a f t e r d i f f e r e n t -times of 
d i g e s t i o n w i t h h y a l u r o n i d a s e , 
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F i g u r e 5.8 

E f f e c t oF pH oF s o l u t i o n on amount oF NAG r e l e a s e d . 
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O04>-
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o-os 

0 0 3 
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uo S O 

C©r\Certf rcxf ton of soybean mWdoitor- h u o /rr»l) 

F i g u r e 5.9 

E f f e c t of s t a n d a r d soybean i n h i b i t o r on t r y p s i n d i g e s t i o n 
of BAEE. 
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O 13 

o- o 

O O R 

0-04 
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1 
l o o so ISO 20CJ 

F i g u r e 5.11 

E f f e c t of v a r y i n g t r y p s i n c o n c e n t r a t i o n on i n h i b i t o r 
a c t i o n of s y n o v i a l f l u i d . 
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CHAPTER SIX 

RESULTS - PRELIMINARY TESTS AND NATURAL JOINTS 

The main r e s u l t s of t h i s work F a l l i n t o two c a t e g o r i e s : 

t h o s e c o n c e r n e d w i t h n a t u r a l j o i n t s l u b r i c a t e d w i t h 

s y n o v i a l f l u i d , and t h o s e r e s u l t i n g from t h e work on 

p r o s t h e s e s w i t h c o m p l i a n t l i n i n g s . However t h e r e a r e 

a l s o p r e l i m i n a r y t e s t s t o check t h e f u n c t i o n i n g of the 

s i m u l a t o r , v i s c o s i t y measurements of f l u i d s which were 

used w i t h both n a t u r a l and a r t i f i c i a l j o i n t s and e l a s ­

t i c i t y t e s t s . 

The h i p f u n c t i o n s i m u l a t o r was u s e d t o o b t a i n t h e f r i c -

t i o n a l t o r q u e d e v e l o p e d i n t h e j o i n t when s u b j e c t e d 

t o a dynamic l o a d i n g c y c l e and from t h i s a f i r i c t i o n f a c t o r 

was c a l c u l a t e d . The f r i c t i o n f a c t o r was d e f i n e d a s 

F r i c t i o n a l Torque 
= 

A p p l i e d l o a d x R a d i u s of head 

[Un s w o r t h , 1 9 7 8 ] 

The f r i c t i o n f a c t o r d i f f e r s from t h e c o e f f i c i e n t of 

f r i c t i o n s i n c e the r a d i u s of c o n t a c t i s not e q u a l t o t h e 

r a d i u s of t h e head e x c e p t under p o i n t c o n t a c t c o n d i t i o n s . 

The f r i c t i o n f a c t o r was c a l c u l a t e d a t f i v e p o i n t s t h r o u g h 

h a l f a c y c l e of l o a d i n g and o s c i l l a t i o n a s shown i n 

F i g u r e 4,4. The v a l u e s o f f r i c t i o n a l t o r q u e a t a p a r ­

t i c u l a r p o i n t f o r t h e two h a l v e s of t h e c y c l e were a v e r a g e d . 

S i n c e t h e l o a d i n g c y c l e i s a l m o s t s y m m e t r i c a l t h i s 

a v e r a g i n g e l i m i n a t e s e r r o r s i n t h e magnitude of f r i c t i o n a l 
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t o r q u e c a u s e d by o f f - c e n t r e mounting oF t h e j o i n t . 

T a b l e 6.1 g i v e s t y p i c a l l o a d s and s l i d i n g s p e e d s F o r a 

n a t u r a l j o i n t 54 mm i n d i a m e t e r F o r t h r e e F r e q u e n c i e s 

oF o s c i l l a t i o n . A l l t h e l u b r i c a t i o n t e s t s were r e p e a t e d 

a t t h e same t h r e e F r e q u e n c i e s oF o s c i l l a t i o n namely 

0.65, 0.83 and 1.0 Hz. P o i n t s 1, 2 and 3 were a t low 

l o a d s w h i l e p o i n t s 4 and 5 were i n t h e h i g h l y l o a d e d 

r e g i o n . The s l i d i n g speed, LA , v a r i e d s i n u s o i d a l l y w i t h 

time and c o u l d be c a l c u l a t e d a t any time, t , i n the 

c y c l e a s F o l l o w s : 

Uv = m 0 c o s l — — I t 

where T i s t h e ti m e F o r one c o m p l e t e c y c l e , and u 0 i s 

th e maximum s l i d i n g speed. F o r a j o i n t oF r a d i u s r 

o s c i l l a t i n g w i t h an a m p l i t u d e 8, 

T 

t h e r e f o r e U = -j— c o s ( — J t 

P o i n t 2 was t a k e n a t t h e maximum s p e e d and p o i n t s 1 and 

3 a r e t h e same spee d [ b u t o p p o s i t e d i r e c t i o n ] e a c h s i d e 

oF t h e maximum. P o i n t s 4 and 5 a r e s l o w e r s p e e d s . 

F o r the l u b r i c a n t s which were a v a i l a b l e o v e r a wide 

v i s c o s i t y range t h e r e s u l t s o b t a i n e d F o r t h e F r i c t i o n 

F a c t o r have been p l o t t e d a g a i n s t T|VA/1_ where r ^ i s t h e 

v i s c o s i t y , U t h e s l i d i n g s p e e d and L the a p p l i e d l o a d . 

As shown i n C h a p t e r 3, t h i s i s a u s e f u l method F o r 
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d e m o n s t r a t i n g t h e l u b r i c a t i o n mechanism which may be 

o p e r a t i n g . 

G.1 P r e l i m i n a r y t e s t s w i t h C h a r h l e y metal on UHMWPE 

p r o s t h e s i s 

I n i t i a l t e s t s u s e d a C h a r n l e y metal on p l a s t i c j o i n t , 

of 22 mm diameter, t o e n s u r e t h a t t h e r e s u l t s o b t a i n e d 

were c o n s i s t e n t w i t h p r e v i o u s work i n t h i s F i e l d [ O ' K e l l y , 

1 9 7 7 ] . F i g u r e s 6.1 and 6.2 show t h e r e s u l t s o b t a i n e d 

u s i n g t h e f u l l range of s i l i c o n e f l u i d s a v a i l a b l e [ s e e 

T a b l e 5.3] a s l u b r i c a n t s . F i g u r e 6.1 a r e t h e r e s u l t s 

t a k e n a t p o i n t 2 i n t h e c y c l e , where t h e l o a d was BON 
_1 

and t h e s l i d i n g s p e e d 7.3 mm s . The d a t a i n F i g u r e 6.2 
was t a k e n from p o i n t 5 i n t h e c y c l e , where t h e l o a d 

_ 1 
was 1470N and t h e s l i d i n g s p e e d 1.5 mm s . The f r e q u e n c y 
of o s c i l l a t i o n was 0.83 Hz and the a m p l i t u d e of o s c i l l a t i o n 

„o was 8 . 

The t e s t s were r e p e a t e d w i t h a l a r g e r a m p l i t u d e of 

13.5°, and t h e s e r e s u l t s a r e shown i n F i g u r e 6.3. The 

l o a d f o r p o i n t 2 was 50N and f o r p o i n t 5, 1500N. As 

t h e a n g l e t hrough which t h e j o i n t o s c i l l a t e d was l a r g e r f o r 

t h e s e c o n d s e t of t e s t s , t h e s l i d i n g s p e e d s were c o r r e s -
- 1 

p o n d m g l y g r e a t e r , 12.2 and 2.6 mm s r e s p e c t i v e l y . 

I n a l l t h e s e g r a p h s , t h e f r i c t i o n f a c t o r d e c r e a s e d a s 

t h e v i s c o s i t y of t h e l u b r i c a n t i n c r e a s e d . The f r i c t i o n 

f a c t o r s f o r the l o w e r l o a d s and f a s t e r s l i d i n g s p e e d s 

[ p o i n t 2] were more t h a n double the v a l u e s f o r p o i n t 5. 
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When t h e a m p l i t u d e of o s c i l l a t i o n was i n c r e a s e d From 8 

to 13.5°, t h e f r i c t i o n F a c t o r a l s o i n c r e a s e d e x c e p t F o r 

the low l o a d and low v i s c o s i t y p o i n t s where t h e F r i c t i o n 

F a c t o r r e t a i n e d i t s a l r e a d y h i g h v a l u e [up to 0.143. 

Thes e c u r v e s a r e s i m i l a r t o t h o s e o b t a i n e d by D ' K e l l y 

[19773 w i t h t h e maximum v a l u e s oF F r i c t i o n F a c t o r about 

the same but the l o w e s t F r i c t i o n F a c t o r around h a l F t h e 

v a l u e she o b t a i n e d . 

S i n c e t h e r e was an o b v i o u s d i f f e r e n c e between t h e r e s u l t s 

o b t a i n e d F o r t h e F r i c t i o n F a c t o r a t d i F F e r e n t s a m p l i n g 

p o i n t s , i t was d e c i d e d t o e v a l u a t e r e s u l t s o b t a i n e d w i t h 

a c o n s t a n t l o a d t h r o u g h o u t t h e c y c l e oF o s c i l l a t i o n so 

t h a t t h e o n l y v a r i a b l e t h r o u g h a c y c l e would be t h e 

s l i d i n g speed. To a c h i e v e t h i s t h e cam was removed 

From t h e s i m u l a t o r and o i l added to t h e l o a d i n g s y s t e m 

through c y l i n d e r B [ F i g u r e 4.73 u n t i l t h e r e q u i r e d v a l u e 

oF l o a d was r e a c h e d . T h r e e v a l u e s oF l o a d were u s e d 

w i t h e a c h l u b r i c a n t : t h e s e were a p p r o x i m a t e l y 500N, 

1000N and 1500N; t h e e x a c t v a l u e s were r e c o r d e d e a c h 

time. The t e s t s were r u n w i t h t h e same e i g h t s i l i c o n e 

F l u i d s t h a t were us e d p r e v i o u s l y and 0.83 Hz F r e q u e n c y 

oF o s c i l l a t i o n . 

The F r i c t i o n F a c t o r was c a l c u l a t e d F o r t h e 5 p o i n t s 

t h r o u g h t h e c y c l e . P o i n t s 3, 4 and 5 gave v e r y s i m i l a r 

c u r v e s [ F i g u r e s B.B, 6.7, 6.83, w i t h p o i n t 2 [ F i g u r e 6.53 

r e a c h i n g l o w e r v a l u e s o f ^ and p o i n t 1 [ F i g u r e 6.43 l o w e r 
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s t i l l . The c u r v e s a l l d e c r e a s e d i n i t i a l l y a s v i s c o s i t y 

i n c r e a s e d t h e n showed an a l m o s t c o n s t a n t v a l u e F o r t he 

F r i c t i o n F a c t o r , e x c e p t F o r p o i n t 1 which d i s p l a y e d e r r a t i c 

b e h a v i o u r . The t h r e e d i F F e r e n t l o a d s l e d t o s e p a r a t e 

c u r v e s a t low v a l u e s oF r j u / L , w i t h t h e l o w e s t l o a d g i v i n g 

t h e h i g h e s t v a l u e oF F r i c t i o n F a c t o r , but t h e c u r v e s 

c o a l e s c e d a s t h e v i s c o s i t y oF t h e l u b r i c a n t i n c r e a s e d . 

The F r i c t i o n F a c t o r s measured were g e n e r a l l y h i g h e r 

t h a n F o r t h e c o r r e s p o n d i n g r^u/L v a l u e s w i t h dynamic l o a d i n g . 

6.2 L u b r i c a t i o n t e s t s w i t h human h i p j o i n t s 

The r e s u l t s o b t a i n e d From t e s t s w i t h s y n o v i a l F l u i d and 

s y n t h e t i c l u b r i c a n t s i n c o n j u n c t i o n w i t h human h i p j o i n t s 

w i l l be d e s c r i b e d i n t h i s s e c t i o n . D e t a i l s oF e a c h oF 

th e n i n e h i p j o i n t s u s e d w i l l be g i v e n t o g e t h e r w i t h 

a l l t h e t e s t s p e r f o r m e d w i t h t h a t p a r t i c u l a r j o i n t . 

H i p j o i n t H1 

H1 was a Female, 78 y e a r o l d j o i n t i n good c o n d i t i o n w i t h 

a mean d i a m e t e r o f 43 mm. When F i r s t mounted and t e s t e d 

i n t h e s i m u l a t o r , i t was Found t o be s u F F i c i e n t l y oFF-

c e n t r e F o r t h e t r a c e oF F r i c t i o n a l t o r q u e t o remain on 

one s i d e oF t h e z e r o l i n e , i n s t e a d oF r e v e r s i n g w i t h 

the c h a n g i n g d i r e c t i o n oF motion. The h i p j o i n t was 

th e n removed From i t s h o l d e r s and F r o z e n w h i l s t t h e s e t t i n g 

up r i g was c h e c k e d and e v e n t u a l l y m o d i f i e d t o t h e Form 

d e s c r i b e d i n C h a p t e r 4 by t h e a d d i t i o n of v e r t i c a l 

p a r a l l e l s which c o u l d be u s e d i n c o n j u n c t i o n w i t h an 

i n t e r n a l m i c r o m e t e r F o r a c c u r a t e c e n t r i n g . 
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H1 was thawed and r e s e t s u c c e s s f u l l y . I t was t e s t e d 

w i t h R i n g e r ' s s o l u t i o n and a sample of s y n o v i a l f l u i d 

a t e a c h of the t h r e e d i f f e r e n t f r e q u e n c i e s of o s c i l l a t i o n 

and an a m p l i t u d e of 14°. The f r i c t i o n f a c t o r was c a l ­

c u l a t e d a t p o i n t s 2 and 5 t h r o u g h the c y c l e and p l o t t e d 

a g a i n s t oi/L s i n c e the v i s c o s i t i e s of t h e f l u i d s were 

not k n o w n . [ F i g u r e 6 . 9 ] . The c l u s t e r of p o i n t s on the 

l e f t of t he graph c o r r e s p o n d t o the h i g h l y l o a d e d d a t a 

[ p o i n t 5] w h i l s t t h e h i g h e r f r i c t i o n f a c t o r s were o b t a i n e d 

from t h e l o w e r l o a d e d p a r t s of t h e c y c l e . 

Hip j o i n t H2 

A male, 62 y e a r o l d h i p w i t h t r a c e s of c a r t i l a g e F i b r i l ­

l a t i o n . I t s d i a m e t e r was 54 mm. T h i s j o i n t was a l s o u s e d 

on a t r i a l b a s i s t o p e r f e c t t h e s e t t i n g up and t e s t i n g 

t e c h n i q u e . Some p r e l i m i n a r y t e s t s were r u n w i t h t r e a t e d 

s y n o v i a l f l u i d but t h e d i g e s t i o n c o n d i t i o n s had n o t been 

c o m p l e t e l y d e t e r m i n e d by t h i s t i me. The h y a l u r o n i d a s e 

d i g e s t i o n was c a r r i e d out by a d d i n g 0.3 ml enzyme s o l u t i o n 

[ c o n t a i n i n g 1000 NF u n i t s p e r ml v e r o n a t e b u f f e r ] t o 

3.0 ml s y n o v i a l f l u i d . B oth t h i s and the c o n t r o l sample 

of s y n o v i a l f l u i d were i n c u b a t e d f o r 18 h o u r s a t 37°C. 

The r e s u l t s [ F i g u r e s 6.10, 6.11] show t h a t t h e f r i c t i o n 

F a c t o r v a r i e d From 0.035 t o 0.105, t h e l o w e r v a l u e s 

o c c u r r i n g w i t h h i g h e r l o a d s . T h e r e was a s l i g h t l y i n ­

c r e a s i n g t r e n d i n F r i c t i o n F a c t o r a s u / L i n c r e a s e d . 

A g a i n , v i s c o s i t y measurements were not a v a i l a b l e . At 

h i g h l o a d s [ F i g u r e 6.12] a l l t h e r e s u l t s F o r t h e F r i c t i o n 
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f a c t o r were i n the range ju- = 0.06 to 0.08 and i t was 
n o t p o s s i b l e t o d i s t i n g u i s h between f l u i d s . At low 
l o a d s , t h e r e s u l t s f o r p o i n t 1 were o b v i o u s l y l o w e r t h a n 
t h o s e f o r p o i n t s 2 and 3. Comparing e a c h p o i n t s e p a r a t e l 
between l u b r i c a n t s , t h e f r i c t i o n f a c t o r was l o w e s t f o r 
u n t r e a t e d s y n o v i a l f l u i d , s l i g h t l y h i g h e r f o r s y n o v i a l 
f l u i d d i g e s t e d w i t h h y a l u r o n i d a s e and h i g h e r s t i l l f o r 
R i n g e r ' s s o l u t i o n . The e f f e c t o f h y a l u r o n i d a s e d i g e s t i o n 
i s shown more c l e a r l y i n F i g u r e 6.13 f o r a low l o a d e d 
p o i n t and a h i g h l y l o a d e d p o i n t i n the c y c l e . 

Hip j o i n t H3 

T h i s was a 63 y e a r o l d male h i p j o i n t of d i a m e t e r 52.2 mm 

I t was i n good c o n d i t i o n . 

A range of e l e v e n l u b r i c a n t s were p r e p a r e d f o r t e s t i n g 

w i t h t h i s j o i n t . A l l t h e s y n o v i a l f l u i d u s e d came from 

one sample. The l u b r i c a n t s o l u t i o n s a r e d e t a i l e d i n 

T a b l e 6.2. A l s o shown i n t h i s t a b l e a r e t h e v i s c o s i t y 

v a l u e s used. T h e s e a r e t h e v i s c o s i t i e s measured a t a 

s h e a r r a t e of 1100 s w i t h the F e r r a n t i - S h i r l e y cone and 

p l a t e v i s c o m e t e r . The use of t h e v i s c o s i t y measurement 

a t a h i g h s h e a r r a t e i s d i s c u s s e d i n C h a p t e r 8. The 

v i s c o s i t y r e d u c e d c o n s i d e r a b l y a f t e r d i g e s t i o n w i t h 
-3 -3 h y a l u r o n i d a s e - from 6.3 x 10 Pa s down to 1.4 x 10 

_3 

o r 1.6 x 10 Pa s. Those s a m p l e s d i g e s t e d w i t h t r y p s i n 

[D, H] r e t a i n e d a h i g h v a l u e of v i s c o s i t y . 

The r e s u l t s o b t a i n e d from t h e l u b r i c a t i o n t e s t s a r e 

i l l u s t r a t e d by F i g u r e 6.14 which shows the d a t a from 
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l u b r i c a n t s J [ u n t r e a t e d s y n o v i a l F l u i d ] and K [Ringer's 
s o l u t i o n ] . The h i g h l y l o a d e d p a r t oF the c y c l e [ p o i n t s 
4 and 5] produced F r i c t i o n F a c t o r s i n the r ange 0.02 t o 
0.03 F o r a l l the l u b r i c a n t s , The more l i g h t l y l o a d e d 
r e g i o n [ p a i n t s 1, 2 and 3] gave v a l u e s F o r t h e F r i c t i o n 
F a c t o r r a n g i n g From 0.01 up t o 0.04, t h e v a l u e s i n c r e a s i n g 
a s r j u / L i n c r e a s e d . The graph shows Ringer's s o l u t i o n 
to be an i n f e r i o r l u b r i c a n t t o s y n o v i a l F l u i d . A n o t i c e ­
a b l e F e a t u r e on a l l t h e c u r v e s f o r t h i s j o i n t i s t he 
d i s c o n t i n u i t y i n F r i c t i o n F a c t o r between t h e h i g h and 
low l o a d e d r e g i o n s . The e f f e c t .of e n z y m a t i c d i g e s t i o n 
on F r i c t i o n F a c t o r i s shown by t h e h i s t o g r a m s i n F i g u r e 
6.15. T h e r e was an i n c r e a s e i n F r i c t i o n F a c t o r F o r 
p o i n t 2 [ l i g h t l y l o a d e d ] a f t e r d i g e s t i o n w i t h h y a l u r o n i -
dase but no c o n s i s t e n t change f o r p o i n t 4 [ h e a v y l o a d ] . 
T r y p s i n d i g e s t i o n r e s u l t e d i n a change i n f r i c t i o n 
f a c t o r which was e i t h e r an i n c r e a s e o r a d e c r e a s e f o r 
both p o i n t s 2 and 4. 

An N - a c e t y l - g l u c o s a m i n e a s s a y was performed on s a m p l e s 

of f l u i d s A - H and t h o s e s a m p l e s t r e a t e d w i t h h y a l u r o n i -

dase [B and F ] showed an i n c r e a s e i n A o v e r the 
5B5 

b l a n k s . 

Hip j o i n t H4 

T h i s male, 60 y e a r o l d j o i n t was i n good c o n d i t i o n . 

A f u l l range of l u b r i c a n t s was p r e p a r e d and t e s t e d w i t h 

t h i s j o i n t and i t was not u n t i l t h e NAG a s s a y r e v e a l e d 
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no change i n t h e f l u i d a f t e r d i g e s t i o n t h a t i t was 

r e a l i s e d t h a t t h e s y n o v i a l f l u i d had a pH of 8.7 w h i c h 

was t o o a l k a l i n e f o r t h e enzyme t o be v e r y a c t i v e . A f t e r 

t h i s p o i n t i n t h e p r o j e c t , a l l t h e f l u i d s were d i a l y s e d 

t o a c o n s t a n t pH of 7.2 b e f o r e u s e . The r e s u l t s f o r t h i s 

j o i n t a r e i n c l u d e d t o show t h a t r e p e a t e d t e s t i n g of t h e 

same j o i n t p r o d u c e s c o n s i s t e n t r e s u l t s i f t h e l u b r i c a n t 

i s unchanged. F i g u r e 6.16 i s a c o m p o s i t e graph f o r a l l 

5 p o i n t s and a l l l u b r i c a n t s used. The shape o f the c u r v e 

i s v e r y c o n s i s t e n t between f l u i d s . The f r i c t i o n f a c t o r s 

a r e h i g h , s t a r t i n g a t around 0.06 f o r t h e h i g h l o a d s and 

i n c r e a s i n g t o 0.3 a t low l o a d s and h i g h s l i d i n g s p e e d s . 

H i p j o i n t H5 

A 74 y e a r o l d male j o i n t i n good c o n d i t i o n . 

A f u l l range of l u b r i c a n t s was p r e p a r e d a s d e t a i l e d i n 

T a b l e 6.3. A NAG a s s a y was p e r f o r m e d on s a m p l e s of a l l 

t h e f l u i d s and t h e amount of NAG r e l e a s e d was c a l c u l a t e d 

f o r f l u i d s C - F, w h i c h showed an i n c r e a s e i n a b s o r b a n c e 

o v e r t h e o t h e r f l u i d s . T h e s e f o u r f l u i d s , which had been 

d i g e s t e d w i t h h y a l u r o n i d a s e showed a d e c r e a s e i n v i s c o s i t y 

t o around one q u a r t e r of t h e v a l u e f o r u n d i g e s t e d f l u i d s . 

A f t e r 1 hour t h e d i g e s t i o n was not c o m p l e t e , a l t h o u g h 

most of t h e r e d u c t i o n i n v i s c o s i t y hfeid a l r e a d y o c c u r r e d . 

I t made l i t t l e d i f f e r e n c e t o the d i g e s t i o n i f t h e amount 

of h y a l u r o n i d a s e u s e d was i n c r e a s e d from 0.01 ml p e r ml 

s y n o v i a l f l u i d [C and D) t o 0.04 ml [ E and F ] . 
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The l u b r i c a t i o n t e s t s i n t h e h i p f u n c t i o n s i m u l a t o r were 

r u n a s u s u a l w i t h t h e l u b r i c a n t s u s e d i n a random o r d e r . 

However the v a l u e s f o r t h e f r i c t i o n f a c t o r when c a l c u l a t e d 

a p p e a r e d to d e c r e a s e a s the t e s t s p r o g r e s s e d . The z e r o 

l o a d p o s i t i o n when measured a t t h e end of t h e s e r i e s 

of t e s t s was c o n s i d e r a b l y h i g h e r t h a n a t t h e commence­

ment. T h i s r e s u l t e d i n t h e r e c o r d e d l o a d r e a d i n g s t o w a r d s 

t h e end of the s e r i e s b e i n g g r e a t e r t h a n t h e a c t u a l 

v a l u e s of l o a d . Hence t h e c a l c u l a t e d f r i c t i o n f a c t o r 

was l e s s t h a n the t r u e v a l u e . F o r t h i s r e a s o n o n l y t h o s e 

l u b r i c a n t s which were t e s t e d a d j a c e n t t o e a c h o t h e r 

c o u l d be s e n s i b l y compared. F i g u r e B.17 shows t h e r e s u l t s 

from f l u i d s B5 and C5. B5 i s t h e c o n t r o l sample i n c u b a t e d 

w i t h o u t enzyme w h i l s t C5 had h y a l u r o n i d a s e added and 

p r o d u c e d h i g h e r v a l u e s of f r i c t i o n f a c t o r a t p o i n t 2 

[ l o w l o a d ] . 

H i p j o i n t HB 

H6, of d i a m e t e r 49 mm, was a male 64 y e a r o l d j o i n t i n 

good c o n d i t i o n . The range of n a t u r a l l u b r i c a n t s p r e p a r e d 

and t e s t e d w i t h t h i s j o i n t a r e d e t a i l e d i n T a b l e 6.4. 

A g a i n t h e a c t i o n of h y a l u r o n i d a s e r e d u c e d t h e v i s c o s i t y 

by a f a c t o r of Four. T h i s was a c h i e v e d a f t e r o n l y one 

h o u r ' s i n c u b a t i o n , even though the q u a n t i t y of NAG 

r e l e a s e d i n c r e a s e d w i t h an e x t e n d e d i n c u b a t i o n time. 

The r e s u l t s o b t a i n e d by comparing e n z y m a t i c a l l y t r e a t e d 

and u n t r e a t e d F l u i d s a r e shown i n F i g u r e 6.18. Once more, 

th e f r i c t i o n f a c t o r s f o r h y a l u r o n i d a s e t r e a t e d f l u i d s 
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CC6, D6] were c o n s i s t e n t l y h i g h e r [ f o r p o i n t 2 ] t h a n t h e 

c o n t r o l s [A6, 1 6 ] . The c o r r e s p o n d i n g r e s u l t s f o r 

f a c t o r w i t h e n z y m a t i c t r e a t m e n t (For example /- i may i n c r e a s e 

from 0.014 t o 0.058] but they show no c o n s i s t e n t p a t t e r n -

sometimes t h e f r i c t i o n f a c t o r i s i n c r e a s e d sometimes 

d e c r e a s e d by a s i m i l a r amount. 

J o i n t H6 was a l s o t e s t e d w i t h a s e r i e s of s y n t h e t i c 

l u b r i c a n t s . T h e s e were 5 s o l u t i o n s of sodium c a r b o x y -

m e t h y l c e l l u l o s e [SCMC] i n wa t e r , c h o s e n a s they e x h i b i t 

non-Newtonian p r o p e r t i e s s i m i l a r t o s y n o v i a l f l u i d . 

T h e i r v i s c o s i t i e s a r e g i v e n i n T a b l e 5.4. The f l u i d s 

u s e d were C10, 050, C100, C4 and C5. F i g u r e s 6.19 and 

6.20 show t h e r e s u l t s f o r f r i c t i o n f a c t o r p l o t t e d a g a i n s t 

s p e e d s u s e d p r e v i o u s l y . F i g u r e 6.19 shows t h e r e s u l t s 

f o r t h e low l o a d p a r t of t h e c y c l e . The d a t a f o r p o i n t 1 

h a s been s e p a r a t e l y i d e n t i f i e d a s a g a i n i t gave much lo w e r 

v a l u e s f o r f r i c t i o n f a c t o r t h a n p o i n t s 2 and 3. The 

d a t a shows a d e c r e a s i n g t r e n d a s t h e v i s c o s i t y of t h e 

l u b r i c a n t i n c r e a s e s . 

F i g u r e 6.20 shows t h e r e s u l t s f o r t h e h i g h l y l o a d e d p a r t 

of t h e c y c l e [ p o i n t s 4 and 5 ] , T h e s e f r i c t i o n f a c t o r s 

a r e a l m o s t c o n s t a n t around /-* = 0.02, though t h e r e i s a 

s l i g h t d e c r e a s e a s t h e v i s c o s i t y i n c r e a s e s . T h e i r v a l u e s 

l i e between t h o s e of p o i n t 1 and p o i n t s 2 and 3. 

t r y p s i n show c o n s i d e r a b l e d i f f e r e n c e s i n f r i c t i o n 

E a c h l u b r i c a n t was t e s t e d a t e a c h of the t h r e e 
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Hip j o i n t H7 

T h i s j o i n t came From a 63 y e a r o l d male and had a d i a m e t e r 

oF 49 mm. I t was i n good c o n d i t i o n but one week o l d 

when u s e d i n the s i m u l a t o r a s i t had p r e v i o u s l y been us e d 

by a n o t h e r s t u d e n t . I t was o n l y t e s t e d w i t h s y n t h e t i c 

1 u b r i c a n t s . 

The same F i v e 5CMC l u b r i c a n t s were us e d a s F o r H6 and 

t h e r e s u l t s a g a i n p l o t t e d a s F r i c t i o n F a c t o r a g a i n s t 

7|u/L on a l o g a r i t h m i c s c a l e . C o n s i d e r i n g F i g u r e 6.21, 

which shows t h e r e s u l t s F o r t he low l o a d i n g , t h e d a t a 

F o r p o i n t 1 i s a g a i n l o w e r t h a n p o i n t s 2 and 3 but t h e r e 

i s more o v e r l a p i n t h e r e s u l t s F o r t h i s j o i n t . The 

F r i c t i o n F a c t o r d e c r e a s e s From around 0.055 t o 0.01 
-7 -4 -1 a s rju/L i n c r e a s e s From 5 x 10 t o 10 m 

The h i g h l y l o a d e d r e s u l t s C p o i n t s 4 and 5 ] a r e d i s p l a y e d 

i n F i g u r e 6.22. These show an a l m o s t c o n s t a n t F r i c t i o n 

F a c t o r oF around 0.02 F o r p o i n t 4 and s l i g h t l y l o w e r -

around 0.01 - F o r p o i n t 5. 

H7 was a l s o t e s t e d w i t h a range oF s i l i c o n e F l u i d s a s 

l u b r i c a n t . These a r e Newtonian i n c h a r a c t e r and t h e i r 

v i s c o s i t i e s a r e g i v e n i n T a b l e 5.3. A t o t a l oF s e v e n 

F l u i d s were us e d w i t h v i s c o s i t i e s r a n g i n g From 9.4 x 10 

to 29.1 Pa s . A l l the r e s u l t s a r e shown i n F i g u r e 6.23. 

The low l o a d p o i n t s [ 1 , 2 and 3 ] a l l l i e i n t h e same 

band which i n c r e a s e s From yu. = 0.02 t o yu = 0. 13 a s t h e 

v i s c o s i t y i n c r e a s e s . The i n c r e a s e i n F r i c t i o n F a c t o r 

above a v i s c o s i t y oF 1 Pa s i s v e r y marked. The h i g h 
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l o a d p o i n t s [ 4 and 5} produce l o w e r v a l u e s of f r i c t i o n 

f a c t o r [ 0 . 0 0 7 t o 0.04] and do n o t e x h i b i t t h e s h a r p 

i n c r e a s e w i t h v i s c o s i t y of t h e low l o a d p o i n t s . 

H i p j o i n t H8 

T h i s male, 54 y e a r o l d j o i n t had a d i a m e t e r of 45 mm 

and was i n good c o n d i t i o n . 

T a b l e 6.5 shows t h e range of l u b r i c a n t s p r e p a r e d from 

s y n o v i a l f l u i d , t o g e t h e r w i t h t h e i r v i s c o s i t i e s . T h i s 

sample of s y n o v i a l f l u i d had a .higher v i s c o s i t y t h a n t h e 
_3 

p r e v i o u s s a m p l e s u s e d - around 9 x 10 Pa s - which 

was r e d u c e d t o 2 x 10 ^ Pa s by h y a l u r o n i d a s e a c t i o n . 

The h i s t o g r a m s i n F i g u r e 6.24 show t h e f r i c t i o n f a c t o r 

w hich v a r i e s from 0.06 up t o 0.10. Once a g a i n t h e 

f r i c t i o n f a c t o r was i n c r e a s e d a f t e r h y a l u r o n i d a s e d i g e s t i o n 

f o r t h e low l o a d s , and a l s o f o r f o u r o u t of the s i x h i g h 

l o a d r e a d i n g s . T r y p s i n d i g e s t i o n of t h e f l u i d s had no 

c o n s i s t e n t e f f e c t on t h e f r i c t i o n f a c t o r . 

Hip j o i n t H9 

T h i s 79 y e a r o l d f e m a l e h i p j o i n t had a d i a m e t e r of 

41 mm and was i n good c o n d i t i o n . Both n a t u r a l and s y n t h e t i c 

l u b r i c a n t s were t e s t e d w i t h t h i s j o i n t . 

The n a t u r a l l u b r i c a n t s a r e d e t a i l e d i n T a b l e 6.6. The 

u s u a l range of f l u i d s t r e a t e d w i t h h y a l u r o n i d a s e , and 

t h e i r c o r r e s p o n d i n g c o n t r o l s were used. I n a d d i t i o n 

powdered h y a l u r o n i c a c i d was added t o s e v e r a l s a m p l e s of 
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s y n o v i a l f l u i d t o a t t e m p t t o o b t a i n an i n c r e a s e d v i s c o s i t y 
_3 

range. The v i s c o s i t y was i n c r e a s e d from 5.2 x 10 Pa s 

up t o 0.373 Pa s by the a d d i t i o n of 10 mg h y a l u r o n i c a c i d 

t o 1 ml s y n o v i a l f l u i d . 

F i g u r e 6.25 shows t h e h i s t o g r a m s f o r t h e change i n f r i c t i o n 

f a c t o r w i t h h y a l u r o n i d a s e a c t i o n . The r e s u l t s from p o i n t 

2 [ l o w l o a d ] showed a v e r y s u b s t a n t i a l i n c r e a s e i n f r i c t i o n 

f a c t o r a f t e r d i g e s t i o n . The r e s u l t s from p o i n t 4 [ h i g h 

l o a d ] showed no s i g n i f i c a n t change. 

The d a t a f o r l u b r i c a n t s P9, Q9, R9 and S9 [ s y n o v i a l f l u i d 

w i t h added h y a l u r o n i c a c i d ] were p l o t t e d i n t h e f a m i l i a r 

form of f r i c t i o n f a c t o r , a g a i n s t t^u/L [ F i g u r e 6 . 2 6 ] . 

P o i n t 1 p roduced r e s u l t s s u f f i c i e n t l y low a s t o c o i n c i d e 

w i t h t h e h i g h l o a d r e s u l t s [ p o i n t s 4 and 5 ] . T h e s e producei 

an a l m o s t c o n s t a n t f r i c t i o n f a c t o r of around 0.03. P o i n t s 

2 and 3 p roduced f r i c t i o n f a c t o r s which were m o s t l y i n 

t h e range 0.06 to 0.08 and which had a s l i g h t minimum 
— 6 — 1 

a t r^u/L = 3 x 10 m . T h i s c o r r e s p o n d s t o a v i s c o s i t y 

of 0.025 - 0.1 Pa s . 

F i g u r e 6.27 shows t h a t t h e r e s u l t s f o r SCMC a r e v e r y 

s i m i l a r t o t h o s e f o r s y n o v i a l F l u i d w i t h h y a l u r o n i c 

a c i d added. The main d i f f e r e n c e i s t h a t t h e f r i c t i o n 

F a c t o r a t p o i n t 1 h a s i n c r e a s e d and the d a t a F o r p o i n t s 

2 and 3 became more o b v i o u s l y s e p a r a t e d . The minimum 

i n f r i c t i o n f a c t o r a t low l o a d s i s not so pronounced. 
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When s i l i c o n e f l u i d was u s e d a s a l u b r i c a n t f o r j o i n t 

H9 t h e f r i c t i o n f a c t o r a t t h e low l o a d p o i n t s i n c r e a s e d 

w i t h v i s c o s i t y of t h e l u b r i c a n t [ F i g u r e 6 . 2 8 ] . The 

v i s c o s i t i e s of t h e s i l i c o n e f l u i d s r e a c h e d much h i g h e r 

v a l u e s [up t o 29.1 Pa s ] t h a n e i t h e r s y n o v i a l f l u i d o r 

SCME s o l u t i o n s . The h i g h l o a d d a t a produced a c o n s t a n t 

f r i c t i o n f a c t o r around 0.Q26. 

6.4 C a r t i l a g e t e s t s 

When t h e l u b r i c a t i o n t e s t i n g had been co m p l e t e d on 

any p a r t i c u l a r j o i n t , p l u g s of c a r t i l a g e and bone were 

removed from t h e f e m o r a l head f o r e l a s t i c i t y t e s t i n g 

a s d e s c r i b e d i n s e c t i o n 5,3.1. A t y p i c a l t r a c e o b t a i n e d 

on t h e I n s t r o n c h a r t i s shown i n F i g u r e 6.29. S i n c e t h e 
- 1 

c r o s s h e a d speed was c o n s t a n t a t 20 mm min , i t took 

about 0.9 s t o a p p l y a l o a d of 120N. From t h e l o a d a g a i n s t 

c o m p r e s s i o n t r a c e o b t a i n e d on t h e I n s t r o n , a new graph 

was p l o t t e d of s t r e s s a g a i n s t l o g a r i t h m i c s t r a i n . The 

s t r e s s was d e f i n e d a s l o a d d i v i d e d by t h e o r i g i n a l 

c r o s s - s e c t i o n a l a r e a . The l o g a r i t h m i c s t r a i n , used s i n c e 

t h e s t r a i n s i n v o l v e d a r e l a r g e , was d e f i n e d a s : 
dh I n 
o 

where h i s the i n i t i a l t h i c k n e s s of c a r t i l a q e , h t h e o a ' 
t h i c k n e s s a t any g i v e n time, and d t h e d e c r e a s e i n 

t h i c k n e s s a t t h a t time. The c u r v e s o b t a i n e d by r e p l o t t i n g 

t h e d a t a i n t h i s form f o r s e v e r a l p l u g s of c a r t i l a g e 

from t h e f e m o r a l head of j o i n t H6 a r e shown i n F i g u r e 6.30. 
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The i n v e r s e s l o p e of the s t r e s s s t r a i n c u r v e a t any g i v e n 

p o i n t g i v e s t h e c o m p l i a n c e of t h e c a r t i l a g e a t t h a t s t r e s s 

[ G o r e , 1981], F o r t h e s e s a m p l e s , t h e s t r e s s c h o s e n 

was 3 M Pa s i n c e t h e c u r v e i s l i n e a r h e r e . T a b l e G.7 

g i v e s t h e a v e r a g e v a l u e s of c o m p l i a n c e o b t a i n e d f o r e a c h 

of the j o i n t s t e s t e d , t o g e t h e r w i t h t h e t h i c k n e s s of 

t h e c a r t i l a g e s p e c i m e n s . 
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P o i n t Frequency o f 
O s c i l l a t i o n 
[Hz] 

Load 
CN] 

S l i d i n g speed 
r - i i 
mms 

1 0. 65 204 17. 1 
1 0. 83 204 21 . 9 
1 1, •0 143 26. 8 
2 D. 65 239 24. 3 
2 • . 83 224 31 . 0 
2 1 . 00 367 37. 9 
3 0. 65 265 17. 1 
3 0. 83 245 21. 9 
3 1. 00 204 26. 8 
4 0. 65 1325 9. 8 
4 0. 83 1385 12. 6 
4 1. 00 1467 15. 4 
5 • . 65 1284 5. 0 
5 0. 83 1365 6. 5 
5 1. 00 1 182 7. 8 

Table 6.1 

Loads and s l i d i n g speeds f o r j o i n t 54 mm 

i n d i a meter. 
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J o i n t 
Reference 

Average 
t h i c k n e s s 
C mm] 

Average compliance 

C10" 8 m 2 N"1D 

H2 1.86 5.9 
H3 2.36 9. 1 
H4 2. 32 4.6 
H5 2. 06 5. 1 
HB 1.93 4.5 
H7 2.04 6.0 
H8 2. 27 5.4 

Table 6.7 

Human h i p j o i n t s . Values o f compliance and 

c a r t i l a g e t h i c k n e s s . 
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N a t u r a l h i p j o i n t , H2: a f f e c t o f h y a l u r o n i d a s e d i g e s t i o n 
on f r i c t i o n f a c t o r . 

S i n g l e h a t c h i n g shows i n c r e a s e i n f r i c t i o n f a c t o r a f t e r 
t r e a t m e n t , c r o s s h a t c h i n g shows d e c r e a s e . 
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f r i c t i o n f a c t o r . 



164 

X 

0-30 0 
-b. 

010 

7 
tit-

OiO 

i 
o O 

F i g u r e 6. 16 

N a t u r a l h i p j o i n t , H4: graph of a l l r e s u l t s o b t a i n e d 
f o r f r i c t i o n f a c t o r w i t h s y n o v i a l f l u i d . 



165 

0-20 

i 0'i<o r i v a l uroru das 7 

_L 

u. o-os 

0 00. 
Z2 

00-
Poinf- /f-

F i g u r e 6.17 

N a t u r a l h i p j o i n t , H5: e f f e c t of h y a l u r o n i d a s e d i g e s t i o n 
on f r i c t i o n f a c t o r . 
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N a t u r a l h i p j o i n t , H9: e f f e c t of h y a l u r o n i d a s e d i g e s t i o n 
on f r i c t i o n f a c t o r . 
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Force (Nf) 

12.0 

80 

L0 

I Ca.rrila 0 
O ' I mm > Compression (mm1) 

F i g u r e B.29 

T y p i c a l t r a c e obtaine'' on t h e I n s t r o n F o r c o m p r e s s i o n of 
c a r t i l a g e a t 20 mm m i ^ - t C j o i n t H5]. 
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Shres-s 

T n 
•o as 

F i g u r e 6.30 

S t r e s s / s t r a i n graph F a r F o u r c a r t i l a g e s a m p l e s From one 
Femoral head [ j o i n t HG]. 
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CHAPTER SEVEN 

RESULTS - A R T I F I C I A L JOINTS WITH COMPLIANT LININGS 

E x p e r i m e n t s were pe r f o r m e d on a c e t a b u l a r components 

t h a t had c o m p l i a n t l i n i n g s c a s t onto t h e a r t i c u l a r 

s u r f a c e s . These components, produced w i t h d i f f e r e n t 

t h i c k n e s s e s of l i n i n g , were t e s t e d i n t h e h i p f u n c t i o n 

s i m u l a t o r . Two c l e a r a n c e s and a range of l u b r i c a n t s 

CSCMC and s i l i c o n e f l u i d s ] were a l s o used. The e l a s t i ­

c i t y and t h e e f f e c t s of t h e l u b r i c a n t s on t h e l i n i n g s 

were a l s o examined. 

7.1 A b s o r p t i o n t e s t s 

Thompson [ 1 9 7 9 ] showed t h a t s i l i c o n e e l a s t o m e r s w e l l s 

when s o a k e d i n s i l i c o n e f l u i d . I n o r d e r t o i n v e s t i g a t e 

t h e p o s s i b i l i t y of t h e a b s o r p t i o n of t h e l u b r i c a n t by 

th e S y l g u a r d s i l i c o n e e l a s t o m e r , used f o r m a n u f a c t u r i n g 

t h e c o m p l i a n t l i n i n g s , s o a k i n g t e s t s were c a r r i e d o u t . 

S m a l l p i e c e s of c u r e d e l a s t o m e r w e i g h i n g 1 - 2 g were 

s o a k e d i n l u b r i c a n t and r e p e a t e d l y weighed a t v a r i o u s 

time i n t e r v a l s . Sample A was weighed i n i t i a l l y t h e n 

s o a k e d i n DC 200/10 s i l i c o n e f l u i d and removed a t i n t e r v a l 

d r i e d w i t h t i s s u e and reweighed. The % i n c r e a s e i n w e i g h t 

was c a l c u l a t e d and p l o t t e d . 

I n o r d e r t o check whether t h e i n c r e a s e i n w e i g h t was 

due t o s u r f a c e a b s o r b e d s i l i c o n e , sample B was di p p e d 

i n f l u i d and d r i e d b e f o r e i t s i n i t i a l w e i g h i n g , t h e n 

t r e a t e d a s A. 
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Sample C was soaked i n an SCMC s o l u t i o n [ C i o j a n d s i m i l a r 

wei ghed. 

The r e s u l t s o b t a i n e d a r e shown i n F i g u r e 7.1. The two 

s a m p l e s s o a k e d i n s i l i c o n e r e a c h e d e q u i l i b r i u m a f t e r 

a b s o r b i n g 65% of t h e i r own w e i g h t of F l u i d . T h i s was 

a c h i e v e d a f t e r 100 h o u r s of s o a k i n g . A p p r o x i m a t e l y 1 g 

of f l u i d was a b s o r b e d by a sample i n i t i a l l y w e i g h i n g 

1.5 g. N e i t h e r SCMC nor wa t e r were a b s o r b e d by t h e 

e l a s t o m e r . 

7.2 R e p r o d u c i b i l i t y of e l a s t o m e r between mixes 

I t was n e c e s s a r y t o mould t h e a c e t a b u l a r l i n i n g s from 

s e v e r a l d i f f e r e n t b a t c h e s o f e l a s t o m e r s i n c e t h e r e was 

o n l y one moulding r i g , and t h e mix would b e g i n t o 

c u r e a t room t e m p e r a t u r e i f s t o r e d . A s l a b of e l a s t o m e r 

was c u r e d , a l o n g w i t h e a c h a c e t a b u l a r l i n i n g . The 

modulus of each s l a b was measured and compared w i t h t h e 

o t h e r s . 

U s i n g C l i s h ' s a p p a r a t u s d e s c r i b e d i n s e c t i o n 5.3, t h e 

r a d i u s of t h e i n d e n t a t i o n formed i n t h e e l a s t o m e r by 

a l o a d e d l e n s was measured f o r a range of a p p l i e d l o a d s . 

A graph o f [ r a d i u s of i n d e n t a t i o n ] a g a i n s t a p p l i e d 

l o a d g i v e s a s t r a i g h t l i n e from which t h e modulus c a n 

be found. The H e r t z i a n t h e o r y f o r t h e c o n t a c t r a d i u s 

of a r i g i d s p h e r i c a l i n d e n t o r on an e l a s t i c l a y e r g i v e s : 
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3 3PR [1 - V ] where 
a -

4E 

a i s t h e c o n t a c t r a d i u s 

P t h e normal l o a d 

R r a d i u s of c u r v a t u r e 

of i n d e n t o r 

v P o i s s o n ' s r a t i o 

E Young's modulus 

T h e r e f o r e , f o r an e l a s t o m e r where V c a n be assumed t o 

be 0.5, t h e e l a s t i c modulus, E , c a n be e x p r e s s e d a s : 
SIR P_ = 9R 1 

3 

16 a 16 g r a d i e n t 

T y p i c a l g r a p h s o b t a i n e d a r e shown i n F i g u r e 7.2, and t h e 

moduli f o r t h e d i f f e r e n t m ixes a r e d e t a i l e d i n T a b l e 7.1, 

t o g e t h e r w i t h t h e t h i c k n e s s of sample t e s t e d . 

7.3 E f f e c t i v e e l a s t i c modulus of a c e t a b u l a w i t h c o m p l i a n t 

1 i n i n g s 

The modulus measured above i s not t h e t r u e e l a s t i c modulus 

of t h e e l a s t o m e r s i n c e t h e H e r t z i a n t h e o r y assumes an 

i n f i n i t e t h i c k n e s s of m a t e r i a l . T h i s e x p l a i n s t h e 

r e s u l t s f o r t h e f i r s t t h r e e s a m p l e s , which were o n l y 

3.5 mm t h i c k , and gave h i g h e r modulus v a l u e s t h a n t h e 

l a t e r , t h i c k e r s a m p l e s . A t h e o r e t i c a l a p p r o a c h t o t h e 

e f f e c t of t h i n e l a s t o m e r l a y e r s on e f f e c t i v e e l a s t i c 

modulus i s g i v e n i n Appendix 2. The e f f e c t i v e e l a s t i c 

modulus of the c o m p l i a n t l i n i n g s i s f u r t h e r c o m p l i c a t e d 

by t h e i r bonding t o t h e metal s u b s t r a t e , and by o t h e r 

r e s t r i c t i o n s on movement c a u s e d by t h e i r geometry. 
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F o r t h e s e r e a s o n s i t was d e c i d e d t o t r y t o measure 

t h e s t r e s s v s t r a i n r e l a t i o n s h i p d i r e c t l y by l o a d i n g t h e 

a c e t a b u l a u s i n g t h e I n s t r o n 1195 u n i v e r s a l t e s t i n g 

machine u s e d e a r l i e r F o r t h e c a r t i l a g e t e s t s . 

The d e t a i l of t h e method oF I n s t r o n t e s t i n g oF a c e t a b u l s 

i s g i v e n i n s e c t i o n 5.3. A t y p i c a l s e t oF t r a c e s ob­

t a i n e d From the I n s t r o n F o r one a c e t a b u l u m r e p e a t e d l y 

l o a d e d i s shown i n F i g u r e 7.3. I n a l l c a s e s , t h e F i r s t 

a p p l i c a t i o n oF t h e l o a d l e d t o a s l o w e r i n c r e a s e i n 

l o a d t h a n r e p e a t e d a p p l i c a t i o n s . When t h e l o a d i n g was 

r e p e a t e d t h e c o n t a c t between t h e I n s t r o n ' s top p l a t e n 

and t h e metal s p h e r e was broken, i e l o a d on t h e metal 

s p h e r e dropped t o z e r o but t h e s p h e r e was not p h y s i c a l l y 

removed From t h e cup. T h i s s l o w e r i n i t i a l i n c r e a s e i n 

l o a d w i t h d i s t a n c e may t h e r e f o r e have been due t o the 

s p h e r e a t t a i n i n g i n t i m a t e c o n t a c t w i t h t h e c o m p l i a n t 

l a y e r . As t h e j o i n t i s s u b j e c t e d t o r e p e a t e d l o a d i n g 

d u r i n g F r i c t i o n t e s t i n g i n t h e s i m u l a t o r , t h e c o n s i s t e n t 

r e s u l t s o b t a i n e d a f t e r t h e i n i t i a l l o a d i n g were t h e ones 

a n a l y s e d . 

S i n c e t h e aim oF t h e s e t e s t s was t o o b t a i n a c o m p a r i s o n 

between t h e e f f e c t i v e moduli oF t h e a c e t a b u l a w i t h 

d i F F e r e n t l a y e r t h i c k n e s s e s , a v a l u e was needed which 

would r e f l e c t t h e r e l a t i o n s h i p between them. Now t h e 

ccc t • _i i r i A p p a r e n t s t r e s s E f f e c t i v e e l a s t i c modulus, E = ~ r 

A p p a r e n t s t r a i n 
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B u t s t r e s s i s l o a d d i v i d e d by t h e a r e a o v e r which i t i s 

a p p l i e d . T h i s a r e a would i n i t i a l l y be l e s s t h a n t h e 

maximum c r o s s - s e c t i o n a l a r e a of t h e s p h e r e , but i t would 

have i n c r e a s e d t o t h i s v a l u e a s the c o m p l i a n t l a y e r was 

compressed. I t was c o n s i d e r e d c o n s t a n t f o r a l l t h e 

s a m p l e s . The s t r a i n i s t h e d e c r e a s e i n t h i c k n e s s d i v i d e d 

by the t o t a l t h i c k n e s s . The t o t a l t h i c k n e s s i n t h e s e 

t e s t s was c o n s t a n t s i n c e i t was t h e e l a s t i c l a y e r i n 

c o n j u n c t i o n w i t h t h e metal base w h i c h was b e i n g i n v e s t i ­

g a t ed. Hence, 

E f f e c t i v e e l a s t i c modulus, E ' = [ c o n s t a n t ] ^ o a c ? 

c o m p r e s s i o n 

where t h e c o n s t a n t i s t h e same f o r a l l s a m p l e s . T h i s means 

t h a t t h e s l o p e of t h e t r a c e o b t a i n e d on t h e I n s t r o n g i v e s 

a v a l u e which i s p r o p o r t i o n a l t o t h e e l a s t i c modulus 

and t h e r e f o r e can be u s e d t o rank t h e j o i n t s i n o r d e r of 

' s t i f f n e s s ' . T a b l e 7.2 g i v e s d e t a i l s of t h e j o i n t s and 

v a l u e s of l o a d / c o m p r e s s i o n f o r both low and h i g h l o a d 

p a r t s of t h e g r a p h s . The t a b l e shows t h a t f o r a l l t h e 

j o i n t s t h e ' s t i f f n e s s ' i s l e s s a t 250N-' t h a n a t 1500N -

t h i s i s a l s o d e m o n s t r a t e d by t h e shape of t h e c u r v e s 

i n F i g u r e 7.3. The ' s t i f f n e s s ' a l s o d e c r e a s e s w i t h 

i n c r e a s i n g t h i c k n e s s of e l a s t o m e r l a y e r , a p a r t from 

•D which d i s p l a y s anomalous r e s u l t s . J o i n t s £1 and Y3, 

which had a l a r g e r r a d i a l c l e a r a n c e , were l e s s s t i f f 

t h a n t h e i r c o u n t e r p a r t s w i t h 'normal' c l e a r a n c e . T h i s 

was e x p e c t e d s i n c e the e l a s t o m e r w i l l be l e s s c o n f i n e d 

i n t h e s e a c e t a b u l a . 



184 

7.A A n a l y s i s oF F r i c t i o n r e s u l t s w i t h c o m p l i a n t l a y e r s 

F o l l o w i n g t h e e x p e r i e n c e oF a n a l y s i n g t h e r e s u l t s o b t a i n e d 

From human j o i n t s , i t was d e c i d e d t o use a computer 

to a n a l y s e t h e r e s u l t s of t h e l u b r i c a t i o n t e s t s on com­

p l i a n t l a y e r s . Two programs were w r i t t e n , t h e F i r s t , 

MU2.FTN, p r o c e s s e d t h e da t a o b t a i n e d From measurements 

on the t r a c e s , t o g e t h e r w i t h v i s c o s i t i e s and s p e e d s 

t o produce a t a b l e oF F r i c t i o n F a c t o r w i t h c o r r e s p o n d i n g 

}^u/L v a l u e s . The second, GA4.FTN, use d t h e t a b u l a t e d 

r e s u l t s t o p l o t g r a p h s oF F r i c t i o n F a c t o r a g a i n s t r^u/L 

F o r e a c h oF t h e F i v e p o i n t s a n a l y s e d F o r any p a r t i c u l a r 

j o i n t . D e t a i l s oF t h e da t a c o l l e c t i o n and a n a l y s i s a r e 

g i v e n i n Appendix 3. E a c h of t h e F i v e p o i n t s t h r o u g h 

t h e c y c l e c o u l d be p l o t t e d on a - s e p a r a t e graph. As t h e 

t e s t s w i t h any one l u b r i c a n t were r u n a t t h r e e d i F F e r e n t 

s p e e d s oF o s c i l l a t i o n , t h e r e a r e t h r e e p o i n t s F o r ea c h 

l u b r i c a n t on e a c h graph. T h e s e a r e r e p r e s e n t e d by d i F F e r ­

e n t symbols a s F o l l o w s : 

• 0.65 Hz 

* 0.83 Hz 

+ 1.0 Hz 

7.5 F r i c t i o n t e s t s on p r o s t h e s e s w i t h c o m p l i a n t l i n i n g s , 

l u b r i c a t e d w i t h SCMC 

A l l e i g h t s u c c e s s f u l l y m a n u f a c t u r e d a c e t a b u l a w i t h 

c o m p l i a n t l i n i n g s were t e s t e d w i t h a range oF s o l u t i o n s 

oF SCMC a s l u b r i c a n t s . The SCMC s o l u t i o n s were s h e a r 

t h i n n i n g , l i k e s y n o v i a l F l u i d . The v i s c o s i t i e s oF a l l t h e 
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SCMC s o l u t i o n s u s e d t h r o u g h o u t t h e work a r e g i v e n i n 

T a b l e 5.4. E i g h t of t h e s o l u t i o n s [C10, C50, C100, 

C170, CA, CB, CC, CD] were us e d i n t h e p r e s e n t s t u d y t o 

g i v e adequate c o v e r a g e of t h e v i s c o s i t y r ange. 

R e s u l t s f o r 1 mm l a y e r [A1 and D1] 

T h r e e of t h e SCMC l u b r i c a n t s , C50, CC and CA were u s e d 

w i t h j o i n t A1 which had a 1 mm l a y e r of s y l g u a r d e l a s t o m e r 

l i n i n g t h e ace t a b u l u m w i t h 0.25 mm r a d i a l c l e a r a n c e . 

The r e s u l t s o b t a i n e d [ F i g u r e s 7.4 - 7.8] seemed p a r t ­

i c u l a r l y h i g h and r a t h e r t h a n e x t e n d t h e range of l u b r i ­

c a n t s , t h e t e s t s were r e p e a t e d on a n o t h e r day w i t h t h e 

same t h r e e l u b r i c a n t s . Some of t h e r e s u l t s from t h i s 

s e c o n d t e s t were even h i g h e r than t h e f i r s t . 

The low l o a d f r i c t i o n f a c t o r s , a s i l l u s t r a t e d by t h e d a t a 

from p o i n t 2 [ F i g u r e 7.5] v a r i e d from 0.6 t o 0.3 and 

t h o s e a t h i g h l o a d s [ s e e p o i n t 4, F i g u r e 7.7] from 

0.085 t o 0.045. F o r t h e low l o a d s , t h e r e s u l t s from t h e 

two r u n s o v e r l a p p e d , b ut f o r the h i g h l o a d s t h e s e c o n d 

s e t of r e s u l t s was h i g h e r t h a n t h e f i r s t . 

L a t e r i n t h e s e r i e s o f t e s t s , a new 1 mm l a y e r was made 

[•1] which was t e s t e d w i t h t h e f u l l range of e i g h t SCMC 

l u b r i c a n t s . The r e s u l t s a r e shown i n F i g u r e s 7.9 - 7.13. 

The f r i c t i o n f a c t o r d e c r e a s e s w i t h i n c r e a s i n g v i s c o s i t y 

of l u b r i c a n t , but a g a i n t h e f r i c t i o n f a c t o r s a r e h i g h . 

At low l o a d s [ p o i n t 2] th e y range from a l m o s t 0.9 down 

to 0.25. At h i g h l o a d s [ p o i n t 4 ] t h e maximum f r i c t i o n 

f a c t o r i s 0. 17 and t h e y d e c r e a s e t o 0.05 a s t h e T^u/L 
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i n c r e a s e s . T h e r e i s no o b v i o u s r e l a t i o n s h i p between 

s p e e d of o s c i l l a t i o n and f r i c t i o n f a c t o r i e t h e t h r e e 

s y m b o l s on t h e g r a p h s do n o t form s e p a r a t e s e t s of 

r e s u l t s . 

R e s u l t s f o r 2 mm l a y e r CA2] 

The d a t a from j o i n t A2, which had a 2 mm t h i c k e l a s t o m e r 

l i n i n g and 0.25 mm r a d i a l c l e a r a n c e , i s shown i n F i g u r e s 

7.14 - 7.18. Once a g a i n , t h e f r i c t i o n f a c t o r c o n s i s t e n t ! 

d e c r e a s e s w i t h i n c r e a s i n g Y^u/L. At p o i n t s 4 and 5, which 

a r e h i g h l y l o a d e d , t h e f r i c t i o n f a c t o r s a r e l e s s t h a n 

t h o s e f o r t h e same l u b r i c a n t w i t h a 1 mm l a y e r - r a n g i n g 

from 0.077 t o 0.025. At low l o a d s , t h e r e s u l t s a r e more 

w i d e l y s c a t t e r e d and t h e maximum f r i c t i o n f a c t o r i s j u s t 

o v e r 0.5. 

R e s u l t s f o r 3 mm l a y e r [ A3] 

F i g u r e s 7.19 - 7.23 show t h e r e s u l t s from j o i n t A3 w h i c h 

had a 3 mm c o m p l i a n t l a y e r l i n i n g t h e a c e t a b u l a r 

component w i t h 0.25 mm r a d i a l c l e a r a n c e . The r e s u l t s 

from p o i n t 1 were a l m o s t c o n s t a n t . b u t t h e r e m a i n i n g 

p o i n t s show t h e d e c r e a s i n g t r e n d of f r i c t i o n f a c t o r w i t h 

v i s c o s i t y . The f r i c t i o n f a c t o r a t p o i n t 2 d e c r e a s e s 

from a maximum of 0.58 t o 0.17. At p o i n t 4 t h e v a l u e s 

range from 0.15 t o 0.05. These f r i c t i o n f a c t o r s a r e 

h i g h e r t h a n t h o s e o b t a i n e d w i t h t h e 2 mm l a y e r . 



187 

R e s u l t s f o r 0.5 mm l a y e r [AO] 

A f t e r t h e t e s t s had been c o m p l e t e d on t h e 1, 2 and 3 mm 

l a y e r s , i t was d e c i d e d t o m a n u f a c t u r e a 0.5 mm l a y e r , 

t o e x t e n d t h e range of r e s u l t s . The r a d i a l c l e a r a n c e 

was a g a i n 0.25 mm. The d e c r e a s i n g t r e n d of f r i c t i o n 

f a c t o r w i t h i n c r e a s i n g v i s c o s i t y i s a g a i n n o t i c e a b l e f o r 

a l l 5 p o i n t s [ F i g u r e s 7.24 - 7. 2 8 ] . The h i g h e s t f r i c t i o n 

f a c t o r s were o b t a i n e d from p o i n t 2 and ranged from 0.20 

down t o 0.05. At p o i n t 4 t h e v a l u e s v a r i e d from 0.042 

down t o 0.02. Thes e a r e c o n s i d e r a b l y l o w e r t h a n f o r 

a l l t h e t h i c k e r l a y e r s . 

7.5,1 Comparison of f r i c t i o n f a c t o r f o r d i f f e r e n t 

" t h i c k n e s s e s of l i n i n g 

I n o r d e r t o compare t h e e f f e c t of t h i c k n e s s o f c o m p l i a n t 

l a y e r on f r i c t i o n f a c t o r more d i r e c t l y , g r a p h s of f r i c t i o n 

f a c t o r a g a i n s t t h i c k n e s s of l i n i n g were p l o t t e d F o r 

F i x e d c o n d i t i o n s . F o r e a c h v i s c o s i t y oF l u b r i c a n t , a 

graph was drawn u s i n g t h e a v e r a g e v a l u e oF F r i c t i o n 

F a c t o r a t a g i v e n p o i n t F o r e a c h j o i n t . As t h e r e was 

no c o n s i s t e n t v a r i a t i o n oF f r i c t i o n f a c t o r w i t h s p e e d 

of o s c i l l a t i o n , t h e a v e r a g e o f t h e t h r e e v a l u e s seemed 

the most s e n s i b l e v a l u e t o u s e . Data from p o i n t s 2 and 

4 were used, r e p r e s e n t i n g both low and h i g h l o a d c o n d i t i o n s 

[ F i g u r e 7 . 2 9 ] . The d a t a from p o i n t 4, c l e a r l y shows 

the i n c r e a s i n g t r e n d of f r i c t i o n f a c t o r w i t h t h i c k n e s s . 

The d a t a from p o i n t 2 i s l e s s c o n v i n c i n g due t o t h e v e r y 

h i g h v a l u e s of F r i c t i o n F a c t o r From t h e 1 mm l a y e r . 
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7.5.2 Compliant: l a y e r s w i t h i n c r e a s e d c l e a r a n c e 

S i n c e i n c r e a s i n g t h i c k n e s s of t h e e l a s t o m e r l a y e r i n c r e a s e d 

t h e f r i c t i o n , p a r t i c u l a r l y a t low l o a d s , i t was d e c i d e d 

to i n v e s t i g a t e t h e e f f e c t of i n c r e a s e d c l e a r a n c e between 

t h e f e m o r a l head and t h e acet a b u l u m . To do t h i s a l a r g e r 

b r a s s p l u g was made a g a i n s t w h i c h t h e cups c o u l d be 

moulded g i v i n g 0.5 mm r a d i a l c l e a r a n c e . The r a d i a l 

c l e a r a n c e on t h e p r e v i o u s p r o s t h e s e s was 0.25 mm. Two 

new c u p s were moulded i n t h e o r i g i n a l metal b a s e s . A 

0.5 mm l a y e r was made u s i n g t h e 1 mm base and a 2.5 mm 

l a y e r u s i n g t h e 3 mm base. 

R e s u l t s f o r 0.5 mm l a y e r w i t h i n c r e a s e d c l e a r a n c e K l ] 

T h i s j o i n t was t e s t e d w i t h t h e e i g h t SCMC l u b r i c a n t s 

and t h e r e s u l t s p l o t t e d a s b e f o r e . I n g e n e r a l t h e 

f r i c t i o n f a c t o r d e c r e a s e d a s t h e v i s c o s i t y of t h e l u b r i ­

c a n t i n c r e a s e d C F i g u r e s 7.30 - 7 . 3 4 ] . The d a t a however, 

showed a v e r y wide s p r e a d . The F r i c t i o n f a c t o r was 

i n c r e a s e d i n c o m p a r i s o n w i t h t h e r e s u l t s f o r an 0.5 mm 

l a y e r w i t h normal c l e a r a n c e . 

R e s u l t s f o r 2.5 mm l a y e r w i t h i n c r e a s e d c l e a r a n c e [ Y 3 ] 

The e i g h t SCMC l u b r i c a n t s were u s e d w i t h j o i n t Y3 which 

was a 2.5 mm l a y e r w i t h 0.5 mm r a d i a l c l e a r a n c e . The 

r e s u l t s were a g a i n more w i d e l y s p r e a d [ F i g u r e s 7.35 -

7 . 3 9 ] , which s u g g e s t s t h a t t h i s i s an e f f e c t of t h e 

i n c r e a s e d c l e a r a n c e r a t h e r t h a n a p a r t i c u l a r moulding. 

The f r i c t i o n f a c t o r s a r e h i g h e r t h a n f o r both t h e 2 and 

3 mm l a y e r s w i t h normal c l e a r a n c e . 



189 

7.6 C o m p l i a n t l a y e r s l u b r i c a t e d w i t h s i l i c o n e F l u i d s 

S i n c e t h e r e s u l t s F o r t h e c o m p l i a n t l a y e r s l u b r i c a t e d 

w i t h SCMC prod u c e d h i g h e r v a l u e s of F r i c t i o n F a c t o r 

t h a n had been e x p e c t e d From Thompson's work w i t h e l a s t i c 

l a y e r s [ 1979] , i t was d e c i d e d t o t r y l u b r i c a t i o n w i t h 

s i l i c o n e F l u i d s . As s i l i c o n e F l u i d c a u s e s the e l a s t o m e r 

t o s w e l l , t h e e l a s t o m e r was o r i g i n a l l y s oaked by F i l l i n g 

t h e c u p s w i t h DC 200/10 s i l i c o n e F l u i d and l e a v i n g them 

F o r o v e r 100 h o u r s . S i n c e none oF t h e l a y e r s oF e l a s t o m e r 

l i n i n g t h e b a s e s was a s t h i c k a s t h e sample u s e d F o r t h e 

a b s o r p t i o n t e s t s , i t was assumed t h a t t h e y would be i n 

e q u i l i b r i u m w i t h the F l u i d a f t e r t h i s t i m e . F o u r c u p s 

were u s e d w i t h 0.5, 1, 2 and 3 mm l a y e r s . 

7.6.1 E f f e c t i v e e l a s t i c modulus a f t e r s o a k i n g i n 

s i l i c o n e f l u i d 

The I n s t r o n l o a d i n g t e s t s were performed on t h e f o u r 

a c e t a b u l a r c u p s a f t e r t h e y had been s o a k e d i n s i l i c o n e . 

The r e s u l t s i n T a b l e 7.3 show t h a t t h e l o a d / c o m p r e s s i o n 

r a t i o i s l e s s t h a n f o r t h e unsoaked s p e c i m e n s . I t must 

however be remembered t h a t t h e geometry o f t h e soaked 

s p e c i m e n s was d i f f e r e n t from t h e unsoaked, so c a r e must 

be t a k e n i n d i s c u s s i n g c hanges i n s t i f f n e s s . 

The f o u r cups were t e s t e d w i t h t h e f u l l range o f e i g h t 

s i l i c o n e f l u i d s , a t e a c h of t h e t h r e e s t a n d a r d s p e e d s 

of o s c i l l a t i o n . 
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R e s u l t s F o r D .5 mm l a y e r QEQ] 

F i g u r e s 7 .40 and 7.41 show t h e F r i c t i o n F a c t o r s o b t a i n e d 

w i t h a 0 .5 mm l a y e r [ E 0 ] . The low l o a d p o i n t s [ 1 , 2 

and 3] show a minimum i n F r i c t i o n F a c t o r around h^u/L = 
- 5 - 1 

5 x 10 m and t h e F r i c t i o n F a c t o r i n c r e a s e s on e i t h e r 

s i d e t o a maximum oF about 0 . 2 . 

The h i g h l o a d p o i n t s [4 and 5 ] a r e a l m o s t c o n s t a n t and 

t h e i r a v e r a g e v a l u e i s about 0 .015 . 

R e s u l t s F o r 1 mm l a y e r CC1] 

Two g r a p h s have been p l o t t e d t o i l l u s t r a t e t h e s e r e s u l t s . 

F i g u r e 7 .42 shows t h e low l o a d p o i n t s C1, 2 and 3] and 

h a s v a l u e s oF F r i c t i o n F a c t o r below 0.1 u n t i l t h e v i s ­

c o s i t y oF t h e l u b r i c a n t i s a maximum i e 29.1 Pa s . 

F i g u r e 7 .43 d e m o n s t r a t e s a g a i n t h e low a l m o s t c o n s t a n t 

v a l u e s oF F r i c t i o n F a c t o r s e e n F o r EOatt hic^n loads. 

R e s u l t s F o r 2 mm l a y e r [C2] 

A g a i n low v a l u e s oF F r i c t i o n F a c t o r were r e c o r d e d F o r 

most v i s c o s i t i e s . The o n l y e x c e p t i o n w i t h t h i s j o i n t 

was t h e l o w e s t v i s c o s i t y F l u i d C9 . 4 x 1 0 - ^ Pa s ] which 

gave a much h i g h e r F r i c t i o n F a c t o r , around 0 .26 F o r t h e 

low l o a d s [ s e e F i g u r e 7 .44 ] and 0 .03 F o r t h e h i g h l o a d s 

[ F i g u r e 7 . 4 5 ] . 

R e s u l t s F o r 3 mm l a y e r [B3] 
_3 

The 9 .4 x 10 Pa s v i s c o s i t y F l u i d gave h i g h v a l u e s oF 

F r i c t i o n F a c t o r , a s w i t h t h e 2 mm l a y e r above, compared 

w i t h t h e r e s t oF t h e r e s u l t s . A l l the o t h e r F r i c t i o n 
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F a c t o r s were about 0.05 f o r p o i n t s 1, 2 and 3 and 0.01 

F o r t h e h i g h l o a d s [ p o i n t s 4 and 5] [ F i g u r e s 7.46 and 

7 . 4 7 ] . 

7.6.2 Comparison oF F r i c t i o n F a c t o r F o r d i F F e r e n t 

t h i c k n e s s e s oF l i n i n g 

F o r e a c h v i s c o s i t y oF s i l i c o n e F l u i d used, a graph oF 

a v e r a g e F r i c t i o n F a c t o r a g a i n s t o r i g i n a l t h i c k n e s s oF 

l i n i n g was p l o t t e d i n a s i m i l a r manner to t h e SCMC 

r e s u l t s . These showed l e s s v a r i a t i o n i n F r i c t i o n F a c t o r 

t h a n t h e SCMC but t h e change t h a t d i d o c c u r was g e n e r a l l y 

a d e c r e a s e i n F r i c t i o n F a c t o r w i t h i n c r e a s i n g t h i c k n e s s 

oF l i n i n g [ F i g u r e 7 . 4 8 ] , The 9.4 x 10 Pa s v i s c o s i t y 

F l u i d was an e x c e p t i o n t o t h i s , showing a r a t h e r e r r a t i c 

but n e v e r t h e l e s s i n c r e a s i n g t r e n d oF F r i c t i o n F a c t o r w i t h 

t h i c k n e s s . 
7.7 

R e s u l t s F o r 2 mm l a y e r s o a k e d i n s i l i c o n e F l u i d b u t 

l u b r i c a t e d w i t h SCMC [ 0 2 ] 

As t h e p r o s t h e s e s l u b r i c a t e d w i t h s i l i c o n e F l u i d s had 

g i v e n much l o w e r F r i c t i o n F a c t o r s t h a n when l u b r i c a t e d 

w i t h SCMC, an e x p e r i m e n t was done t o F i n d t h e e f f e c t 

oF l u b r i c a t i n g a j o i n t p r e v i o u s l y s o a k e d w i t h s i l i c o n e , 

w i t h SCMC. S i n c e t h e j o i n t had been soaked i n s i l i c o n e 

F l u i d t h e r e was some doubt a s t o how much t h i s might 

be e x p r e s s e d i n t o t h e j o i n t c a v i t y and mix w i t h t h e 

SCMC d u r i n g t e s t i n g . The j o i n t was o r i g i n a l l y t e s t e d 

w i t h C50, CA and CC i n t h a t o r d e r and t h e r e s u l t s when 
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p l o t t e d showed an i n c r e a s e t h e n d e c r e a s e i n F r i c t i o n 

f a c t o r [ F i g u r e s 7.49 and 7.50] - a shape n o t s e e n 

b e f o r e . More t e s t s were t h e n done, r e p e a t i n g l u b r i c a n t 

C50 and a l s o i n c l u d i n g CB. T h e s e r e s u l t s t h e n combined 

w i t h t h e o r i g i n a l CA and CC r e s u l t s t o form a d e c r e a s i n g 

f r i c t i o n f a c t o r w i t h i n c r e a s i n g v i s c o s i t y , a s now ex­

p e c t e d f o r SCMC. I t would seem t h a t t h e o r i g i n a l t e s t 

w i t h C50 [ i e C50C13 on t h e g r a p h s ] , b e i n g t h e f i r s t 

one, was c o n t a m i n a t e d w i t h s i l i c o n e f l u i d which p r o d u c e d 

l o w e r f r i c t i o n v a l u e s t h a n e x p e c t e d . The s w e l l i n g of 

t h e j o i n t a l o n e does not appear t o r e d u c e t h e f r i c t i o n 

f a c t o r . 

7.8 I n v e s t i g a t i o n of s w e l l i n g e f f e c t s on c l e a r a n c e 

i n t h e p r o s t h e s e s 

I t was n o t i c e d t h a t t h e c l e a r a n c e between t h e f e m o r a l 

head and t h e e l a s t o m e r i c l i n i n g i n t h e a c e t a b u l u m a p p e a r e d 

t o have c o m p l e t e l y d i s a p p e a r e d a f t e r t h e y had been s o a k e d 

i n s i l i c o n e f l u i d . The c l e a r a n c e was n o t e a s y t o measure 

e x p e r i m e n t a l l y but a method was d e v i s e d which a p p e a r e d 

t o g i v e s e n s i b l e r e s u l t s though i t s a c c u r a c y was o n l y 

about 20% on t h e s m a l l e r c l e a r a n c e s . 

A s t e e l b a l l b e a r i n g , 34.92 mm i n d i a m e t e r , was p l a c e d 

i n t h e acetabulum which was clamped onto a m e a s u r i n g 

t a b l e . The maximum t o t a l h o r i z o n t a l d i s p l a c e m e n t of t h e 

b a l l i n t h e cup was measured u s i n g a d i a l gauge; t h i s 

was t a k e n to be t h e d i a m e t r a l c l e a r a n c e i n t h e j o i n t . 
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The b a l l was 0.03 mm l a r g e r i n d i a m e t e r t h a n t h e McKee-

F a r r a r head u s e d i n t h e f r i c t i o n t e s t s . The a c e tabulum 

Y3, which had n o t been soaked was Found t o have a 

d i a m e t r a l c l e a r a n c e of 1.01 mm by t h i s method compared w i t h 

i t s nominal v a l u e of 1.0 mm. The two t h i n n e r l a y e r s 

which had been soaked i n s i l i c o n e [DO - 0.5 mm l a y e r and 

A1 - 1 mm l a y e r ] both had a c l e a r a n c e of 0.15 mm by t h i s 

method. T h e i r i n i t i a l c l e a r a n c e was n o m i n a l l y 0.5 mm, i e 

i t had r e d u c e d by 70%. However, w i t h t h e 2 and 3 mm 

l a y e r s [A2, A3] no c l e a r a n c e was d i s c e r n a b l e a t t h e 

edges of t h e a cetabulum. 

A2 and A3 a f t e r s o a k i n g i n s i l i c o n e f l u i d a p p e a r e d t o 

make an ' i n t e r f e r e n c e f i t ' . T h i s was c o n f i r m e d by t h e 

use of e n g i n e e r ' s b l u e smeared onto t h e b a l l , which was 

o n l y t r a n s f e r r e d t o t h e rim of t h e a c e t a b u l u m . By 

a t t e m p t i n g t o p r e s s t h e b a l l down i n t o t h e base of t h e 

a c e t a b u l u m i t was deduced t h a t the c l e a r a n c e a t t h e p o l e 

was g r e a t e r t h a n 0.20 mm f o r A2 and g r e a t e r t h a n 0.42 mm 

f o r A3. T h e s e v a l u e s a r e , of c o u r s e , f o r r a d i a l c l e a r a n c e . 

C o n s i d e r i n g t h e r e s u l t s from t h e I n s t r o n t e s t s , i t was 

deduced t h a t f o r a l o a d of 1500N, t h e c r o s s h e a d and hence 

t h e s t e e l b a l l moved down a d i s t a n c e of 0.27 mm f o r t h e 

3 mm l a y e r . A c c o r d i n g t o the above r e s u l t s , t h i s would 

mean t h a t t h e r e was no c o n t a c t a t t h e p o l e of t h e j o i n t 

d u r i n g a t y p i c a l l o a d i n g c y c l e . However i t must be 

remembered t h a t t h e I n s t r o n t e s t took p l a c e more s l o w l y 

t h a n t h e i m p u l s e l o a d i n g of t h e w a l k i n g c y c l e i n the 

s i m u l a t o r . 
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R e f e r e n c e T h i c k n e s s 
of sample 

E l a s t i c 
modulus 
CM P a ] 

AO 3.5 2.63 
A1 3.5 2.61 
A2 3.5 2.90 
A3 6.5 1 .94 
B2 6.5 1.72 
•0 6.5 2. •• 
Y3 6.5 2.08 
Z1 6.5 2. 14 
D1 6.5 1. 33 

T a b l e 7.1 

E l a s t i c modulus of s l a b s of e l a s t o m e r made 

from t h e same mixes a s t h e l i n i n g s s p e c i f i e d . 
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R e f e r e n c e T h i c k n e s s 
of 
c o m p l i a n t 
1 a y e r 
[mm] 

R a d i a l 
c l e a r a n c e 
C mm] 

L o a d / c o m p r e s s i o n 
[ 1 0 3 N mm"1] 

R e f e r e n c e T h i c k n e s s 
of 
c o m p l i a n t 
1 a y e r 
[mm] 

R a d i a l 
c l e a r a n c e 
C mm] 

At l o a d 
of 250N 

At l o a d 
of 1500N 

AO 0.5 ") 12.4 18.8 
DO 0.5 I v ' normal' 10.0 15.2 
A1 1. 0 0.25 10.4 16.8 
A2 2.0 9.2 11.2 
A3 3. 0 7.2 9.6 
Z1 0.5 - '1arge' 7.6 13. 2 
Y3 2.5 0.5 6.4 8.8 

T a b l e 7.2 

A c e t a b u l a w i t h c o m p l i a n t l i n i n g s and t h e i r ' s t i f f n e s s ' 

r a n k i n g from I n s t r o n t e s t s . 

R e f e r e n c e 
a f t e r 
s o a k i n g 

R e f e r e n c e 
b e f o r e 
s o a k i n g 

T h i c k n e s s 
of 
c o m p l i a n t 
l a y e r 
[mm] 

L o a d / c o m p r e s s i o n 
C 1 0 3 N mm"1] 

R e f e r e n c e 
a f t e r 
s o a k i n g 

R e f e r e n c e 
b e f o r e 
s o a k i n g 

T h i c k n e s s 
of 
c o m p l i a n t 
l a y e r 
[mm] 

At l o a d 
of 250N 

At l o a d 
o f 1500N 

E0 DO 0.5 8.4 14.4 
C1 A1 1.0 6.4 14.4 
C2 A2 2.0 7.6 10.0 
B3 A3 3.0 4.0 7.6 

T a b l e 7.3 

The ' s t i f f n e s s ' of a c e t a b u l a r c u p s w i t h c o m p l i a n t l i n i n g s 

a f t e r s o a k i n g i n s i l i c o n e f l u i d . 
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90 

bO 

"5 A-o 

Sample AO 
© S a m p l e fll 

& Sample 02-

20 

o«2. o-3 o-5" 
flddedl mass (kg) 

F i g u r e 7. 2 

Graphs f o r d e t e r m i n a t i o n of e l a s t i c modulus F o r e l a s t o m e r 
mixes. 
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Applied 
Load (N) 

2000 

/SOO 

fooo 

soo 

Ofo o-
C o m p r e s s i o n (rnrvO) 

F i g u r e 7.3 

I n s t r o n t r a c e s f o r j o i n t A2 l o a d e d r e p e a t e d l y a t 10 mm rnin"1. 
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CHAPTER LIGHT 

DISCUSSION 

8.1 The h i p - f u n c t i o n s i m u l a t o r 

D a t a c o l l e c t e d from the h i p f u n c t i o n s i m u l a t o r needs t o 

be i n t e r p r e t e d i n terms of the l u b r i c a t i o n mechanisms 

a c t i n g i n t h e j o i n t s and t h e r e l e v a n c e of t h i s to the 

f u n c t i o n i n g of n a t u r a l and a r t i f i c i a l j o i n t s . 

The d a t a i s r e l a t i v e l y d i f f i c u l t t o i n t e r p r e t s i n c e both 

t h e l o a d and s l i d i n g speed v a r i e d t h r o u g h o u t t h e c y c l e . 

On t he o t h e r hand, t h i s t y p e of l o a d i n g and s l i d i n g c y c l e 

i s more l i k e l y to r e p r o d u c e t h e e f f e c t s found i n t h e body 

t h a n s i m p l e r models c o u l d . 

T h e r e were some d i f f i c u l t i e s e x p e r i e n c e d w i t h t h e use of 

t h e s i m u l a t o r . The main problem was e n s u r i n g t h a t the 

j o i n t s , p a r t i c u l a r l y t h e n a t u r a l j o i n t s , were mounted 

c e n t r a l l y and a t the c o r r e c t h e i g h t . The mounting 

p r o c e d u r e d e s c r i b e d i n C h a p t e r 4, worked a d e q u a t e l y w i t h 

p r a c t i c e and e x p e r i e n c e . The j o i n t c o u l d be mounted 

c e n t r a l l y t o an a c c u r a c y of 0.1 mm. F o r a l o a d of 1500N, 

t h i s c o u l d r e s u l t i n a maximum o f f - c e n t r e t o r q u e of 0.15Nm. 

However, by t a k i n g a v e r a g e v a l u e s of f r i c t i o n a l t o r q u e 

from t h e two h a l v e s of the c y c l e , t h i s e r r o r c o u l d 

e f f e c t i v e l y be e l i m i n a t e d . The a v e r a g i n g t e c h n i q u e 

produced an e r r o r s i n c e t h e l o a d c y c l e was not e x a c t l y 

s y m m e t r i c a l , but t h i s was v e r y s m a l l , [ o f t h e o r d e r of 

1 - 2% a t m o s t ] . 
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With one j o i n t [ H 5 ] , t h e r e s u l t s o b t a i n e d were dependent 
on the o r d e r i n which t h e t e s t s were performed, i e t h e 
measured F r i c t i o n F a c t o r s d e c r e a s e d a s the t e s t s p r o g r e s s e d . 
T h i s was thought t o be due t o a m a l f u n c t i o n DF the a p p a r a t u s 
r a t h e r t h a n a change i n t h e j o i n t i t s e l f . 

Any p l a u s i b l e changes w i t h time i n a j o i n t s u c h a s b i o ­

c h e m i c a l d e g r a d a t i o n o r e r o s i o n oF t h e c a r t i l a g e would 

t e n d t o i n c r e a s e r a t h e r t h a n d e c r e a s e F r i c t i o n F a c t o r . 

A l s o , a t t h e end oF t h e t e s t s , t h e z e r o l o a d p o s i t i o n oF 

t h e c a r r i a g e was c h e c k e d and Found t o have a l t e r e d s u c h 

t h a t t h e measured l o a d s would have been h i g h e r t h a n the t r u e 

l o a d s . T h i s d r i F t i n the z e r o r e a d i n g oF t h e l o a d d i d 

not o c c u r a g a i n and the e x p l a n a t i o n seems t o be t h a t t h e 

p r e s s u r e oF t h e compressed a i r s u p p l y t o t he s i m u l a t o r 

F e l l s u f f i c i e n t l y f o r t h e r e g u l a t o r on the r i g to be 

un a b l e t o m a i n t a i n i t s s e t v a l u e . 

8.2 S e l e c t i o n of a n a l y s i s p o i n t s t h r o u g h t h e c y c l e 

A l t h o u g h a c o n t i n u o u s r e c o r d of l o a d and f r i c t i o n a l 

t o r q u e was o b t a i n e d from t h e s i m u l a t o r t e s t s , i t was 

o n l y p r a c t i c a b l e t o a n a l y s e t h e d a t a f o r a l i m i t e d 

number of p o s i t i o n s t hrough t h e c y c l e . F i v e p o i n t s were 

chos e n i n s i m i l a r p o s i t i o n s f o r e a c h oF the t h r e e s p e e d s 

oF o s c i l l a t i o n commonly use d F o r the t e s t s [ F i g u r e 4 . 4 ] . 

P o i n t 2 was chosen a s t h e p o s i t i o n aF maximum s l i d i n g 

speed. I t was a low l o a d , around 250N and c o r r e s p o n d s t o 

t h e swing phase. On e i t h e r s i d e oF t h i s p o i n t , t h e 

s l i d i n g s p e e d was l e s s and two p a i n t s were c h o s e n w i t h 



248 

the same s l i d i n g speed, both s t i l l i n t h e low l o a d r e g i o n . 

P o i n t 1 o c c u r r e d s h o r t l y a f t e r t h e h i g h l o a d had been 

removed, and w h i l s t the s l i d i n g speed was i n c r e a s i n g . 

P o i n t 3, however, o c c u r r e d w h i l e t h e s l i d i n g s p e e d was 

d e c r e a s i n g , and a f t e r t h e low l o a d had been m a i n t a i n e d 

f o r a w h i l e . I t was hoped t h a t t h e s e two p o i n t s a l t h o u g h 

h a v i n g the same v a l u e s f o r l o a d and s l i d i n g speed, would 

be h e l p f u l i n an i n t e r p r e t a t i o n of l u b r i c a t i o n mechanisms 

s i n c e t h e i r l o a d and s l i d i n g speed h i s t o r i e s were d i f f e r e n t . 

P a i n t s 4 and 5 were i n t h e h i g h l y l o a d e d r e g i o n f_ 1500 -

1600N]. Two p o i n t s were ch o s e n so t h a t any e f f e c t s of 

d u r a t i o n of l o a d i n g c o u l d be o b s e r v e d . They were both 

t a k e n b e f o r e the c a r r i a g e r e v e r s e d i t s d i r e c t i o n of 

motion s i n c e e x p e r i e n c e showed t h a t the f r i c t i o n a l t r a c e 

d i d not a l w a y s r e s p o n d a s r a p i d l y a s was e x p e c t e d t o t h e 

r e v e r s a l of the motion of t h e j o i n t . T h i s o b s e r v a t i o n 

w i l l be d i s c u s s e d l a t e r , but to use t h i s r e g i o n a s one 

of t h e s t a n d a r d d a t a p o i n t s seemed f u r t h e r t o c o m p l i c a t e 

the a n a l y s i s . P o i n t 5 t h e n , b e i n g j u s t b e f o r e t h e change 

i n d i r e c t i o n r e p r e s e n t s a s l o w s l i d i n g s p e e d and p o i n t 4, 

a l i t t l e F a s t e r . 

8.3 P r e l i m i n a r y t e s t s w i t h a C h a r n l e y p r o s t h e s i s 

The r e s u l t s [ F i g u r e s B.1 - B.3] o b t a i n e d from t h e C h a r n l e y 

p r o s t h e s i s l u b r i c a t e d w i t h s i l i c o n e f l u i d s showed t h e 

c u r v e t y p i c a l of a mixed l u b r i c a t i o n regime. The f r i c t i o n 

f a c t o r d e c r e a s e d a s the v i s c o s i t y of the l u b r i c a n t i n c r e a s e d . 

At t h e h i g h e s t v i s c o s i t i e s , t h e f r i c t i o n f a c t o r a p p e a r e d 
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to r e a c h a minimum. On F i g u r e B.1 t h i s o c c u r r e d a t a 

v a l u e oFTju/L = 5 x 10 -4 - 1 T h i s minimum i n d i c a t e s m 

th e t r a n s i t i o n From mixed t o F u l l F l u i d F i l m l u b r i c a t i o n . 

The g r a p h s show t h a t when t h e a m p l i t u d e oF o s c i l l a t i o n 

was i n c r e a s e d , t h e r e was l i t t l e change i n F r i c t i o n 

F a c t o r and so the l a r g e r a m p l i t u d e was use d i n sub­

s e q u e n t t e s t s s i n c e t h i s c o r r e s p o n d e d more c l o s e l y 

t o t h e a n g l e subtended d u r i n g a w a l k i n g c y c l e . 

T h e r e was c o n s i d e r a b l e d i f f e r e n c e between t h e c u r v e s 

o b t a i n e d a t h i g h and low l o a d s but a s t h e s l i d i n g s p e e d s 

were a l s o d i f f e r e n t between t h e two p o s i t i o n s , t h e s e 

t e s t s c a n n o t d e t e r m i n e which v a r i a b l e was r e s p o n s i b l e 

F o r t h e e f f e c t . 

The g r a p h s o b t a i n e d w i t h a c o n s t a n t l o a d t h r o u g h o u t 

t h e c y c l e a r e i n t e r e s t i n g . The d a t a from t h e f i v e 

d i f f e r e n t p o i n t s t hrough t h e c y c l e v a r i e d o n l y i n s l i d i n g 

s p e e d from p o i n t to p o i n t . C o n s i d e r i n g f i r s t t h e g e n e r a l 

shape of a l l t h e c u r v e s [ F i g u r e s 6.4 - 6 . 8 ] , the f r i c t i o n 

f a c t o r s i n i t i a l l y d e c r e a s e d , but r e a c h e d an a l m o s t c o n s t a n t 

v a l u e a t a v i s c o s i t y of about 10 Pa s. [The d a t a f o r 

p o i n t 1 i s i n e x p l i c a b l y e r r a t i c , ] Below t h i s v a l u e of 

v i s c o s i t y , where t h e f r i c t i o n f a c t o r s a r e d e c r e a s i n g , t h e 

r e s u l t s f o r t he t h r e e l o a d s u s e d a r e s e p a r a t e d w i t h t h e 

f r i c t i o n f a c t o r d e c r e a s i n g a s the l o a d i n c r e a s e s . T h i s 

c o r r e s p o n d s t o t he a p p a r e n t v a r i a t i o n of F r i c t i o n F a c t o r 

w i t h l o a d d e s c r i b e d e a r l i e r . Howver the c o n s t a n t v a l u e oF 

F r i c t i o n F a c t o r o b t a i n e d , a p p e a r s t o be i n d e p e n d e n t oF l o a d . 
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T h i s c o n s t a n t v a l u e does v a r y w i t h p o s i t i o n i n the c y c l e , 

p o i n t s 1 and 2 have the same v a l u e [ a r o u n d 0.015] whereas 

p o i n t s 3, 4 and 5 a r e double t h a t [ a r o u n d 0 . 0 3 ] . 

The r e s u l t s F o r t h e C h a r n l e y p r o s t h e s i s w i t h c o n s t a n t 

l o a d i n g a r e v e r y u s e f u l i n i n t e r p r e t i n g o t h e r r e s u l t s . The 

f r i c t i o n F a c t o r s o b t a i n e d a t p o i n t s 1 and 2 were l o w e r 

t h a n a t p o i n t s 3, 4 and 5. F o r c o n s t a n t l o a d i n g , t h e 

d i f f e r e n c e between t h e s e two g r o u p s i s t h a t the s l i d i n g 

s p e e d was i n c r e a s i n g a t p o i n t s 1 and 2 [where i t r e a c h e d 

a maximum] and was d e c r e a s i n g a t p o i n t s 3, 4 and 5. 

C o n s i d e r the p r o s t h e s i s a s a l u b r i c a t e d j o u r n a l b e a r i n g 

where a hydrodynamic f i l m a c t s [ F i g u r e 8 . 1 ] . As t h e 

s l i d i n g s p e e d i n c r e a s e s , t h e cf'-fs&'t , "X, i n c r e a s e s 

and t h e l o a d , L , p r o d u c e s a t o r q u e , Loc, a c t i n g around the 

b e a r i n g c e n t r e . Hence i n e q u i l i b r i u m 

The g r e a t e r t h e offset f o r a g i v e n l o a d , the l o w e r 

w i l l be t he v a l u e of T^. I t i s t h e b e a r i n g t o r q u e , T^, 

which i s measured i n the s i m u l a t o r . Hence an i n c r e a s i n g 

s l i d i n g s p e e d w i l l c a u s e a r e d u c t i o n i n T , whereas a 
• 

d e c r e a s i n g s l i d i n g s p e e d w i l l c a u s e an i n c r e a s e i n T . 
B 

A l s o , a p p l y i n g t h i s t o t he c a s e of dynamic l o a d i n g , 

a s L i n c r e a s e s , t h e - o-f-fseb w i l l d e c r e a s e , but 

the p r o d u c t Lac s t i l l i n c r e a s e s , r e s u l t i n g i n a l o w e r 
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v a l u e of T f o r a h i g h e r l o a d - a s o b s e r v e d t h r o u g h o u t 6 
the p r e s e n t work. 

8.4 N a t u r a l h i p j o i n t s 

Human h i p j o i n t s were m a i n l y used f o r t e s t i n g t h e s y n o v i a l 

f l u i d s a m p l e s i n t h e i n v e s t i g a t i o n of i t s c o n s t i t u e n t 

p r o p e r t i e s w i t h r e g a r d t o l u b r i c a t i o n , but some t e s t s 

were a l s o run w i t h s y n t h e t i c l u b r i c a n t s t o h e l p i n the 

i n t e r p r e t a t i o n of t h e s y n o v i a l f l u i d r e s u l t s . 

•ue to the v a r i a b i l i t y of b i o l o g i c a l s p e c i m e n s , i t was 

not e a s y t o compare r e s u l t s from one j o i n t w i t h another.' 

D i f f e r e n c e s i n f r i c t i o n f a c t o r between j o i n t s may be due 

t o the o v e r a l l geometry of t h e h i p , t o t h e s u r f a c e 

c o n d i t i o n and t h i c k n e s s of t h e c a r t i l a g e and a l s o t o i t s 

c o m p l i a n c e . S i n c e some of t h e s e p r o p e r t i e s may change 

w i t h t i m e , a l l the l u b r i c a n t s t e s t e d on a j o i n t which 

might be compared, were t e s t e d on t h e same day. T e s t i n g 

e a c h group of l u b r i c a n t s i n a random o r d e r e n s u r e d t h a t 

t h e r e s u l t s c o u l d not be produced by one p a r t i c u l a r 

l u b r i c a n t a l w a y s f o l l o w i n g a n o t h e r . The t r a c e s t h e m s e l v e s 

were o n l y i d e n t i f i e d w i t h a number c o r r e s p o n d i n g t o the 

o r d e r i n which t h e y were made. T h i s e n s u r e d t h a t any 

human b i a s was e l i m i n a t e d when t a k i n g measurements from 

them, s i n c e t h e e x p e c t e d r e s u l t s were not known. A 

s e p a r a t e l i s t r e l a t e d the t r a c e number to t h e e x p e r i m e n t a l 

c o n d i t i o n s . 
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A l t h o u g h measurements were t a k e n From the t r a c e s a t each 

of t h e F i v e p o i n t s d e s c r i b e d e a r l i e r , t h e r e s u l t s p r e s e n t e d 

F o r t h e n a t u r a l j o i n t s a r e m a i n l y From p o i n t s 2 and 4, 

c h o s e n t o be r e p r e s e n t a t i v e of a low l o a d , h i g h s l i d i n g 

s peed and a h i g h l o a d , slow s l i d i n g speed. The v a r i a t i o n 

of F r i c t i o n F a c t o r t h r o u g h o u t t h e c y c l e w i l l be d i s c u s s e d 

1 a t e r . 

8.5 N a t u r a l h i p j o i n t s l u b r i c a t e d w i t h s i l i c o n e F l u i d s . 

S i l i c o n e F l u i d s were c h o s e n a s one s y n t h e t i c l u b r i c a n t 

b e c a u s e they were a v a i l a b l e o v e r a wide v i s c o s i t y range, 

and t h e i r v i s c o s i t y i s i n d e p e n d e n t of s h e a r r a t e . Due 

t o t h e p o s s i b i l i t y t h a t t h e y might a f f e c t t h e p e r m e a b i l i t y 

oF t h e c a r t i l a g e or c o n t a m i n a t e s u b s e q u e n t l u b r i c a n t s , 

s i n c e t h e y a r e d i f f i c u l t t o remove c o m p l e t e l y , t h e y 

were a l w a y s t h e l a s t l u b r i c a n t t o be t e s t e d i n a j o i n t . 

Two j o i n t s [H7, H9], were t e s t e d w i t h s i l i c o n e f l u i d s , 

and t h e r e s u l t s p r e s e n t e d i n F i g u r e s 6.23 and 6.28. 

F o r both j o i n t s t h e d a t a f a l l s i n t o two bands, one f o r 

p o i n t s 1, 2 and 3, and t h e o t h e r f o r p o i n t s 4 and 5. 

The o n l y e x c e p t i o n t o t h i s i s p o i n t 1 f o r H9 which changes 

to t h e lower band F o r low v a l u e s of v i s c o s i t y . The low 

l o a d , h i g h s l i d i n g speed, d a t a shows t h e r i s i n g c h a r a c t e r ­

i s t i c of f r i c t i o n f a c t o r w i t h r^u/L t y p i c a l of f u l l f l u i d 

f i l m l u b r i c a t i o n . J o i n t H7 shows a s l i g h t minimum around 
-5 -1 

t~\u/L = 1 0 m , but H9 r e m a i n s c o n s t a n t below t h i s v a l u e . 

C e r t a i n l y n e i t h e r j o i n t d i s p l a y s the o b v i o u s l y mixed 
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l u b r i c a t i o n mechanism a s s e e n i n t h e C h a r n l e y j o i n t . 

At t he h i g h l o a d s and s l o w e r s l i d i n g s p e e d s , t h e F r i c t i o n 

F a c t o r i s l o w e r , and i t showed l e s s v a r i a t i o n w i t h 

v i s c o s i t y . I n F a c t , F o r H9 t h e r e was no a p p r e c i a b l e 

change a t a l l . H7's F r i c t i o n F a c t o r d i d i n c r e a s e s l i g h t l y 

a t t h e h i g h e r v i s c o s i t i e s . At h i g h l o a d s , which o c c u r 

s u d d e n l y i n t h e w a l k i n g c y c l e , i t i s l i k e l y t h a t t h e r e 

w i l l be a s u b s t a n t i a l s q u e e z e F i l m e f f e c t i n a d d i t i o n 

t o the hydrodynamic mechanism a c t i n g . As t h e v i s c o s i t y 

oF t h e l u b r i c a n t i n c r e a s e s , the s q u e e z e F i l m time w i l l 

i n c r e a s e and hence t h e r e w i l l be a t h i c k e r F i l m oF 

l u b r i c a n t s e p a r a t i n g the two s u r f a c e s t h a n would be 

e x p e c t e d From a p u r e l y hydrodynamic e f f e c t . T h i s may 

e x p l a i n the c o n s t a n t v a l u e oF F r i c t i o n F a c t o r a t h i g h 

l o a d s i r r e s p e c t i v e oF v i s c o s i t y . The s q u e e z e F i l m 

t h i c k n e s s F o r s y n o v i a l F l u i d i n a t y p i c a l j o i n t h a s been 

e s t i m a t e d by H i g g i n s o n [ 1977] t o be oF t h e o r d e r oF 
— 6 

5 x 10 m a f t e r 0.5 s. T h i s i s l o n g e r t h a n t h e time of 

a p p l i c a t i o n of the l o a d d u r i n g t h e s i m u l a t o r c y c l e , which 

f o r t h e s l o w e s t s p e e d of o s c i l l a t i o n u s e d l a s t s f o r 0.25 s 
8.6 N a t u r a l h i p j o i n t s l u b r i c a t e d w i t h SCMC 

Moving one s t a g e c l o s e r t o t h e r h e o l o g y of s y n o v i a l 

f l u i d , s o l u t i o n s of sodium carboxymethy1 e e l 1 u l o s e i n 
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waterQSCMC] were u s e d a s a l u b r i c a n t , These a r e s h e a r -

t h i n n i n g . Homsy e t a l [ 1 9 7 3 ] r e p o r t e d t h a t t h e y were a b l e 

t o p r o d u c e s o l u t i o n s o f SCMC w h i c h h ad v e r y s i m i l a r 

v i s c o u s p r o p e r t i e s t o s y n o v i a l f l u i d . They were i n t e r e s t e d 

i n u s i n g SCMC s o l u t i o n s as a s y n t h e t i c l u b r i c a n t i n human 

j o i n t s b e cause e x p e r i m e n t s w i t h an o n / o f F l o a d i n g c y c l e 

showed t h e i n i t i a l f r i c t i o n when t h e l o a d was f i r s t 

a p p l i e d t o be much r e d u c e d c o mpared w i t h t h a t f o r a 

N e w t o n i a n l u b r i c a n t . 

The s h e a r t h i n n i n g p r o p e r t i e s o f t h e SCMC s o l u t i o n s u s e d 

can be seen i n F i g u r e 8.2, t o g e t h e r w i t h a t y p i c a l c u r v e 

f o r s y n o v i a l f l u i d . I t c a n be see n t h a t t h e v i s c o s i t y 

d e c r e a s e s r a p i d l y a t f i r s t , b u t t h e d e c r e a s e i s l e s s marked 

a s t h e s h e a r r a t e i n c r e a s e s . The v i s c o s i t y v a l u e s u s e d 

were t h o s e o b t a i n e d a t t h e maximum s h e a r r a t e m easured, 

b e t w e e n 1600 a n d 1700 s , d e p e n d i n g on t h e s i r e o f cone 

u s e d i n t h e v i s c o m e t e r . However, t h i s i s o b v i o u s l y 

n o t c o r r e c t s i n c e t h e s h e a r - r a t e v a r i e s t h r o u g h t h e c y c l e 

o f o s c i l l a t i o n i n t h e s i m u l a t o r . As t h e f i l m t h i c k n e s s e s 

a r e n o t known, and c o u l d n o t be me a s u r e d , t h e s h e a r r a t e 

a t any p o i n t i s a l s o unknown. An e s t i m a t e c a n however 

be made u s i n g t h e s u r f a c e r o u g h n e s s o f t h e c a r t i l a g e t o 

p r o v i d e a v a l u e f o r t h e d i s t a n c e a p a r t o f t h e t w o c a r t i l a g e 
— 6 

s u r f a c e s . T a k i n g a v a l u e o f 2 x 10 m f o r t h e s e p a r a t i o n 
o f t h e t w o s u r f a c e s , a t a t y p i c a l maximum s l i d i n g s p e e d 

- 1 4 - 1 
o f 20 mm s , t h e s h e a r r a t e becomes 10 s , a t a s l o w e r 
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_ 1 
s l i d i n g s p e e d , 2 mm s , t h e s h e a r r a t e F o r t h e same 

3 - 1 

s e p a r a t i o n w o u l d be 10 s . B o t h t h e s e v a l u e s a r e i n 

t h e r e g i o n where t h e v i s c o s i t y i s a l m o s t c o n s t a t t h e r e f o r e 

i t seems r e a s o n a b l e t o t a k e t h e l o w e s t v a l u e o f v i s c o s i t y 

r e c o r d e d as a good a p p r o x i m a t i o n t o t h e v i s c o s i t y o f t h e 

F l u i d a t a l l f i v e p o i n t s a n a l y s e d t h r o u g h t h e c y c l e . 

I t must n o t be f o r g o t t e n t h a t t h e s h e a r r a t e must f a l l 

c l o s e t o z e r o a t t h o s e p l a c e s i n t h e c y c l e where t h e 

c a r r i a g e c h a n g e s d i r e c t i o n a nd hence t h e v i s c o s i t y o f t h e 

SCMC w i l l be i n c r e a s e d somewhat. 

T h r e e n a t u r a l j o i n t s were t e s t e d i n t h e s i m u l a t o r w i t h 

SCMC s o l u t i o n s [ F i g u r e s 6.19 a n d 6.20 - H6, F i g u r e s 6.21 

and 6.22 - H7, F i g u r e : 6.27 - H9 } . L o o k i n g f i r s t a t 

t h e l o w l o a d , f a s t e r m o v i n g p o i n t s [ 1 , 2 a n d 3 ] , i t can 

be seen t h a t t h e f r i c t i o n f a c t o r d e c r e a s e s w i t h i n c r e a s i n g 

v i s c o s i t y i n a manner t y p i c a l o f m i x e d l u b r i c a t i o n a l t h o u g h 

t h e change i n f r i c t i o n f a c t o r i s o n l y a t most a r e d u c t i o n 

o f 0.03. The r e s u l t s f r o m p o i n t s 1, 2 and 3 a r e s e p a r a t e d , 

w h i c h must be a c o n s e q u e n c e o f t h e i r d i f f e r e n t s l i d i n g 

s p e e d s and h i s t o r i e s . The h i g h l o a d r e s u l t s [ p o i n t s 4 

and 5 ] a l s o d e c r e a s e s l i g h t l y w i t h i n c r e a s i n g v i s c o s i t y , 

b u t t h i s r e d u c t i o n i s v e r y s l i g h t . The f a c t t h a t t h e h i g h 

l o a d r e s u l t s a nd p o i n t 1 a r e a g a i n l o w e r t h a n f o r t h e 

o t h e r l o w l o a d s i m p l i e s t h a t t h e s q ueeze f i l m mechanism, 

h e l p e d by t h e e l a s t i c d e f o r m a t i o n o f t h e c a r t i l a g e s u r f a c e s 

u n d e r l o a d , must be v e r y i m p o r t a n t . 
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8. 7 N a t u r a l h i p j o i n t l u b r i c a t e d w i t h s y n o v i a l F l u i d 

+ h y a l u r o n i c a c i d 

One j o i n t , H9, was l u b r i c a t e d w i t h s y n o v i a l f l u i d e n h a n c e d 

w i t h h y a l u r o n i c a c i d . As d i s c u s s e d i n t h e p r e v i o u s 

s e c t i o n , t h e v i s c o s i t y r e c o r d e d a t a s h e a r r a t e cF 1600 
- 1 

t o 1700 s was u s e d i n p l a t t i n g t h e g r a p h s o f F r i c t i o n 

F a c t o r a g a i n s t h^u/L . The d a t a a g a i n s p l i t i n t o t w o bands, 

a n d t h e r e s u l t s From p o i n t 1 a g a i n j o i n e d t h e h i g h l o a d 

d a t a r a t h e r t h a n t h e l o w l o a d . 
The r e s u l t s From p o i n t s 2 a n d 3 a r e d i f f e r e n t From e i t h e r 

oF t h e s y n t h e t i c l u b r i c a n t s . They Form an a l m o s t c o n s t a n t 
. -B - 1 band, w i t h a s l i g h t minimum a t Y^u/L = 5 x 10 m . T h i s 

_2 

c o r r e s p o n d s t o a v i s c o s i t y oF a b o u t 5 x 10 Pa s - a 

v a l u e w h i c h i s p o s s i b l e F o r n o r m a l h e a l t h y F l u i d . A g a i n 

t h e h i g h l o a d p o i n t s [ 4 a n d 5 ] t o g e t h e r w i t h p o i n t 1 

Form a band oF c o n s t a n t F r i c t i o n F a c t o r , b e l o w t h e low 

l o a d r e s u l t s . 

F i g u r e 8.3 shows t h e a p p r o x i m a t e c u r v e s F o r t h e t w o 

s y n t h e t i c l u b r i c a n t s t o g e t h e r w i t h t h e e n h a n c e d s y n o v i a l 

F l u i d a l l F o r p o i n t 2 oF H9, on t h e same a x e s . The c u r v e s 

c o r r e s p o n d t o a r e m a r k a b l e d e g r e e , c o n s i d e r i n g how d i f f e r e n t 

t h e l u b r i c a n t s a r e From e a c h o t h e r . The s i l i c o n e f l u i d s 

w h i c h a r e n o t w a t e r b a s e d , c a n n o t be e x p e c t e d t o r e a c t 

w i t h t h e c a r t i l a g e s u r f a c e s i n t h e same manner as t h e 

s y n o v i a l f l u i d , o r t h e SCMC. The c o r r e s p o n d i n g g r a p h 

f o r t h e h i g h l o a d s i s F i g u r e 8.4. The a g r e e m e n t h e r e i s 
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e v e n c l o s e r w h i c h i s u n d e r s t a n d a b l e s i n c e t h e v a l u e o f 

r^u/L a p p e a r s t o a f f e c t t h e f r i c t i o n f a c t o r v e r y l i t t l e , 

i f a t a l l . 

8.8 S y n o v i a l f l u i d t r e a t e d w i t h enzymes 

The s y n o v i a l f l u i d w h i c h was t r e a t e d and u s e d f o r l u b r i ­

c a t i o n t e s t s i n t h e s i m u l a t o r was p a t h o l o g i c a l . T h i s 

was t h e o n l y f l u i d o b t a i n a b l e i n a s u f f i c i e n t q u a n t i t y 

t o p e r f o r m e x p e r i m e n t s w i t h c o n t r o l s and a l s o have 

enough f l u i d f o r v i s c o m e t r y and a s s a y . I t was f e l t 

t h a t , a l t h o u g h t h e f l u i d was l e s s v i s c o u s t h a n n o r m a l 

h e a l t h y f l u i d w o u l d have been, i t was i n f a c t c l o s e r 

t o n o r m a l f l u i d t h a n t h e b o v i n e f l u i d w h i c h h a s o f t e n 

been u s e d by o t h e r w o r k e r s . The r e s u l t s f r o m t h i s 

s e c t i o n o f t h e work c o u l d n o t be p l o t t e d i n t h e same 

manner as t h e s y n t h e t i c l u b r i c a n t s s i n c e t h e v i s c o s i t y 

r a n g e a v a i l a b l e was so s m a l l . A l s o i t was i m p o r t a n t 

t o compare a d i g e s t e d f l u i d d i r e c t l y w i t h i t s u n d i g e s t e d , 

b u t s i m i l a r l y i n c u b a t e d c o n t r o l s a mple i n o r d e r t o remove 

any o t h e r v a r i a b l e s f r o m t h e e x p e r i m e n t . F o r t h i s r e a s o n , 

h i s t o g r a m s were p l o t t e d s h o w i n g t h e change i n f r i c t i o n 

f a c t o r a f t e r d i g e s t i o n . A s t a t i s t i c a l a n a l y s i s was p e r f o r m e d 

on t h e r e s u l t s f r o m e a c h j o i n t , u s i n g a t w o t a i l s t u d e n t 

- t t e s t f o r p a i r e d d a t a , t o c h e c k w h e t h e r t h e change i n 

f r i c t i o n f a c t o r a f t e r d i g e s t i o n was s i g n i f i c a n t . 
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8 . 9 E f f e c t : o f h y a l u r o n i dase d i g e s t i o n o f s y n o v i a l F l u i d 

on f r i c t i o n f a c t o r 

From t h e h i s t o g r a m s [ F i g u r e s 6.13, B.15, B.17, 6.18, 6.24 

and 6.25] w h i c h have been p l o t t e d f o r p o i n t s 2 and 4, 

r e p r e s e n t i n g t h e t w o e x t r e m e s o f l o a d i n g and s l i d i n g 

c o n d i t i o n s , i t a p p e a r s t h a t t h e f r i c t i o n f a c t o r i s i n c r e a s e d 

by h y a l u r o n i d a s e d i g e s t i o n a t p o i n t 2 b u t n o t a t p o i n t 4. 

The s t u d e n t - t t e s t c o n f i r m e d t h i s a s t h e f i g u r e s i n 

T a b l e 8.1 show. A l l t h e j o i n t s e x c e p t H9 showed a 

s i g n i f i c a n t d i f f e r e n c e a t p o i n t 2 a t t h e 5% l e v e l and 

most were b e t t e r t h a n t h i s . H9 h a d v e r y e r r a t i c f r i c t i o n 

f a c t o r s , some o f w h i c h were v e r y h i g h . 

I t i s n o t s u r p r i s i n g t h a t t h e h i g h l y l o a d e d p o i n t shows 

no s i g n i f i c a n t d i f f e r e n c e s i n c e t h e r e s u l t s p r e v i o u s l y 

d i s c u s s e d show t h a t t h e f r i c t i o n f a c t o r i s a l m o s t c o n s t a n t 

a t h i g h l o a d s w h a t e v e r t h e v i s c o s i t y o r t y p e o f t h e 

l u b r i c a n t . A t p o i n t 2, t h e v i s c o s i t y o f t h e l u b r i c a n t 

a f t e r d i g e s t i o n i s d e c r e a s e d and t h e f r i c t i o n f a c t o r i s 

i n c r e a s e d . T h i s means t h a t t h e j o i n t i s o p e r a t i n g i n 

t h e m i x e d l u b r i c a t i o n r e g i o n o r t h e f u l l f i l m r e g i o n 

b e f o r e d i g e s t i o n and m i x e d a f t e r w a r d s . The e x p r e s s i o n 
- 7 - 1 

t~\u/L f o r t h i s d a t a w i l l t y p i c a l l y have a v a l u e o f 10 m 

w h i c h , r e f e r r i n g t o F i g u r e 8.3, i s t o t h e e x t r e m e l e f t 

o f t h e d a t a p l o t t e d a n d hence i n t h e m i x e d r e g i o n . The 

v i s c o s i t y o f t h e s y n o v i a l f l u i d t h u s p l a y s an i m p o r t a n t 

r o l e i n l u b r i c a t i o n a t l o w l o a d s . T h i s v i s c o s i t y i s 
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p r o v i d e d by t h e h y a l u r o n i c a c i d c h a i n s i n t h e F l u i d a n d i s 

e a s i l y d e s t r o y e d by t h e a c t i o n o f h y a l u r o n i d a s e . 

I t h a s been s u g g e s t e d [ 0 ' K e l l y , 1977] t h a t i t may be t h e 

a c t i o n oF r e s i d u a l h y a l u r o n i d a s e i n t h e s y n o v i a l F l u i d 

w h i c h a t t a c k e d t h e c a r t i l a g e s u r f a c e s i n t h e j o i n t a nd 

F o r t h i s r e a s o n i n c r e a s e d t h e F r i c t o n F a c t o r . Any s u c h 

a c t i o n on t h e c a r t i l a g e s u r f a c e s w o u l d n o t be r e v e r s i b l e . 

G r e a t c a r e was t a k e n i n t h e p r e s e n t t e s t s t o a v o i d u s i n g 

t h e l u b r i c a n t s i n any p r e c o n c e i v e d o r d e r , so t h a t F o r 

some oF t h e j o i n t s t h e sample t r e a t e d w i t h h y a l u r o n i d a s e 

was t e s t e d b e f o r e i t s c o n t r o l . T h i s r emoves t h e p o s s i b i l i 

t h a t t h e e f f e c t o f t h e h y a l u r o n i d a s e can be on a n y t h i n g 

o t h e r t h a n t h e F l u i d i t s e l F . 

8.10 E F F e c t oF t r y p s i n d i g e s t i o n oF s y n o v i a l F l u i d 

on F r i c t i o n F a c t o r 

The h i s t o g r a m s s h o w i n g t h e r e s u l t s F o r t r y p s i n d i g e s t i o n 

[ F i g u r e s 6.15, 5.18 and 6.24] i n d i c a t e t h a t t h e F r i c t i o n 

F a c t o r i s s o m e t i m e s i n c r e a s e d a n d s o m e t i m e s d e c r e a s e d 

a f t e r d i g e s t i o n by t r y p s i n , p a r t i c u l a r l y a t p o i n t 2.. 

The P v a l u e s f r o m t h e s t u d e n t - t t e s t i n T a b l e 8.1 i n d i c a t e 

t h a t t h e r e i s no s i g n i f i c a n t d i f f e r e n c e i n t h e two 

p o p u l a t i o n s b e f o r e and a f t e r d i g e s t i o n . The c h a n g e s i n 

f r i c t i o n f a c t o r must t h e r e f o r e be due s i m p l y t o t h e i n ­

h e r e n t v a r i a b i l i t y i n t h e d a t a o b t a i n e d f r o m t h e s i m u l a t o r 

The t r y p s i n d i g e s t i o n b r e a k s up t h e p r o t e i n c h a i n s i n 
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t h e f l u i d , b u t t h e p r o t e i n was n o t a c t u a l l y r e m o v e d 

f r o m t h e f l u i d . I t i s p o s s i b l e t h e r e f o r e t h a t any bene­

f i c i a l e f f e c t t h e p r o t e i n h a s on t h e l u b r i c a t i n g a b i l i t y 

o f t h e f l u i d i s s t i l l p r e s e n t a f t e r d i g e s t i o n . Dn t h e 

o t h e r h and, i t has been s u g g e s t e d t h a t t h e p r o t e i n a c t s 

a s a b o u n d a r y l u b r i c a n t i n s y n o v i a l f l u i d . A t l o w l o a d s 

i t may p l a y a r o l e a r o u n d t h e e d g e s o f t h e j o i n t , i n 

a d d i t i o n t o t h e o b v i o u s v i s c o s i t y d e p e n d e n t e f f e c t o v e r 

t h e c o n t a c t a r e a . A t h i g h l o a d s , where t h e f r i c t i o n 

f a c t o r i s c o n s t a n t as v-^u/L c h a n g e s , c o n v e n t i o n a l b o u n d a r y 

l u b r i c a t i o n a l o n e w o u l d p r o d u c e much h i g h e r f r i c t i o n f a c t o r s 

t h a n t h o s e r e c o r d e d . 

8.11 E f f e c t o f c o m p l i a n c e o f c a r t i l a g e on f r i c t i o n f a c t o r 

S i n c e t h e l u b r i c a t i o n mechanism a c t i n g i n a j o i n t may 

be i n f l u e n c e d by t h e e l a s t i c i t y o f t h e j o i n t s u r f a c e s , 

t h e r e l a t i o n s h i p b e t w e e n t h e c o m p l i a n c e v a l u e s o f c a r t i l a g e 

s a m p l e s f r o m t h e f e m o r a l h e a d an d t h e f r i c t i o n f a c t o r s 

m e a s u r e d w i t h R i n g e r ' s s o l u t i o n f r o m e a c h j o i n t was 

i n v e s t i g a t e d . R i n g e r ' s s o l u t i o n i s t h e o n l y l u b r i c a n t 

t o be u s e d i n a l l t h e j o i n t s [some o f t h e s y n o v i a l 

f l u i d s a m p l e s were d i f f e r e n t f r o m e a c h o t h e r ] . F i g u r e 8.5 

shows t h a t t h e r e was no o b v i o u s r e l a t i o n s h i p b e t w e e n 

c o m p l i a n c e and f r i c t i o n f a c t o r . S i n c e t h e e f f e c t i v e 

m o d u l u s o f a t h i n s o f t e l a s t i c l a y e r on a r i g i d base 

i s d e p e n d e n t on t h e t h i c k n e s s o f t h e s o f t l a y e r , t h e 

c o m p l i a n c e v a l u e s were m u l t i p l i e d by t h e t h i c k n e s s o f 

t h e c a r t i l a g e and r e p l o t t e d , t h i s t i m e w i t h t h e a v e r a g e 

v a l u e o f f r i c t i o n f a c t o r f o r p o i n t 4 l u b r i c a t e d w i t h 
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u n t r e a t e d s y n o v i a l F l u i d , [H7 was t h e r e f o r e e x c l u d e d , 

s i n c e t h e r e were no t e s t s r u n on t h i s j o i n t w i t h s y n o v i a l 

F l u i d ] . A h i g h l y l o a d e d p a r t oF t h e c y c l e , where a 

s q u e e z e F i l m mechanism may a c t , seemed t o be t h e most 

l i k e l y c i r c u m s t a n c e s t o d e t e c t t h e e f f e c t o f d i f f e r e n t 

c a r t i l a g e p r o p e r t i e s . However, F i g u r e 8.6 a g a i n shows 

no o b v i o u s c o r r e l a t i o n . T h i s does n o t mean t h a t t h e 

e l a s t i c i t y o f t h e c a r t i l a g e i s i r r e l e v a n t t o t h e l u b r i c a t i o n 

o f t h e j o i n t s - t h e c o m p l i a n c e v a l u e s do n o t encompass a 

v e r y w i d e r a n g e o f v a l u e s a n d t h e v a r i a t i o n i n f r i c t i o n 

f a c t o r o b s e r v e d b e t w e e n t h e j o i n t s may be due t o t h e 

s u r f a c e c o n d i t i o n o f t h e c a r t i l a g e o r t h e j o i n t geo­

m e t r y r a t h e r t h a n t h e c o m p l i a n c e . F u r t h e r d i s c u s s i o n o f 

t h e e f f e c t o f c o m p l i a n c e on f r i c t i o n f a c t o r a p p e a r s i n 

a l a t e r s e c t i o n on a r t i f i c i a l j o i n t s . 

8.12 S u g g e s t e d l u b r i c a t i o n mechanism t h r o u g h w a l k i n g 

c y c l e 

So f a r , t h e d i s c u s s i o n has c e n t r e d r o u n d t h e e f f e c t t h a t a 

p a r t i c u l a r l u b r i c a n t o r m e c h a n i c a l p r o p e r t y has on t h e -Friction, 

f a c t o r . I n t h i s s e c t i o n , t h e l u b r i c a t i o n mechanism 

t h r o u g h a w a l k i n g c y c l e w i l l be e x a m i n e d i n t h e l i g h t o f 

t h e i n f o r m a t i o n r e c o r d e d f o r s p e c i f i c c o n d i t i o n s . 

S t a r t i n g w i t h t h e r e g i o n where t h e l o a d i s s m a l l b u t 

t h e s l i d i n g s p e e d i s h i g h , t h e r e s u l t s f o r s y n o v i a l 

f l u i d w i t h h y a l u r o n i c a c i d a d d e d i n d i c a t e t h a t f o r h e a l t h y 

f l u i d t h e l u b r i c a t i o n can be f u l l f l u i d f i l m . However 

i f t h e f l u i d i s p a t h o l o g i c a l and t h e r e f o r e l e s s v i s c o u s , 
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t h e l u b r i c a t i o n may become m i x e d . The v i s c o s i t y o f t h e 

l u b r i c a n t i s s t i l l i m p o r t a n t as was shown by t h e d a t a 

f o r h y a l u r o n i d a s e d i g e s t e d f l u i d where t h e r e d u c t i o n 

o f v i s c o s i t y c a u s e d an i n c r e a s e i n f r i c t i o n f a c t o r . 

I t seems t h a t h e a l t h y f l u i d i n a h e a l t h y j o i n t may l e a d 

t o v a l u e s o f f r i c t i o n f a c t o r n e a r t h e minimum o f t h e c u r v e 

f o r v a r y i n g )\u/L . 

As t h e s l i d i n g s p e e d r e d u c e s , f r o m p o i n t 2 t o p o i n t 3, 

t h e f r i c t i o n f a c t o r r e m a i n s much t h e same. A f t e r a p p l i ­

c a t i o n o f t h e l o a d , w h i c h o c c u r s r a p i d l y b o t h i n a n a t u r a l 

w a l k i n g c y c l e and i n t h e s i m u l a t o r c y c l e , t h e f r i c t i o n 

f a c t o r i s r e d u c e d and t e n d s t o r e m a i n c o n s t a n t r e g a r d l e s s 

o f v i s c o s i t y o f l u b r i c a n t o r c h a n g e s i n s l i d i n g s p e e d 

[ p o i n t s 4 and 5 ) . T h e r e a r e p r o b a b l y s e v e r a l c o n t r i b u t i n g 

f a c t o r s t o t h e l o w f r i c t i o n u n d e r h i g h l o a d . The e c c e n ­

t r i c i t y e f f e c t d i s c u s s e d i n s e c t i o n 8.3 may a p p l y . The 

h i g h s l i d i n g s p e e d s i n t h e l o w l o a d r e g i o n w i l l have 

a l l o w e d t h e b u i l d up o f a r e a s o n a b l y t h i c k f i l m o f f l u i d 

by h y d r o d y n a m i c a c t i o n . W i t h t h e a p p l i c a t i o n o f l o a d 

t h i s f i l m w i l l be s q u e e z e d o u t f r o m b e t w e e n t h e c a r t i l a g e 

s u r f a c e s b u t t h e t i m e f o r t h e f i l m t o r e d u c e a p p r e c i a b l y 

i n t h i c k n e s s i s c o n s i d e r a b l y l o n g e r t h a n t h e t i m e o f 

a p p l i c a t i o n o f t h e l o a d . The h i g h l o a d w i l l a l s o c a use 

d e f o r m a t i o n o f t h e c a r t i l a g e s u r f a c e w h i c h c an r e d u c e t h e 

h e i g h t s o f a s p e r i t i e s and hence r e d u c e t h e f i l m t h i c k n e s s 

n eeded t o e n s u r e c o m p l e t e s e p a r a t i o n o f t h e t w o s u r f a c e s . 

As t h e s l i d i n g s p e e d r e d u c e s t o z e r o , 
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t h e s h e a r - r a t e must a l s o d e c r e a s e , w h i c h w i l l i n c r e a s e 

t h e v i s c o s i t y o f t h e s y n o v i a l F l u i d by a F a c t o r oF 

a b o u t 10. [ T h e r e w i l l s t i l l be some s h e a r i n g oF t h e 

F l u i d c a u s e d by t h e squeeze F i l m e f f e c t . ] T h i s i n c r e a s e 

i n v i s c o s i t y w i l l h e l p t o m a i n t a i n a F u l l F l u i d F i l m 

u n d e r t h e most a d v e r s e c o n d i t i o n s - t h e F u l l l o a d and 

a l m o s t z e r o s l i d i n g s p e ed. A f t e r t h e j o i n t c h a n g e s 

d i r e c t i o n and t h e s l i d i n g s p e e d s t a r t s t o i n c r e a s e 

a g a i n , t h e F r i c t i o n r e m a i n s l o w , e v e n a f t e r r e m o v a l o f 

t h e l o a d [ p o i n t 1 ] , b u t g r a d u a l l y i n c r e a s e s . The l o w 

f r i c t i o n f a c t o r v a l u e s o f t e n r e c o r d e d f o r p o i n t 1 may 

be due t o t h e t i m e t a k e n f o r t h e c a r t i l a g e t o r e c o v e r 

i t s u n d e f o r m e d p r o f i l e a f t e r t h e p e r i o d o f heavy l o a d i n g . 

T h i s a n a l y s i s o f t h e l u b r i c a t i o n mechanisms a c t i n g i n 

a h i p j o i n t i s i n d i s a g r e e m e n t w i t h t h e w o r k o f R a d i n , 

Swann and W e i s s e r [ 1 9 7 0 ] d i s c u s s e d i n C h a p t e r 3. They 

c o n c l u d e d t h a t i t was t h e p r o t e i n component o f s y n o v i a l 

f l u i d w h i c h was t o t a l l y r e s p o n s i b l e f o r t h e l o w c o e f ­

f i c i e n t s o f f r i c t i o n i n human j o i n t s . T h i s i s n o t c o n f i r m e d 

by t h e p r e s e n t w o r k w h i c h d e m o n s t r a t e s t h e dependence 

o f t h e f r i c t i o n f a c t o r on t h e v i s c o s i t y o f t h e f l u i d , 

c e r t a i n l y f o r l o w l o a d s . T h e i r t e s t m e t h o d u s e d a c o n s t a n t , 

h e avy l o a d , t h a t i s a s i m i l a r a r r a n g e m e n t t o t h e e x p e r i m e n t 

r e p o r t e d h e r e w i t h t h e C h a r n l e y j o i n t l u b r i c a t e d w i t h 

s i l i c o n e f l u i d s u n d e r c o n s t a n t l o a d i n g . L i t t l e v a r i a t i o n 

w i t h v i s c o s i t y o f f l u i d was f o u n d u n d e r t h e s e c o n d i t i o n s , 
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b u t t h e y a r e r o t t h o s e g e n e r a l l y e x p e r i e n c e d i n human 

j o i n t s . 

8.13 C h o i c e o f c o m p l i a n t l i n i n g s 

T h e r e were t w o m a i n r e a s o n s F o r e x p e r i m e n t i n g w i t h p r o s ­

t h e s e s w h i c h had a c o m p l i a n t l i n i n g i n t h e a c e t a b u l u m . 

One r e a s o n was t o i n v e s t i g a t e F u r t h e r t h e p o s s i b l e e f f e c t s 

oF c a r t i l a g e e l a s t i c i t y on t h e l u b r i c a t i o n oF n a t u r a l 

j o i n t s . By u s i n g a p r o s t h e s i s i n s t e a d oF a n a t u r a l j o i n t , 

i t i s p o s s i b l e t o i s o l a t e t h e e f f e c t o f c h a n g i n g a s i n g l e 

v a r i a b l e . F o r i n s t a n c e , p r o s t h e s e s were m a n u f a c t u r e d w i t h 

d i f f e r e n t t h i c k n e s s e s o f c o m p l i a n t l a y e r s , b u t an o t h e r ­

w i s e s i m i l a r g e o m e t r y . N a t u r a l j o i n t s w i t h d i f f e r i n g 

t h i c k n e s s e s o f c a r t i l a g e w o u l d a l s o d i f f e r i n s i z e and 

g e o m e t r i c a l f i t . The s e c o n d r e a s o n f o r e x p e r i m e n t i n g 

w i t h c o m p l i a n t l i n i n g s was t o e x a m i n e t h e i r b e h a v i o u r 

w i t h a v i e w t o u s i n g them i n a p r o s t h e s i s . N a t u r a l h i p 

j o i n t s have an e l a s t i c l a y e r , t h e c a r t i l a g e , c o v e r i n g 

t h e bone ends t o d i s t r i b u t e s t r e s s a n d p r o v i d e a s u i t a b l e 

s u r f a c e f o r l o w f r i c t i o n l u b r i c a t i o n . T h e r e f o r e , t h e 

p o s s i b i l i t y o f u s i n g a c o m p l i a n t l i n i n g t o r e d u c e f r i c t i o n 

i n a p r o s t h e s i s seemed w o r t h i n v e s t i g a t i n g . 

An a c e t a b u l a r l i n i n g was c h o s e n s i n c e i t was r e l a t i v e l y 

e asy t o m o u l d and c o n t r o l t h e t h i c k n e s s . F o r s i m p l i c i t y 

and ease o f a n a l y s i s i t was d e c i d e d o n l y t o have one 

s u r f a c e c o v e r e d w i t h e l a s t o m e r . The g e o m e t r y o f t h e j o i n t 

s u g g e s t s t h a t t h e e l a s t o m e r / m e t a l bond i s l e s s l i k e l y 
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•to f a i l on a c o n c a v e r a t h e r t h a n a c o n v e x j u n c t i o n . 

F o r a g i v e n s t r e s s a c t i n g on t h e e l a s t o m e r s u r f a c e , 

t h e s t r e s s a t t h e e l a s t o m e r / m e t a l j u n c t i o n w i l l be 

g r e a t e r f o r a c o n v e x s u r f a c e , s i n c e i t s a r e a i s l e s s t h a n 

t h a t o f t h e e l a s t o m e r s u r f a c e . C o n v e r s e l y , f o r a c o n c a v e 

s u r f a c e , t h e s t r e s s a t t h e i n t e r f a c e w i l l be r e d u c e d and 

t h e r e f o r e l e s s l i k e l y t o cause f a i l u r e o f t h e bond. 

Thompson [ 1 9 7 9 ] e x p e r i m e n t e d w i t h a l l t h r e e a r r a n g e m e n t s 

o f c o m p l i a n t l a y e r s - t h e f e m o r a l head, t h e a c e t a b u l u m 

a n d b o t h - and f o u n d t h e d o u b l e l a y e r gave t h e l o w e s t 

f r i c t i o n f a c t o r . A l l h i s r e s u l t s a r e h o w e v e r r a t h e r 

d o u b t f u l as he d i d n o t t a k e a v e r a g e s f r o m t h e two h a l v e s 

o f t h e l o a d i n g c y c l e and t h e asymmetry o f t h e f r i c t i o n 

t r a c e s he o b t a i n e d showed t h a t t h e j o i n t was n o t c o r r e c t l y 

a l i g n e d . He u s e d t h e same s i m u l a t o r as i n t h e p r e s e n t 

w o r k , b u t i t was r e b u i l t and t h e f r i c t i o n m e a s u r i n g 

c a r r i a g e c o m p l e t e l y r e a l i g n e d b e f o r e any o f t h i s p r e s e n t 

w o r k was u n d e r t a k e n . Thompson u s e d a C h a r n l e y head 

[ 2 2 mm d i a m e t e r ] i n h i s w o r k and f o u n d c o n s i d e r a b l e 

d e f l e c t i o n o f t h e r u b b e r l a y e r s due t o t h e h i g h s t r e s s 

l e v e l . T h i s work was done u s i n g a M c K e e - F a r r a r head 

[ d i a m e t e r 35 mm], w h i c h meant t h a t , f o r a s i m i l a r l o a d , 

t h e s t r e s s was r e d u c e d . 

The e l a s t o m e r u s e d i n t h e p r e s e n t t e s t s was S y l g u a r d 102. 

T h i s i s a t r a n s p a r e n t r u b b e r w h i c h i s c u r e d a t 75°C. 

The S i l c o s e t u s e d by Thompson was n o t u s e d h e r e because 

a l t h o u g h i t had t h e a d v a n t a g e o f c u r i n g a t roam t e m p e r a t u r e , 
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i t was n o t t r a n s p a r e n t . Thompson had some d i f f i c u l t y 

i n e n s u r i n g t h a t no a i r b u b b l e s were t r a p p e d i n t h e e l a s ­

t o m e r when i t was m o u l d e d s i n c e t h e s e were n o t v i s i b l e 

u n t i l t h e y c a u s e d t h e s u r f a c e o f t h e e l a s t o m e r t o b r e a k 

up d u r i n g t e s t s , A t r a n s p a r e n t e l a s t o m e r c i r c u m v e n t e d 

t h i s d i f f i c u l t y , s i n c e a l l t h e a i r b u b b l e s c o u l d be 

e l i m i n a t e d b e f o r e p o u r i n g t h e mix i n t o t h e m o u l d . A l s o 

t h e i n t e g r i t y o f t h e c o m p l i a n t l a y e r c o u l d e a s i l y be 

c h e c k e d v i s u a l l y b e f o r e m o u n t i n g and t e s t i n g . 

8. 14 E l a s t i c m o d u l u s o f c o m p l i a n t l a y e r s 

W i t h an a r t i f i c i a l j o i n t , i t s h o u l d be p r a c t i c a b l e t o 

v a r y j u s t one p a r a m e t e r a t a t i m e and t h e r e f o r e i t was 

n e c e s s a r y t o e n s u r e t h a t t h e c u r e d e l a s t o m e r had t h e same 

e l a s t i c m o d u l u s f o r e a c h l i n i n g . The r e s u l t s i n T a b l e 7. 1 

g i v e t h e m e a sured v a l u e s f a r t h e v i s c o e l a s t i c m o d u l u s 

c a l c u l a t e d f r o m m e a surements t a k e n on s l a b s o f e l a s t o m e r 

f r o m e a c h mi x . I t i s n o t i c e a b l e t h a t t h e t h i n n e r s l a b s 

p r o d u c e d a h i g h e r m o d u l u s v a l u e t h a n t h e t h i c k e r ones. 

T h i s d i f f e r e n c e i s o b v i o u s l y godng t o be more p r o n o u n c e d 

i n t h e e x p e r i m e n t a l a c e t a b u l a , where t h e l a y e r t h i c k n e s s 

CO.5 - 3.0 mm] i s l e s s . W a t e r s [ 1 9 6 5 ] has shown t h a t f o r 

a non l u b r i c a t e d j u n c t i o n b e t w e e n i n d e n t o r and e l a s t o m e r 

[ a s i n C l i s h ' s a p p a r a t u s ] , t h e e s t i m a t e s o f Young's m o d u l u s 

w i l l be i n e x c e s s o f t h e t r u e v a l u e by l e s s t h a n 5% 

p r o v i d e d : 

t 
> 8 where t i s t h e t h i c k n e s s o f t h e s h e e t 

3 t 

a n d a^ i s t h e r a d i u s o f t h e c o n t a c t 

a r e a o f t h e i n d e n t a t i o n . 



2 6 7 

Now f o r t h e e x p e r i m e n t s on t h e s l a b s o f e l a s t o m e r , h a d 

an a v e r a g e v a l u e o f 3 . 7 mm, hence, f o r t h e g r e a t e s t 

t h i c k n e s s u s e d , 6 . 5 mm, 

= 1.8 

The s h e e t was t h e r e f o r e n o t t h i c k enough t o g i v e a 

t r u e v a l u e o f Young's m o d u l u s . U s i n g W a t e r s ' e m p i r i c a l 

r e l a t i o n s h i p b e t w e e n E an d E,*, : 

exp 
oo 

1 3/2 

v a l u e s o f E ^ were f o u n d f o r t h e d i f f e r e n t e l a s t o m e r 

m i x e s . A p p e n d i x 2 c o n t a i n s g r e a t e r d e t a i l o f W a t e r s ' 

t h e o r y . 

The d i f f e r e n c e s i n e l a s t i c m o d u l u s b e t w e e n t h e m i x e s 

a r e p r e s u m a b l y due t o d i f f e r e n c e s i n m a n u f a c t u r e . The 

amount o f c u r i n g a g e n t a d d e d t o t h e e l a s t o m e r was measured 

t o an a c c u r a c y o f a t l e a s t 1%. The p r o d u c t d a t a s h e e t 

[Dow C o r n i n g , 1 9 7 8 ] s t a t e s t h a t ' v a r i a t i o n s D F up t o 1 0 % 

i n t h e c o n c e n t r a t i o n o f c u r i n g a g e n t ... have l i t t l e o r 

no e f f e c t ... on t h e p r o p e r t i e s o f t h e F i n a l c u r e d p a r t . ' 

I t may t h e r e f o r e have been t h e m i x i n g o r c u r i n g p r o c e d u r e 

w h i c h c a u s e d t h e v a r i a b i l i t y . 

I t w o u l d have been p o s s i b l e t o use W a t e r s ' r e l a t i o n s h i p 

t o F i n d an e f f e c t i v e m o d u l u s f o r t h e t h i n l a y e r s o f 

e l a s t o m e r banded t o t h e a c e t a b u l a r c u p s . However, t h e 

a r r a n g e m e n t o f t h e a r t i f i c i a l j o i n t s may c o m p l i c a t e t h e 

' s t i f f n e s s ' a c t u a l l y f o u n d ; t h e bond b e t w e e n m e t a l and 
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e l a s t o m e r and t h e c o n f i n e d s p a c e b o t h c o n t r i b u t i n g t o 

d e v i a t i o n s f r o m t h e t h e o r e t i c a l a s s u m p t i o n s . The c u r v e s 

o b t a i n e d d u r i n g t h e I n s t r o n s t a t i c l o a d i n g t e s t s [ s e e 

F i g u r e 7.3] d e m o n s t r a t e t h i s e f f e c t . A t t h e l o w l o a d s 

t h e e l a s t o m e r a p p e a r s s o f t e r t h a n a t h i g h l o a d s . P r e s u m a b l 

when t h e j o i n t i s i n i t i a l l y l o a d e d , t h e e l a s t o m e r can 

d e f o r m b u t as t h e l o a d i n c r e a s e s , so t h e d e f o r m a t i o n i s 

r e s t r i c t e d by t h e r e d u c i n g o f t h e c l e a r a n c e and by t h e 

m e t a l - e l a s t o m e r bond. I t w o u l d be e x p e c t e d t h a t t h e 

t h i n n e r l a y e r s w o u l d be more r e s t r i c t e d by t h e bond, a n d 

t h e t h i c k e r l a y e r s by t h e l a c k o f space f o r t h e d e f o r m a t i o n 

t o t a k e p l a c e . The r e d u c e d ' s t i f f n e s s ' o f t h e t w o l a y e r s 

w i t h l a r g e r c l e a r a n c e e m p h a s i s e s t h e p o i n t t h a t t h e 

a p p a r e n t m o d u l u s o f t h e e l a s t o m e r l a y e r i s v e r y much 

d e t e r m i n e d by t h e c l e a r a n c e i n t h e j o i n t . 

8.15 F r i c t i o n t e s t s w i t h c o m p l i a n t l a y e r s 

I n g e n e r a l t h e f r i c t i o n t e s t s w i t h t h e e l a s t o m e r l a y e r s 

p r o d u c e d h i g h e r v a l u e s o f f r i c t i o n f a c t o r t h a n had been 

e x p e c t e d f r o m e a r l i e r t r i a l s [Thompson, 1 9 7 9 ] , T h i s 

may be p a r t l y due t o Thompson's m i s i n t e r p r e t a t i o n o f 

h i s f r i c t i o n a l t o r q u e t r a c e s and p a r t l y due t o h i s use 

o f s i l i c o n e f l u i d s as l u b r i c a n t s . The r e s u l t s f o r s i l i c o n e 

f l u i d s i n t h e p r e s e n t work were a l w a y s l o w e r t h a n f o r 

SCMC. S i n c e t h e s i l i c o n e f l u i d i n t e r a c t e d w i t h t h e j o i n t s 

a nd c h a n g e d t h e i r g e o m e t r y , t h e r e s u l t s f o r s i l i c o n e 

f l u i d s and SCMC s o l u t i o n s w i l l be d i s c u s s e d s e p a r a t e l y . 
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8. 16 C o m p l i a n t l i n i n g s l u b r i c a t e d w i t h SCMC 

The d e t a i l e d r e s u l t s o f t h e s e t e s t s were g i v e n i n C h a p t e r 7. 

F i g u r e 8.7 shows a summary g r a p h o f t h e r e s u l t s F o r p o i n t s 

2 and 4 - t y p i c a l l o w l o a d , F a s t m o v i n g an d h i g h l o a d , 

s l o w m o v i n g p o i n t s . The F r i c t i o n F a c t o r s d e c r e a s e d w i t h 

d e c r e a s i n g t h i c k n e s s oF c o m p l i a n t l a y e r . The h i g h l o a d 

p r o d u c e d l o w e r F r i c t i o n F a c t o r s t h a n l o w l o a d s . As t h e 

v i s c o s i t y oF t h e l u b r i c a n t was i n c r e a s e d , t h e F r i c t i o n 

F a c t o r d e c r e a s e d . T h i s i s more m a r k e d F o r t h e l o w 

l o a d p o i n t s t h a n F o r t h e h i g h l o a d s . 

The same s h e a r r a t e was u s e d F o r a l l t h e p o i n t s i n t h e 

c y c l e F o r v i s c o s i t y d e t e r m i n a t i o n s , b u t as t h e s l i d i n g 

s p e e d c h a n g e s t h i s i s n o t n e c e s s a r i l y v a l i d . An e s t i m a t e 

oF t h e F i l m t h i c k n e s s and hence t h e s h e a r - r a t e can be 

o b t a i n e d From t h e a n a l y s i s oF H i g g i n s o n [ 1977] F o r a 

c y l i n d e r on p l a n e g e o m e t r y F o r a t h i n l a y e r on a h a r d 

b a c k i n g . The minimum F i l m t h i c k n e s s i s g i v e n by 

F o r t h e a r t i F i c i a l h i p j o i n t s , we c a n t a k e t h e F o l l o w i n g 

h mm 
0.6 0.2 tin w 

ER ER 
R 

v a l u e s : 

R = 1.2m 

E = 2 x 1 0 B Pa 

r\ = 10 2 P a s. 

Then F o r p o i n t 2 i n t h e c y c l e where 
4 - 1 

w = 2 x 10 Nm 
= 0.02 ms - 1 u 

h = 3 x 10 -5 m m I n 
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and t h e s h e a r r a t e i s 7000 s 

F o r p o i n t 4 i n the c y c l e w i s i n c r e a s e d and u d e c r e a s e d : 
4 - 1 w = 7.5 x 10 Nm 
- 1 

u = 0.002 m s 
h . = 5 x 1 0 ~ 7 m 
mm 

-1 

and t h e s h e a r r a t e i s 4000 s 

T h i s o r d e r of magnitude c a l c u l a t i o n shows t h a t For both 

p a i n t s 2 and 4 i n t h e c y c l e , t h e s h e a r r a t e may be ex-
3 - 1 

p e c t e d t o be g r e a t e r t h a n 10 s . At t h e s e h i g h s h e a r 

r a t e s , t h e v i s c o s i t y v a r i e s l i t t l e and t h e use of t h e same 

v a l u e f o r t h e d i f f e r e n t p o i n t s i n t he c y c l e t h e r e f o r e 

a p p e a r s to be v a l i d . 
These rough c a l c u l a t i o n s i n d i c a t e a f i l m t h i c k n e s s of 

— 7 — B 

10 t o 10 m f o r an e l a s t o h y d r o d y n a m i c f i l m c a u s e d 

by r o l 1 i n g / s i i d i n g . I t i s i n t e r e s t i n g t o compare t h e s e 

v a l u e s w i t h t h e s u r f a c e f i n i s h of t h e j o i n t components. 

F i g u r e 8.8 shows a T a l y s u r f t r a c e of t h e M c K e e - F a r r a r head 

u s e d i n t h e s e t e s t s . F i g u r e 8.9 shows t r a c e s o b t a i n e d 

from t h e two b r a s s p l u g s a g a i n s t which t h e e l a s t o m e r 

was moulded f o r t h e c o m p l i a n t l i n i n g s . The l a r g e r p l u g 

was u s e d f o r t h o s e a c e t a b u l a made w i t h an i n c r e a s e d 

c l e a r a n c e . S i n c e t h e e l a s t o m e r was moulded i n c o n t a c t 

w i t h t h e b r a s s , i t s h o u l d have f a i t h f u l l y r e p r o d u c e d t h e 

s u r f a c e c o n t o u r s . T r a c e s were not t a k e n d i r e c t l y from 

the e l a s t o m e r s u r f a c e because of t h e i n c r e a s e d d i f f i c u l t y 

of t a k i n g t r a c e s on a c o m p l i a n t s u r f a c e , and because t h e 



271 

con c a v e shape of t h e s u r f a c e made the s t y l u s movement 

much more complex. The Ra v a l u e s f o r the components were 

M c K e e - F a r r a r head 0.5 

S m a l l b r a s s p l u g 1.1^m 

L a r g e b r a s s p l u g 0, 7^im, 

T h e r e f o r e to s e p a r a t e t h e two s u r f a c e s c o m p l e t e l y i n 
— 6 

t h e j o i n t would r e q u i r e a f i l m t h i c k n e s s of about 2 x 10 m 

under z e r o l o a d . At i n c r e a s e d l o a d s , t h e a s p e r i t i e s on 

the e l a s t o m e r s u r f a c e would deform, so e f f e c t i v e l y 

r e d u c i n g i t s Ra v a l u e and t h e t h i c k n e s s of f l u i d f i l m 

needed t o s e p a r a t e t h e s u r f a c e s . The p r e v i o u s c a l c u l a t i o n 

s u g g e s t s t h a t t h e r e q u i r e d f i l m t h i c k n e s s e s may be 
g e n e r a t e d , p r o v i d e d t h e l u b r i c a n t h a s a v i s c o s i t y of 

_2 

a t l e a s t 10 Pa s. However, w i t h the p a r t i c u l a r mat­

e r i a l s and d e s i g n u s e d i n the p r o s t h e s e s i t a p p e a r s t h a t 

l a r g e s c a l e d e f o r m a t i o n of t h e l i n i n g [ r a t h e r t h a n 

a s p e r i t y d e f o r m a t i o n ] c o n s i d e r a b l y a f f e c t s t h e f r i c t i o n 

f a c t o r s o b t a i n e d . 

S i n c e h i g h f r i c t i o n f a c t o r s had been o b s e r v e d w i t h 0.25 mm 

r a d i a l c l e a r a n c e i n t h e p r o s t h e s e s , i t was d e c i d e d t o 

e x p e r i m e n t w i t h a l a r g e r c l e a r a n c e [ 0 . 5 mm]. Thus t h e 

a c e t a b u l a r cups Z1 and Y3 were manuf a c t u r e d . I t was a t 

f i r s t thought t h a t the h i g h f r i c t i o n f a c t o r s might be 

c a u s e d by a g r i p p i n g e f f e c t around t h e e q u a t o r i a l r e g i o n 

of t h e j o i n t which would be a l l e v i a t e d by a l a r g e r c l e a r a n c e . 
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The r e s u l t s w i t h an i n c r e a s e d c l e a r a n c e were however 

even h i g h e r t h a n t h o s e w i t h normal c l e a r a n c e . Comparing 

t h e ' s t i f f n e s s e s ' of t h e a c e t a b u l a w i t h t h e i r f r i c t i o n 

f a c t o r r a n k i n g p r o v i d e s an e x p l a n a t i o n f o r t h i s . T a b l e 

7.2 shows t h a t the e x t r a c l e a r a n c e produced p r o s t h e s e s 

which were l e s s ' s t i f f t h a n t h e c o r r e s p o n d i n g l a y e r 

t h i c k n e s s e s w i t h normal c l e a r a n c e . S i n c e i n c r e a s i n g l a y e r 

t h i c k n e s s a l s o r e d u c e s ' s t i f f n e s s ' and i n c r e a s e s f r i c t i o n 

f a c t o r , t h i s ' s t i f f n e s s ' a p p e a r s t o p l a y an i m p o r t a n t 

p a r t i n t h e l u b r i c a t i o n of t h e p r o s t h e s e s . 

The anomalous r e s u l t s f o r t h e 1 mm t h i c k l a y e r , shown 

v e r y c l e a r l y i n F i g u r e 7.29, where t h e f r i c t i o n f a c t o r 

was h i g h e r t h a n would be e x p e c t e d from t h e g e n e r a l t r e n d , 

h a s no r e a l e x p l a n a t i o n . Two d i f f e r e n t l a y e r s were made 

and t e s t e d , both w i t h t h e same h i g h r e s u l t s , but t h e same 

s t e e l base was used f o r ea c h . The p o s s i b i l i t y t h a t t h e 

base was misshapen and p e r h a p s d i d not mount on t h e 

s p e c i a l j i g i n su c h a way t h a t t h e cup was c e n t r a l c a n n o t 

be d i s r e g a r d e d . 

8.17 C o m p l i a n t l i n i n g s l u b r i c a t e d w i t h s i l i c o n e f l u i d s -

The i n d i v i d u a l R e s u l t s f o r e a c h l a y e r t h i c k n e s s have been 

brought t o g e t h e r and t h e r e s u l t s f o r p o i n t s 2 and 4 

a r e d i s p l a y e d i n F i g u r e 8.10. The e f f e c t of l a y e r 

t h i c k n e s s a p p e a r s t o be l e s s . t h a n f o r j o i n t s l u b r i c a t e d 

w i t h SCMC. The shape of t he graph f o r p o i n t 2 s u g g e s t s 
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t h a t a t the l o w e s t v i s c o s i t y [ 9 . 4 x 10 Pa s ] the 

l u b r i c a t i o n mechanism may be mixed, but a s t h e v i s c o s i t y 

of t h e l u b r i c a n t i s i n c r e a s e d t h e F r i c t i o n F a c t o r F a l l s 

t o below 0.1 and t h e n g r a d u a l l y i n c r e a s e s a g a i n i n the 

manner t y p i c a l oF F u l l F l u i d F i l m l u b r i c a t i o n . The low 

v a l u e s oF F r i c t i o n F a c t o r a t p o i n t 4 s u g g e s t t h a t a F u l l 

F l u i d F i l m i s o p e r a t i n g h e r e , d o u b t l e s s h e l p e d by a 

s q u e e z e F i l m mechanism. 

The c o m p o s i t e g r a p h s i n F i g u r e 7.48 show t h a t the F r i c t i o n 

F a c t o r t e n d s t o d e c r e a s e r a t h e r t h a n i n c r e a s e w i t h t h i c k n e s s 

oF t h e c o m p l i a n t l a y e r . The ' s t i f f n e s s ' oF t h e j o i n t s 

a s measured on the I n s t r o n s t i l l d e c r e a s e d w i t h i n c r e a s i n g 

t h i c k n e s s oF l i n i n g a f t e r the s o a k i n g i n s i l i c o n e F l u i d 

[ F i g u r e 8 . 1 1 } . T h i s i m p l i e s t h a t t h e ' s o f t e r ' t h e j o i n t , 

t h e l o w e r t h e F r i c t i o n F a c t o r . The e x c e p t i o n i s F o r the 
_ 3 

l o w e s t v i s c o s i t y s i l i c o n e F l u i d [ 9 . 4 x 10 Pa s ] 

[marked a s '10' on t h e g r a p h ] which h a s an i n c r e a s i n g 

F r i c t i o n F a c t o r w i t h l a y e r t h i c k n e s s . I t a p p e a r s t h e n 

t h a t t h i s F e a t u r e i s p e r h a p s c h a r a c t e r i s t i c oF mixed 

l u b r i c a t i o n and t h a t i F c o n d i t i o n s a r e not s u i t a b l e 

F o r a F u l l F i l m , t h e y a r e made worse by the s o f t l a y e r . 

C a r e must be e x e r c i s e d i n comparing t h e e f f e c t of l a y e r 

t h i c k n e s s i n t h e s i l i c o n e l u b r i c a t e d p r o s t h e s i s . The 

p r o s t h e s e s had a l l been s o a k e d i n f l u i d and s w o l l e n by 

a n o t i c e a b l e amount. T h i s meant t h a t t h e geometry of 
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•the c u p s had changed and t h e y would not a l l have t h e same 

c l e a r a n c e s i n c e the l a r g e r volume of e l a s t o m e r would 

s w e l l more. A rough i n v e s t i g a t i o n of t h i s e f f e c t showed 

t h a t t h e two t h i c k e s t l a y e r s no l o n g e r had any c l e a r a n c e 

and were now an i n t e r f e r e n c e f i t . The p o s s i b i l i t y 

t h a t c o n t a c t a t the p o l e was not a c h i e v e d even under h i g h 

l o a d s c o u l d not be d i s c o u n t e d . Any co m p a r i s o n of t h e f o u r 

s w o l l e n a c e t a b u l a i s t h e r e f o r e comparing changes i n 

g e o m e t r i c a l f i t a s w e l l a s l a y e r t h i c k n e s s . These c h a n g e s 

i n t h e f i t must a f f e c t t h e t r u e c o n t a c t a r e a i n t h e j o i n t . 

With no c o n t a c t between t h e b e a r i n g s u r f a c e s a t t h e p o l e 

o f t h e j o i n t , a pool of l u b r i c a n t w i l l be t r a p p e d h e r e 

and be a b l e t o a c t a s a r e s e r v o i r t o m a i n t a i n a f l u i d 

f l i m . 

8.18 Comparison of r e s u l t s from SCMC and s i l i c o n e 

T h e r e a r e two o b v i o u s d i f f e r e n c e s between the t e s t s w i t h 

SCMC and s i l i c o n e f l u i d s a s l u b r i c a n t s . I n t h e f i r s t 

p l a c e , t h e f r i c t i o n f a c t o r s f o r s i l i c o n e f l u i d s a r e l e s s 

t h a n f o r SCMC. However, the "h^u/L v a l u e s a r e h i g h e r f o r 

s i l i c o n e f l u i d s , s i n c e t h e i r v i s c o s i t i e s were g e n e r a l l y 

g r e a t e r , and so comparing t h e graph of t h e SCMC and s i l i c o n e 

r e s u l t s [ F i g u r e s 8.7 and 8.10] shows t h a t the r e s u l t s 

a r e a p p r o x i m a t e l y c o n t i n u o u s . At p o i n t 2, the SCMC 

r e s u l t s p r o v i d e t h e f a l l i n g f r i c t i o n f a c t o r a s t h e v i s c o s i t y 

i n c r e a s e s and t he s i l i c o n e r e s u l t s t a k e t h e c u r v e t h r o u g h 

i t s minimum and on t o an i n c r e a s i n g t r e n d of f r i c t i o n 
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F a c t o r w i t h v i s c o s i t y , t y p i c a l of F u l l F l u i d F i l m l u b r i c a t i o n . 

The s e c o n d d i f f e r e n c e i s t h e e f f e c t of i n c r e a s i n g t h e 

t h i c k n e s s of t h e l i n i n g on f r i c t i o n f a c t o r . With SCMC 

t h i s i n c r e a s e s t h e f r i c t i o n f a c t o r , whereas w i t h s i l i c o n e 

t h e r e i s i n g e n e r a l a r e d u c t i o n , though not a s pronounced. 

The e f f e c t w i t h SCMC was thou g h t t o be due t o a l o w e r i n g 

of t h e e f f e c t i v e ' s t i f f n e s s ' of t h e j o i n t a s t h e t h i c k n e s s 

of c o m p l i a n t l i n i n g was i n c r e a s e d . F i g u r e 8.11 shows 

t h a t t h e j o i n t s a r e s o f t e r a f t e r s o a k i n g i n s i l i c o n e 

f l u i d , and y e t t h e f r i c t i o n f a c t o r i s re d u c e d . T h i s must 

t h e r e f o r e be an e f f e c t e i t h e r of t h e changed geometry 

and c l e a r a n c e i n t h e j o i n t o r t h e i n t e r a c t i o n of t h e 

l u b r i c a n t w i t h t h e e l a s t o m e r o r a c o m b i n a t i o n of both. 

The e f f e c t of r e d u c i n g c l e a r a n c e so t h a t t h e j o i n t h a l v e s 

were an i n t e r f e r e n c e f i t was d i s c u s s e d i n s e c t i o n 8.17 

where i t was e x p l a i n e d how t h e l a c k of c o n t a c t a t the p o l e 

may i n c r e a s e t h e a v a i l a b i l i t y o f l u b r i c a n t f o r a f u l l 

f l u i d f i l m . I t i s u n l i k e l y t h a t t h e s o a k e d j o i n t w i l l 

'weep' d u r i n g l u b r i c a t i o n t e s t s i n t h e manner s u g g e s t e d 

by McCutchen f o r t h e l u b r i c a t i o n of n a t u r a l j o i n t s . 

I n a l u b r i c a t e d j o i n t , under dynamic l o a d i n g where the 

l o a d i s o n l y a p p l i e d f o r r e l a t i v e l y s h o r t p e r i o d s of ti m e 

t h e r e w i l l be l i t t l e o p p o r t u n i t y f o r t h e f l u i d t o be 

e x p r e s s e d from the e l a s t o m e r . T h i s was borne out by 

the c l e a r a n c e t e s t s i n t h e s w o l l e n j o i n t s which were 

c a r r i e d o u t a f t e r l u b r i c a t i o n t e s t i n g . Dne i m p o r t a n t 
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d i f f e r e n c e i n the b e h a v i o u r of t h e two l u b r i c a n t s i s t h e i r 

a b i l i t y t o 'wet' t h e e l a s t o m e r s u r f a c e . S i l i c o n e f l u i d 

'wets' t h e s u r f a c e of s i l i c o n e e l a s t o m e r , but t he SCMC 

does n o t do so to the same e x t e n t . R o b e r t s [ 1 9 7 1 ] 

n o t i c e d t h i s e f f e c t when u s i n g w a t e r a s a l u b r i c a n t f o r 

s i l i c o n e r u b b e r s p h e r e s on g l a s s s h e e t s and he overcame 

i t by a d d i n g d e t e r g e n t t o t h e wat e r . As t h i s was n o t 

done i n t he p r e s e n t work i t may have r e d u c e d t h e a b i l i t y 

of t h e sys t e m t o form a f l u i d f i l m and hence i n c r e a s e d 

t h e f r i c t i o n f a c t o r . 

The l u b r i c a t i o n t e s t w i t h SCMC on a j o i n t w h i c h had been 

s o a k e d i n s i l i c o n e p r o v i d e s some i n t e r e s t i n g e x t r a 

e v i d e n c e on t h e d i f f e r e n c e i n t h e l u b r i c a n t s . A f t e r t h e 

f i r s t t e s t , where t h e SCMC was o b v i o u s l y c o n t a m i n a t e d 

by s u r f a c e a b s o r b e d s i l i c o n e f l u i d , t h e f r i c t i o n f a c t o r s 

became t h o s e t y p i c a l of SCMC r a t h e r t h a n s i l i c o n e . T h i s 

i m p l i e s t h a t i t i s not t h e s w e l l i n g a l o n e of t h e j o i n t 

which a f f e c t s t h e l u b r i c a t i o n b u t i s l i k e l y t o be c o n n e c t e d 

w i t h t h e l u b r i c a n t i t s e l f , v e r y p r o b a b a l y i t s ' w e t t a b i l i t y ' 

on t h e c o m p l i a n t s u r f a c e . 

8.19 Comparison of r e s u l t s w i t h t h e o r e t i c a l model 

f o r t h e breakdown of f l u i d f i l m l u b r i c a t i o n 

Medley e t a l [ 1 9 8 0 ] have shown t h a t t h e breakdown of 

f l u i d f i l m l u b r i c a t i o n f o r t h e s l i d i n g of an e l a s t o m e r i c 

s u r f a c e o v e r a metal s p h e r e c a n be p r e d i c t e d by t h e 
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c o n d i t i o n 
0. 78 0. 67 

0. 45 0. 22 > 0.902 ± 0.335 F o r a F u l l F i l m 

t o e x i s t . 

T h i s i s based on an i s o v i s c o u s l u b r i c a n t and so s t r i c t l y 

c o u l d o n l y be a p p l i e d t o t h e s i l i c o n e F l u i d s i n the 

p r e s e n t work. U s i n g t y p i c a l v a l u e s F o r p o i n t 2 and a 

i e w e l l above the c r i t i c a l v a l u e F o r a F u l l e l a s t o -

hydrodynamic F i l m . F o r a h i g h l y l o a d e d p o i n t , i t i s 

n e c e s s a r y t o c o n s i d e r t h e e f f e c t oF p r e s s u r e on v i s ­

c o s i t y , but s i n c e t h i s i s s m a l l a t the p r e s s u r e s Found 

i n a j o i n t , even F o r s i l i c o n e F l u i d s , t h e t h e o r y can 

s t i l l be a p p l i e d and r e s u l t s i n a v a l u e oF a p p r o x i m a t e l y 

10 F o r the F a c t o r - s t i l l w e l l above t h e c r i t i c a l v a l u e 

F o r a F u l l F i l m . 

8 .20 Squeeze F i l m s 

I t i s u n l i k e l y d u r i n g the h i g h l y l o a d e d slow moving 

p a r t oF the s i m u l a t o r c y c l e t h a t a F l u i d F i l m can be 

m a i n t a i n e d by an e l a s t o h y d r o d y n a m i c a c t i o n a l o n e . The 

s queeze F i l m mechanism, F i r s t s u g g e s t e d 

by F e i n i n 1967, must p l a y an i m p o r t a n t r o l e i n m a i n t a i n ­

i n g a F l u i d f i l m d u r i n g t h e h i g h l y l o a d e d p a r t s of the 

c y c l e . The rough c a l c u a t i o n s oF F i l m t h i c k n e s s produced 

by hydrodynamic a c t i o n i n t h e h i g h l y l o a d e d p a r t oF t h e 

c y c l e produced a v a l u e oF F i l m t h i c k n e s s oF 5 x 10 ^ m 
_2 

F o r a v i s c o s i t y oF 10 Pa s. T h i s i s l e s s t h a n t h e 

Ra v a l u e s F o r the s u r f a c e s . What f i l m t h i c k n e s s does a 

s i m i l a r c a l c u l a t i o n f o r squeeze f i l m a c t i o n p r o d u c e ? 

v i s c o s i t y of 10 -3 Pa s, t h i s f a c t o r becomes about 90 
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H i g g i n s o n C1977] u s e s a s i m p l e a pproximate F o r m u l a 

t o c a l c u l a t e t h e F i l m t h i c k n e s s a f t e r a g i v e n t i m e : 

S - < * ) " " & ) ' " 
As E i s t h e e q u i v a l e n t e l a s t i c modulus, the a p p r o x i m a t i o n 

g 

E = 3 x 10 Pa w i l l be u s e d s i n c e t h i n l a y e r s a r e i n v o l v e c 

U s i n g R = 2.5 m 

P = 1500N 

Y\ = 1 0 " 2 Pa s 

t = 0. 5 s 
_5 

g i v e s h 2; 8 x 10 m. 

T h i s i s two o r d e r s of magnitude l a r g e r t h a n F o r hydro-

dynamic a c t i o n and c e r t a i n l y s u F F i c i e n t to m a i n t a i n 

a F l u i d F i l m . 
C hanging t h e c l e a r a n c e i n t h e j o i n t w i l l a l t e r t h e 

v a l u e oF R. F o r 0.5 mm r a d i a l c l e a r a n c e > R becomes B.3 m. 
_5 

The p r e d i c t e d F i l m t h i c k n e s s i s t h e n 2.5 x 10 m̂  

l e s s t h a n b e f o r e , i e t h e c l o s e r t h e two s u r f a c e s conform, 

th e b e t t e r From a sque e z e F i l m p o i n t oF view. 
The s q e e z e F i l m a c t i o n depends on t h e p r e s e n c e oF a t h i c k 

F i l m between t h e two s u r f a c e s when the l o a d i s a p p l i e d 

i e t h e low l o a d p a r t oF t he c y c l e , where t h e s l i d i n g speec 

i s h i g h e r must a c t t o draw F l u i d i n t o t h e c o n t a c t a r e a . 

The c a l c u l a t i o n s oF t h e e l a s t o h y d r o d y n a m i c F a c t o r i n 

the p r e v i o u s s e c t i o n showed t h a t t h e c o n d i t i o n s were i n 

th e F u l l e l a s t o h y d r o d y n a m i c F i l m r e g i o n . Why t h e n a r e 
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t h e r e c o r d e d F r i c t i o n F a c t o r s so h i g h i n the low l o a d 

r e g i o n F o r t h e c o m p l i a n t l a y e r s ? The t o t a l F r i c t i o n 

F a c t o r i s made up oF 3 components: 

^ = ^ c + ^ h + ^ F 

where JL» i s due t o c o n t a c t between a s p e r i t i e s c 
ty i s c a u s e d by h y s t e r e s i s e f f e c t s i n the e l a s t o m e r ' h 
jji ̂ . i s the c o n t r i b u t i o n From t h e F l u i d F i l m . 

I F t h e r e were no F l u i d F i l m i n t h e low l o a d e d p a r t oF 

the c y c l e , i t seems i m p r o b a b l e t h a t i t s h o u l d a p p e a r i n 

the h i g h l y l o a d e d p a r t s , y e t i n t h e s e p a r t s t h e F r i c t i o n 

F a c t o r i s low and must be F l u i d F i l m . P e r h a p s i n t h e 

low l o a d r e g i o n , makes a l a r g e c o n t r i b u t i o n and we 

have a l s o s e e n t h a t t h e e c c e n t r i c i t y p r e s e n t i f t he j o i n t 

i s c o n s i d e r e d a s a j o u r n a l b e a r i n g t e n d s t o r e d u c e 

the measured f r i c t i o n f a c t o r a t h i g h l o a d s . 

8.21 Dependence of f r i c t i o n f a c t o r on p o s i t i o n i n t h e 

c y c l e 

W ith both n a t u r a l and a r t i f i c i a l j o i n t s t h e dependence 

of t h e f r i c t i o n f a c t o r w i t h p o s i t i o n i n t h e c y c l e h a s 

been noted. I n p a r t i c u l a r , the low v a l u e s of f r i c t i o n 

f a c t o r u s u a l l y o b t a i n e d a t p o i n t 1 compared w i t h p o i n t 3 

which h a s n o m i n a l l y the same u/L v a l u e were p a r t i c u l a r l y 

n o t i c e a b l e . The r e s u l t s f o r j o i n t s l u b r i c a t e d w i t h 

s i l i c o n e f l u i d s , however, d i d n o t d i s p l a y t h i s s e p a r a t i o n 

of f r i c t i o n f a c t o r v a l u e s f o r p o i n t s 1 and 3. One p o s s i b l e 

e x p l a n a t i o n i s t h a t a l t h o u g h t h e s l i d i n g s p e e d s were t h e 

same a t t h e two p a i n t s , t h e spe e d i s i n c r e a s i n g a t p o i n t 1 

and d e c r e a s i n g a t p o i n t 3. The s e p a r a t i o n of t h e b e a r i n g 

s u r f a c e s may t h e r e f o r e be d i f f e r e n t so the l u b r i c a n t 
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v i s c o s i t y w i l l be d e c r e a s i n g a t p o i n t 1, r a t h e r t h a n i n ­

c r e a s i n g a s a t p o i n t 3, and t h i s may l e a d t o a l o w e r F r i c t i o n 

F a c t o r . As t h e v i s c o s i t y oF s i l i c o n e i s c o n s t a n t a t 

a l l s h e a r r a t e s , t h e s i l i c o n e t e s t s would not be a f f e c t e d 

i n t h i s way. 

An a l t e r n a t i v e e x p l a n a t i o n c o n s i d e r s t h e deFormation oF 

th e c a r t i l a g e o r e l a s t o m e r , both on a macro and an a s p e r i t y 

l e v e l . The h i g h l y l o a d e d p a r t oF t h e c y c l e p r o d u c e s a 

h i g h l e v e l oF deFormation. When t h e l o a d i s s u d d e n l y 

removed, t h e c o m p l i a n t l a y e r w i l l t a k e a F i n i t e time t o 

r e c o v e r and hence t h e F r i c t i o n F a c t o r a t p o i n t 1 , j u s t 

a f t e r t h e l o a d h a s been removed, may remai n low. I n 

e f f e c t , t h i s p o i n t w i l l have a l a r g e r f i l m t h i c k n e s s t h a n 

would be p r e d i c t e d by c o n s i d e r a t i o n of t h e a c t u a l con­

d i t i o n s a t t h a t t ime. As t h e c o m p l i a n t l a y e r r e c o v e r s , 

the f r i c t i o n f a c t o r r i s e s . T h i s e f f e c t would be much 

l e s s n o t i c e a b l e w i t h s i l i c o n e f l u i d s s i n c e t h e f r i c t i o n 

F a c t o r s a r e n e v e r h i g h . 

The s h e a r d e F o r m a t i o n oF t h e e l a s t o m e r and t h e F i n i t e 

time t o c a u s e i t t o r e v e r s e i t s d i r e c t i o n may e x p l a i n 

t h e l a g oF t h e F r i c t i o n t r a c e when the c a r r i a g e changes 

d i r e c t i o n . F i g u r e 8.12 shows t h a t t h e F r i c t i o n t r a c e 

does not change a s r a p i d l y a s e x p e c t e d F o r h a r d s u r f a c e s . 

A n a l y s i s of t h e l u b r i c a t i o n mechanism i n a h i p j o i n t i s 

c o m p l i c a t e d by the c h a n g i n g s l i d i n g s p e e d s and t h e dynamic 
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l o a d i n g p a t t e r n , but t h e r e i s e v i d e n c e t o show t h a t both 

t h e s e c o n d i t i o n s h e l p t o r e d u c e t h e F r i c t i o n i n t he j o i n t 

by m a i n t a i n i n g a F l u i d F i l m between the s u r f a c e s . 



282 

R e f e r e n c e P f o r h y a l u r o n i d a s e P f o r t r y p s i n R e f e r e n c e 

P o i n t 2 P o i n t 4 P o i n t 2 P o i n t 4 

H2 0.005 0. 98 0.2 0. 1 
H3 0.05 0.2 0.5 0.02 

H5 0. 001 0.6 - -
H6 0. 005 0.3 0.5 0.7 
H8 0.01 0.5 0.4 0 . 2 
H9 0.2 0.6 - -

Combined 0. 05 - - — 

T a b l e 8.1 

R e s u l t s of S t u d e n t - t t e s t f o r h y a l u r o n i d a s e and 

t r y p s i n d i g e s t i o n . 
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F i g u r e 8. 1 

E f f e c t oF offset, oc, oF j o u r n a l b e a r i n g on measured 

t o r q u e . 
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F i g u r e 8.2 

Dependence of v i s c o s i t y on s h e a r r a t e F o r s a m p l e s oF 
s y n o v i a l F l u i d [ w i t h added h y a l u r o n i c a c i d ] and SCMC. 
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V.2/333 MADE IN ENGLAND ' 
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F i g u r e 8.8 

T a l y s u r F t r a c e of M c K e e - F a r r a r head v e r t i c a l mag x 10,000 
h o r i z o n t a l mag x 20. 
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M A D E IN E N G L A N D 

1 

DN L E I C E S T E R 

[ a ] V e r t i c a l mag x 200D h o r i z o n t a l mag x 20 

M A D E IN E N G L A N D 

29 

3 s 

RANK TAY 

[bO V e r t i c a l mag x 5000 h o r i z o n t a l mag x 20 

F i g u r e 8.9 Ca] and Co] 

T a l y s u r f t r a c e s of s u r f a c e of b r a s s p l u g s u s e d F o r 
moulding c o m p l i a n t l a y e r s 
Ca] 0.50 mm r a d i a l c l e a r a n c e 
Cb] 0.25 mm r a d i a l c l e a r a n c e . 
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F i g u r e 8.11 

' S t i f f n e s s ' of unsoaked and s i l i c o n e f l u i d s o aked a c e t a b u l a 
a g a i n s t l i n i n g t h i c k n e s s . 
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F i g u r e 8.12 

T y p i c a l t r a c e s o b t a i n e d F o r F r i c t i o n a l t o r q u e . 
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CHAPTER NINE 

CONCLUSIONS 

T h i s work h a s shown t h a t t h e h i p F u n c t i o n s i m u l a t o r 

can be u s e d F o r t e s t i n g both n a t u r a l and a r t i F i c i a l 

h i p j o i n t s and t h e i r l u b r i c a n t s . The human h i p j o i n t s 

were t e s t e d w i t h both n a t u r a l and s y n t h e t i c l u b r i c a n t s . 

The s y n t h e t i c l u b r i c a n t s u s e d w i t h t h e human h i p j o i n t s 

d e m o nstrate t h e v a l u e s oF F r i c t i o n F a c t o r o b t a i n e d o v e r 

a wide range oF v i s c o s i t i e s . S i l i c o n e F l u i d , a Newtonian 
-3 

l i q u i d , was u s e d w i t h v i s c o s i t i e s From 9.4 x 10 Pa s 

up t o 29.1 Pa s and t h e r i s i n g c h a r a c t e r i s t i c oF F r i c t i o n 

F a c t o r w i t h v i s c o s i t y , t y p i c a l oF F u l l F l u i d F i l m l u b r i ­

c a t i o n was o b s e r v e d a t v i s c o s i t i e s above 0.1 Pa s. The 

SCMC s o l u t i o n s u s e d had l o w e r v i s c o s i t i e s a t h i g h s h e a r 

r a t e s t h a n t h e s i l i c o n e F l u i d s and c o n s e q u e n t l y d i s p l a y e d 

a mixed l u b r i c a t i o n mechanism i n t h e low l o a d r e g i o n 

a l t h o u g h a t h i g h l o a d s t h e F r i c t i o n F a c t o r was a l m o s t 

c o n s t a n t . I t a p p e a r s t h a t t h e c o m b i n a t i o n oF e l a s t o -

hydrodynamic, squ e e z e F i l m and d e f o r m a t i o n e f f e c t s a t 

h i g h l o a d s l e a d t o a F r i c t i o n F a c t o r a l m o s t i n d e p e n d e n t 

oF r j u / L F o r both n a t u r a l j o i n t s and e l a s t o m e r i c l i n e d 

p r o s t h e s e s . 

The a d d i t i o n oF h y a l u r o n i c a c i d t o s y n o v i a l F l u i d s a m p l e s 

produced a range oF l u b r i c a n t s F o r t he human j o i n t s 

which a p p e a r e d t o demonstrate F l u i d F i l m l u b r i c a t i o n 
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F o r v i s c o s i t i e s g r e a t e r t h a n 0.025 Pa s - a v i s c o s i t y which 

i s p l a u s i b l e F o r h e a l t h y F l u i d . 

D i g e s t i o n by h y a l u r o n i d a s e reduced t h e v i s c o s i t y oF 

the s y n o v i a l F l u i d and a l s o i n c r e a s e d t h e F r i c t i o n F a c t o r 

a t low l o a d s . T h i s may have been c a u s e d by a t r a n s i t i o n 

From F l u i d F i l m t o mixed l u b r i c a t i o n a s t h e v i s c o s i t y 

became s i m i l a r to t h a t oF water. At h i g h l o a d s , a s 

e x p e c t e d , t h e d i g e s t i o n produced no s i g n i f i c a n t d i f f e r e n c e 

i n F r i c t i o n F a c t o r . 

T r y p s i n d i g e s t i o n oF t h e s y n o v i a l F l u i d d i d not make any 

s i g n i f i c a n t d i f f e r e n c e t o f r i c t i o n f a c t o r . T h i s i m p l i e s 

t h a t t h e p r o t e i n c o n t e n t of t h e s y n o v i a l f l u i d i s not 

s o l e l y r e s p o n s i b l e f o r l u b r i c a t i o n , and t h a t t h e h y a l u r o n i c 

a c i d , a c t i n g a s a v i s c o s i t y - r a i s e r , p l a y s a v e r y i m p o r t a n t 

r o l e , c e r t a i n l y d u r i n g dynamic l o a d i n g . 

The work w i t h c o m p l i a n t l i n i n g s showed t h a t t h e t h i n n e r 

the l i n i n g , t h e lower t h e f r i c t i o n f a c t o r s o b t a i n e d when 

l u b r i c a t e d w i t h SCMC. A t h i n n e r l i n i n g i s a l s o l e s s com­

p l i a n t and f u t u r e work s h o u l d c o n s i d e r t h e use of l e s s 

F l e x i b l e e l a s t o m e r s . 

F u t u r e work w i t h c o m p l i a n t l i n i n g s must a t t e m p t t o r e s o l v e 

the problem oF t h e h i g h F r i c t i o n F a c t o r s o b t a i n e d w i t h 

low l o a d s . T h i s may be improved by t h e use oF a s t i f f e r 

e l a s t o m e r i c l a y e r , o r , i F t h e t e c h n o l o g y a l l o w s i t , a 
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t h i n n e r l a y e r . The i n t e r a c t i o n of t h e s i l i c o n e e l a s t o m e r 

and s i l i c o n e f l u i d which produced low f r i c t i o n f a c t o r s 

was i n t e r e s t i n g and work based on an e l a s t o m e r permeable 

to a w a t e r b a s e d non-Newtonian l u b r i c a n t s u c h a s SCMC c o u l d 

l e a d t o new p o s s i b i l i t i e s f o r p r o s t h e s e s . 

I n c o n s i d e r i n g a programme of f u r t h e r work on the s i m u l a t o r 

a p r i o r i t y would seem t o be t o automate t h e d a t a c o l l e c t i o n 

and a n a l y s i s . A microcomputer c o u l d be u s e d t o r e c o r d 

t h e l o a d , d i s p l a c e m e n t and f r i c t i o n a l t o r q u e from a 

t e s t i n a d i g i t i z e d form and e i t h e r p r o c e s s t h e r e s u l t s 

d i r e c t l y o r combine them w i t h r e s u l t s f o r o t h e r l u b r i c a n t s 

to produce g r a p h s of the form u s e d i n t h i s t h e s i s . T h i s 

would g r e a t l y r e d u c e the tedium and e n a b l e t h e a n a l y s i s 

t o be p e r f o r m e d a t more p a i n t s t h r o u g h o u t the c y c l e . 

A f u r t h e r r e f i n e m e n t would be t o use t h e computer t o 

c o n t r o l t h e i n p u t s t o the s i m u l a t o r i e t o c o n t r o l the 

o s c i l l a t i o n speed and a m p l i t u d e , and t h e l o a d c y c l e 

a p p l i e d t o t h e j o i n t . T h i s would r e q u i r e a major a l t e r ­

a t i o n of the h y d r a u l i c c i r c u i t i n t he s i m u l a t o r , but i t 

would be v e r y a d v a n t a g e o u s t o b e a b l e t o s p e c i f y a l o a d i n g 

c y c l e i n d e t a i l . As w e l l a s p r o d u c i n g a more r e f i n e d 

w a l k i n g c y c l e , t h e s i m u l a t o r c o u l d t h e n be u s e d f o r o t h e r 

t y p e s of l o a d i n g . 

One of t h e a d v a n t a g e s , however, of a s i m p l i f i e d l o a d i n g 

c y c l e i s the use of t h e a v e r a g i n g t e c h n i q u e t o e l i m i n a t e 

e r r o r s c a u s e d by o f f - c e n t r e l o a d i n g . The problems of 
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mounting j o i n t s c e n t r a l l y 

must be i n v e s t i g a t e d i f a 

to be used. 

[ p a r t i c u l a r l y n a t u r a l j o i n t s ] 

more complex l o a d i n g c y c l e i s 
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APPENDIX 1 

R e s u l t s f o r h i p j o i n t : H10 t e s t e d w i t h s y n o v i a l F l u i d and 

u r a t e c r y s t a l s 

T h i s j o i n t was use d f o r some p r e l i m i n a r y t e s t s t o i n v e s ­

t i g a t e t h e e f f e c t of t h e p r e s e n c e of u r a t e c r y s t a l s i n 

s y n o v i a l f l u i d . T hese c r y s t a l s a r e d e p o s i t e d i n j o i n t s 

i n gouty c o n d i t i o n s and i t was wondered whether they 

would a f f e c t t h e f r i c t i o n f a c t o r o b t a i n e d . 

The j o i n t was a 70 y e a r o l d fe m a l e h i p i n good c o n d i t i o n . 

I t had a d i a m e t e r of 46 mm. 

The u r a t e c r y s t a l s were o b t a i n e d From Or P P i a t t a t t h e 

Department oF Rheumatology, R o y a l V i c t o r i a I n F i r m a r y , 

N e w c a s t l e . Two s u s p e n s i o n s oF c r y s t a l s i n d i s t i l l e d 
_ 1 

wa t e r were made: t h e c o n c e n t r a t i o n s were 10.7 mg ml 
_ 1 

and 28.7 mg ml . The c o n t r o l s a m p l e s oF s y n o v i a l 

F l u i d had 0.1 ml d i s t i l l e d w a t e r added t o 1.0 ml F l u i d . 

The s a m p l e s oF F l u i d p l u s c r y s t a l s had 0.1 ml oF c r y s t a l 

s u s p e n s i o n added t o 1.0 ml s y n o v i a l F l u i d . F i g u r e A1.1 

shows t h e r e s u l t s o b t a i n e d F o r p o i n t 2 [ l o w l o a d ] and 

p o i n t 4 [ h i g h l o a d ] . At h i g h l o a d s t h e F r i c t i o n f a c t o r 

was g e n e r a l l y i n c r e a s e d by t h e p r e s e n c e of t h e c r y s t a l s 

w hereas a t the low l o a d , o n l y t h e h i g h e r c o n c e n t r a t i o n 

of c r y s t a l s i n c r e a s e d t h e F r i c t i o n F a c t o r ; t h e lo w e r 

c o n c e n t r a t i o n a p p e a r e d t o r e d u c e i t . 
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J o i n t H10. L u b r i c a t e d by s y n o v i a l F l u i d w i t h and w i t h o u t 
t h e a d d i t i o n oF u r a t e c r y s t a l s . S i n g l e h a t c h i n g shows 
i n c r e a s e i n F r i c t i o n F a c t o r a f t e r a d d i t i o n oF c r y s t a l s , 
c r o s s h a t c h i n g shows d e c r e a s e . 
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APPENDIX 2 

E f f e c t of f i n i n t e t h i c k n e s s of e l a s t o m e r sample on 

e l a s t i c modulus measured by an i n d e n t a t i o n method 

Wate r s C1965] d e r i v e d an e m p i r i c a l r e l a t i o n s h i p f o r t h e 

i n c r e a s e i n a p p a r e n t e l a s t i c modulus found w i t h i n d e n ­

t a t i o n t e s t s on t h i n s a m p l e s of e l a s t o m e r . 

From t h e t h e o r y of c o n t a c t of two s p h e r e s [Timoshenko 

and G o o d i e r , 1951] i t can be shown t h a t , i f one s p h e r e 

i s r i g i d and of r a d i u s R and t h e o t h e r e l a s t i c and of 

i n f i n i t e r a d i u s , 

t h e depth of i n d e n t a t i o n , d e 

81P 

25BE 2R 

1/3 

C 1] 

and t h e r a d i u s of c o n t a c t , [ 2 ] 

Now i f t h e p l a n e e l a s t i c l a y e r i s o n l y of depth t , 

the s t r e s s p a t t e r n w i l l be d i s t o r t e d but can be assumed 

to be g e o m e t r i c a l l y s i m i l a r f o r any g i v e n r a t i o of t / a . 

T h e r e f o r e e q u a t i o n [ l ] may be w r i t t e n a s : 

d = t 
81P 

25BE 2R 

\ 
... C 3 ] 

' t / 

where f [ t / a ^ ] i s an unknown d i m e n s i o n l e s s f u n c t i o n . 

Assuming t h a t f o r s m a l l v a l u e s of d , â _ i s d e t e r m i n e d 

by d̂ _ and R, e q u a t i o n [ 2 ] becomes: 

V = «V • • • [4) 

P l o t t i n g h i s d a t a i n t h e form f C t / a ^ ] a g a i n s t t / a ^ , 

W a t e r s found t h a t F [ t / w a s a u n i v e r s a l f u n c t i o n of 
the form: 
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-At 
[ 5 ] 

where t h e c o n s t a n t A = 0.41 F o r a n o n - 1 u b r i c a t e d l o w e r 

boundary. S u b s t i t u t i n g e q u a t i o n s [ 4 ] and [ 5 ] i n [ 3 ] 

g i v e s 

3/2 
-A1-. 

1 - exp 
9PR 

-o© ~ -q 
16a L a t J 

. . . [ 6 ] 

o r , s i n c e 

9PR 
16a. " 

[ 7 ] 

-of 1 - exp •At 3/2 
. . C8) 

T h i s e q u a t i o n can be a p p l i e d t o t h e v a l u e s oF modulus 

o b t a i n e d F o r t h e s l a b s oF e l a s t o m e r , u s i n g an a v e r a g e 

v a l u e oF a . T a b l e A2.1 shows t h e v a l u e s c a l c u l a t e d 

F o r u s i n g t h e v a l u e s oF â _ F o r a t o t a l mass oF 

0.384 Kg l o a d i n g t h e l e n s . 



302 

J o i n t 
r e f e r e n c e 

S l a b 
t h i c k n e s s 
t [mm] 

a t 
C mm] 

E 
t 

[MPa] [MPa] 

AO 3.5 3.7 2. 63 0 .48 
A1 3.5 3.8 2.61 0.46 
A2 6.5 4.2 1.72 0 .55 
A3 6.5 4.0 1 .94 0 . 66 
DO 6.5 4.0 2.00 0.68 
Y3 6.5 4.0 2. 08 0.71 
Z1 6.5 3.9 2. 14 0.75 
• 1 6.5 4.5 1 . 33 0.40 

T a b l e A2.1 

C a l c u l a t e d v a l u e s of E^o u s i n g Waters' e m p i r i c a l 

r e l a t i o n . 
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APPENDIX 3 

Data c o l l e c t i o n and p r o c e s s i n g f o r a r t i f i c i a l j o i n t s 

Measurements t a k e n from t h e t r a c e s o b t a i n e d from 

the s i m u l a t o r were r e c o r d e d on a d a t a s h e e t , an 

example of which i s shown i n F i g u r e A3.1. T h i s was 

e n t e r e d , a l o n g w i t h o t h e r d a t a from t h e same j o i n t i n t o 

a f i l e , named f o r j o i n t A2, JA2.DAT. 

The program MU2.FTN, w r i t t e n i n FORTRAN, r e a d t h e d a t a 

from t h e i n p u t f i l e , p r o c e s s e d i t and o u t p u t f r i c t i o n 

f a c t o r and Tju/L v a l u e s f o r e a c h l u b r i c a n t i n t o t h e o u t p u t 

f i l e MUA2.DAT. The graph p l o t t i n g r o u t i n e GA4.FTN 

r e q u e s t s t h e u s e r t o s p e c i f y t h e j o i n t and p o i n t number 

Cl - 5 ] r e q u i r e d . I t t h e n s e l e c t s t h e c o r r e c t d a t a from 

t h e a p p r o p r i a t e o u t p u t f i l e , s c a l e s and p l o t s i t . The 

g r a p h s a r e p l o t t e d w i t h d i f f e r e n t symbols f o r the t h r e e 

s p e e d s of o s c i l l a t i o n . 
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