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Abstract 

The response of human, a d u l t a r t i c u l a r c a r t i l a g e to compressive 
loading has been i n v e s t i g a t e d i n t h i s study. 

F u l l thickness specimens of p a t e l l a r c a r t i l a g e were subjected to 
compressive loading e i t h e r i n a Scanning E l e c t r o n Microscope (SEM) 
or i n one of the two conventional t e s t i n g machines. 

Testing i n the SEM meant t h a t video recordings could be made of the 
deformation which occurred during loading, and subsequent analysis 
of these video recordings enabled the determination of the v a r i a t i o n 
i n the mechanical p r o p e r t i e s through the thickness of the c a r t i l a g e . 

Testing of i n d i v i d u a l s l i c e s of c a r t i l a g e and repeated t e s t i n g of 
specimens reduced i n thickness by the removal of successive s l i c e s 
of c a r t i l a g e were performed i n the conventional t e s t i n g machines. 
The r e s u l t s of these t e s t s also give an i n d i c a t i o n as to the 
v a r i a t i o n i n mechanical p r o p e r t i e s w i t h depth. 

Results i n d i c a t e t h a t the compliance of normal p a t e l l a r c a r t i l a g e 
i s highest i n the s u p e r f i c i a l zone, decreases to a minimum i n the 
mid-zone and increases again s l i g h t l y i n the deep zone. 

The f u l l thickness t e s t s were used to determine the e f f e c t ( i f any) 
of age, s i t e of specimen, storage procedure and v a r i a t i o n s i n water 
and uronic acid content on the response of the t i s s u e . 

These r e s u l t s show t h a t the compliance of a r t i c u l a r c a r t i l a g e i s 
h i g h l y dependent on the age of the t i s s u e , i n c r e a s i n g w i t h age, and 
t h a t specimens stored a t - 20°C show, on average, a higher value of 
compliance than specimens stored at + 4°C. 

No systematic v a r i a t i o n i n compliance of specimen w i t h s i t e was 
observed and there was no c o r r e l a t i o n between e i t h e r water or uronic 
acid content and compliance. 
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CHAPTER 1 

INTRODUCTION 

( 2 7 NOV 1981 ) 



INTRODUCTION 

The human body i s made up of a great v a r i e t y of t i s s u e s , each 
performing s p e c i f i c f u n c t i o n s and each, i n i t s healthy s t a t e , w e l l 
s u i t e d to the performance of these f u n c t i o n s . 

One of the main groups of tissues of i n t e r e s t to bioengineers are 
the load bearing o r s t r u c t u r a l t i s s u e s of the body. An under­
standing of the loading to which these tissues are subjected, how 
the healthy tissues withstand and trans m i t the loads and why 
changes i n the t i s s u e make i t unable to perform i t s r e q u i r e d 
f u n c t i o n , may help i n the diagnosis and treatment of many diseases. 

A r t i c u l a r c a r t i l a g e i s a t i s s u e which has been studied by many 
bioengineers. I t i s a very important s t r u c t u r a l t i s s u e of the 
body which, i n i t s healthy s t a t e , enables the a r t i c u l a t i n g j o i n t s 
of the body to f u n c t i o n p r o p e r l y . For many years i t has been 
po s t u l a t e d t h a t the cause of a r t h r i t i s i s degeneration of the 
a r t i c u l a r c a r t i l a g e i n the a f f e c t e d j o i n t . However, despite the 
amount of time and e f f o r t which has been applied to the problem 
the mechanisms by which a r t i c u l a r c a r t i l a g e becomes d i s r u p t e d and, 
t h e r e f o r e , unable to perform i t s normal f u n c t i o n s , are not f u l l y 
understood. 

A r t i c u l a r c a r t i l a g e i s a t h i n l a y e r of connective t i s s u e , 
approximately 2 - 4 mm t h i c k i n the l a r g e human j o i n t s such as the 
knee and h i p , which covers the a r t i c u l a t i n g ends of bones i n 
s y n o v i a l j o i n t s . 

The main f u n c t i o n s of a r t i c u l a r c a r t i l a g e appear to be to enable 
the a r t i c u l a t i n g bones to tr a n s m i t high loads w h i l s t m a i n t a i n i n g 
low contact stresses and to move over each other w i t h very l i t t l e 
f r i c t i o n a l r e s i s t a n c e . 

Although a r t i c u l a r c a r t i l a g e can s u c c e s s f u l l y perform these 
f u n c t i o n s f o r the e n t i r e l i f e - s p a n of an i n d i v i d u a l , d i s r u p t i o n 
of i t s s t r u c t u r e and consequently f a i l u r e of f u n c t i o n i s a 
common occurrence among the pop u l a t i o n . 

D i s r u p t i o n of a r t i c u l a r c a r t i l a g e , known as f i b r i l l a t i o n , i s 
char a c t e r i s e d by s p l i t t i n g and f r a y i n g of the t i s s u e and, on 
naked eye examination, f i b r i l l a t e d c a r t i l a g e has a 'matt' 
appearance i n comparison w i t h i t s normal 'glossy' appearance. 
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Although i t i s thought t h a t f i b r i l l a t i o n may occur as an age 
r e l a t e d change of no c l i n i c a l s i g n i f i c a n c e , i t also seems l i k e l y 
t h a t i t represents the i n i t i a l stages of o s t e o a r t h r o s i s . 

Osteoarthrosis i s a non-inflammatory diso r d e r of a r t i c u l a t i n g 
j o i n t s where d i s r u p t i o n and t h i n n i n g of the c a r t i l a g e , o f t e n 
leading to exposure of u n d e r l y i n g bone, i s accompanied by 
formation of new bone at the a r t i c u l a t i n g surface. The r e s u l t 
of these changes i s o f t e n severe pain and disablement of the 
a f f e c t e d j o i n t which i n most cases can only be r e l i e v e d by 
replacement of the j o i n t by a p r o t h e s i s . 

The incidence of o s t e o a r t h r o s i s and i t s r e l a t i o n s h i p to age was 
i n v e s t i g a t e d by Heine (1926). I n one thousand r o u t i n e post­
mortems he found t h a t i n the knee the incidence was approximately 
3% at 20 years, 457, at 40 years, 80% a t 60 years and 95% at 80 
years. 

The s o c i a l s i g n i f i c a n c e of such widespread occurrences of a r t i c u l a r 
c a r t i l a g e d i s r u p t i o n i s h i g h l i g h t e d by the f a c t t h a t i n the U.K. 
a r t h r i t i s and rheumatism together rank f o u r t h as the cause of days 
l o s t from work because of sickness, seventh i n general p r a c t i o n e r 
c o n s u l t a t i o n s , e i g h t h i n o u t - p a t i e n t r e f e r r a l s and eleventh i n days 
spent i n h o s p i t a l (Freeman and Swanson 1975). 

One of the fundamental s t a r t i n g p o i n t s i n determining how and why 
o s t e o a r t h r o s i s develops must be a complete understanding of the 
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 . Only when t h i s 
i n f o r m a t i o n i s a v a i l a b l e , combined w i t h i n f o r m a t i o n about the 
loading and p o s s i b l e biochemical changes due to enzyme a c t i v i t y , 
which can occur i n a r t i c u l a r c a r t i l a g e i n v i v o , can we hope to 
develop th e r a p e u t i c methods of e i t h e r preventing or c u r i n g 
o s t e o a r t h r o s i s . 

I n t h i s i n v e s t i g a t i o n the mechanical p r o p e r t i e s of both normal 
and os t e o a r t h r o t i c human a r t i c u l a r c a r t i l a g e was studied. I n 
p a r t i c u l a r the v a r i a t i o n i n p r o p e r t i e s throughout the thickness 
of the c a r t i l a g e has been s t u d i e d , by d i r e c t observation i n a 
Scanning E l e c t r o n Microscope (SEM) and by i n d i r e c t measurement 
i n two mechanical t e s t i n g machines. 

Although there have been many previous i n v e s t i g a t i o n s i n t o the 
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 , none has y i e l d e d 
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d e t a i l e d i n f o r m a t i o n as to the v a r i a t i o n i n p r o p e r t i e s w i t h depth 
during compressive lo a d i n g . I t i s f e l t t h a t t h i s i n f o r m a t i o n 
w i l l be u s e f u l not only i n p r e d i c t i n g the stresses and s t r a i n s 
which occur i n a r t i c u l a r c a r t i l a g e i n v i v o but also p o s s i b l y i n 
determining the a e t i o l o g y of o s t e o a r t h r o s i s . 

The f i r s t technique e n t a i l e d dynamic t e s t i n g of a r t i c u l a r 
c a r t i l a g e i n an SEM and v i s u a l l y recording the deformation which 
occurred, using video recording equipment. Subsequent analysis 
of the video r e c o r d i n g , combined w i t h measurements of o v e r a l l 
deformation and loadi n g , enabled c o r r e l a t i o n between l o c a l 
deformation and gross loading and deformation. 

An SEM was used r a t h e r than a conventional l i g h t microscope 
because of the great e r depth of f i e l d a v a i l a b l e and the ease w i t h 
which recordings can be made. I t was f e l t t h a t these advantages 
would outweigh any disadvantages due to the t i s s u e having to be 
tes t e d i n vacuo. However, the technique could only be developed 
once the f e a s i b i l i t y of observing 'wet' a r t i c u l a r c a r t i l a g e i n the 
SEM had been es t a b l i s h e d . Part of t h i s t h e s i s i s t h e r e f o r e 
concerned w i t h microscopic procedures which have p r e v i o u s l y been 
used and w i t h the development of new procedures necessary f o r t h i s 
work. 

The two other techniques e n t a i l e d t e s t i n g specimens i n e i t h e r a 
Dartec or I n s t r o n t e s t i n g machine. When using the Dartec, t h i n 
layers of c a r t i l a g e were removed from the specimen and the 
remaining c a r t i l a g e was r e - t e s t e d . The c o n t r i b u t i o n of each 
lay e r to the o v e r a l l deformation was then determined. 

The I n s t r o n t e s t machine became a v a i l a b l e q u i t e l a t e during the 
research and i n t h i s machine i n d i v i d u a l s l i c e s of c a r t i l a g e 
could be te s t e d . 

I n a d d i t i o n to the mechanical t e s t s performed, measurements were 
made of the biochemical content of the t i s s u e (water and uronic 
a c i d ) . The r e l a t i o n s h i p between these values and the mechanical 
p r o p e r t i e s of the c a r t i l a g e was i n v e s t i g a t e d . Further i n v e s t i g a t i o n 
as to the e f f e c t of age, s i t e of specimen and storage procedures were 
also made. 
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CHAPTER 2 

REVIEW OF LITERATURE 
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2.1 I n t r o d u c t i o n 

One of the most common types of connective t i s s u e found i n the 
human body i s c a r t i l a g e . I t i s found a t the r i b s , s p i n a l column, 
e x t e r n a l ear, nose larynx and t r a c h e a l r i n g s and covering the bone 
ends of a l l a r t i c u l a t i n g j o i n t s . 

The tissues which are known by the general name of c a r t i l a g e can be 
subdivided i n t o three major groups, c l a s s i f i e d by t h e i r appearance 
i n the l i g h t microscope 

i ) E l a s t i c where a large number of e l a s t i c f i b r i l s have 
been demonstrated e.g. ex t e r n a l ear c a r t i l a g e . 

Fibrous where there i s an abundance of large f i b r i l s 
e.g. semi-lunar c a r t i l a g e of the knee j o i n t . 

i i i ) Hyaline where the c a r t i l a g e has a glossy homogeneous 
appearance e.g. c a r t i l a g e covering the ends of a l l 
a r t i c u l a t i n g bones. 

A r t i c u l a r c a r t i l a g e i s an example of h y a l i n e c a r t i l a g e . Because 
of the important r o l e a r t i c u l a r c a r t i l a g e plays i n m a i n t a i n i n g the 
normal f u n c t i o n of a r t i c u l a t i n g j o i n t s many workers have been 
i n t e r e s t e d i n i t and have studied a wide range of aspects of i t s 
composition, s t r u c t u r e and p r o p e r t i e s . 

Consequently there i s a vast amount of l i t e r a t u r e on the subject 
not a l l of which i s d i r e c t l y r e l e v a n t to t h i s t h e s i s . The 
f o l l o w i n g pages are th e r e f o r e a b r i e f review of the i n v e s t i g a t i o n s , 
and conclusions which have been drawn from these i n v e s t i g a t i o n s , i n 
those areas which are r e l e v a n t . 

A more extensive review covering a l l aspects of a r t i c u l a r c a r t i l a g e 
can be found i n a recent book on the subject (Freeman 1979). 
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2.2 Composition of A r t i c u l a r C a r t i l a g e 

2.2.1 I n t r o d u c t i o n 

Any i n v e s t i g a t i o n i n t o the mechanical p r o p e r t i e s of a human t i s s u e 
must take i n t o account the chemical and p h y s i c a l changes which can 
occur i n the t i s s u e due to both aging and diseases or disorders of 
the t i s s u e . An understanding of the biochemical composition and 
the i n t e r a c t i o n s which e x i s t between the components of both the 
normal and degenerative t i s s u e i s the r e f o r e e s s e n t i a l . 

A r t i c u l a r c a r t i l a g e i s composed of three non-aqueous components; 
c e l l s , p r o t e i n f i b r e s and a non-fibrous h y d r o p h i l l i c f i l l e r 
substance. The r e l a t i v e amounts of these three components, and 
the s t r u c t u r e of the f i b r e network, v a r i e s w i t h depth from the 
a r t i c u l a r surface. C e l l s are most numerous near the a r t i c u l a r 
surface, the p r o p o r t i o n of the f i l l e r substance increases w i t h 
depth and the p r o p o r t i o n of p r o t e i n i s highest i n the surface 
l a y e r . 

Based on the v a r i a t i o n i n c o n s t i t u e n t s which can be observed under 
l i g h t microscopy, a r t i c u l a r c a r t i l a g e has been c l a s s i f i e d i n t o f o u r 
zones p a r a l l e l to the a r t i c u l a r surface ( C o l l i n s 1949, McCall 1969). 

Zone 1 S u p e r f i c i a l - adjacent to the j o i n t c a v i t y : f i b r e s are 
t a n g e n t i a l to the surface, c e l l s are d i s c o i d a l 
w i t h t h e i r long axis p a r a l l e l to the surface. 

Zone 2 Intermediate- f i b r e s form an i n t e r l o c k i n g meshwork. Cells 
are spheroidal and e q u a l l y spaced. 

Zone 3 Deep - f i b r e s form a t i g h t e r meshwork predominantly 
normal to the surface. Spheroidal c e l l s are 
arranged i n columnar groups of f o u r to e i g h t . 

Zone 4 C a l c i f i e d - adjacent to the subchondral bone, m a t r i x i s 
h e a v i l y impregnated w i t h c r y s t a l s of calcium 
s a l t s . 

Although t h i s c l a s s i f i c a t i o n i s u s e f u l as a general d e s c r i p t i o n of 
the zonal v a r i a t i o n s found i n a r t i c u l a r c a r t i l a g e , more d e t a i l e d 
a nalysis of the composition and 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 i s 
also r e q u i r e d . I n v e s t i g a t i o n s using h i s t o l o g i c a l , biochemical and 
e l e c t r o n microscopy techniques have revealed much about the d e t a i l e d 
s t - u c t u r e and composition of a r t i c u l a r c a r t i l a g e . 
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2.2.2 C e l l u l a r Component 

The c e l l s present i n a r t i c u l a r c a r t i l a g e are c a l l e d chondrocytes 
and they manufacture and maintain the e x t r a c e l l u l a r m a t r i x . 
Although the number of chondrocytes per u n i t volume of c a r t i l a g e 
i s small, only 1 - 107„ of the volume (Hamerman & Schubert 1962), 
there i s considerable m e t a b o l l i c a c t i v i t y which i s associated 
w i t h the synthesis and degradation, or turnover, of the non-
f i b r o u s f i l l e r or ground substance. M e t a b o l l i c studies using 
r a d i o a c t i v e substrates have shown t h a t the c e l l s synthesise and 
assemble the components of the ground substance i n t r a c e l l u l a r l y . 
The macromolecules are then extruded i n t o the surrounding m a t r i x . 
(Mankin 1974). 

The turnover r a t e of the ground substance i s slow compared to 
other human t i s s u e s . The h a l f l i f e of femoral condyle c a r t i l a g e 
has been shown to be approximately 300 days and t h a t of femoral 
head c a r t i l a g e to be approximately 800 days (Maroudas 1975). 
The chondrocytes apparently only synthesise ground substance 
and there seems to be no turnover of collagen i n normal human 
a r t i c u l a r c a r t i l a g e (Libby e t a l 1964). 

2.2.3 Ground Substance 

The ground substance of a r t i c u l a r c a r t i l a g e i s the ' f i l l e r ' 
m a t e r i a l which surrounds the f i b r o u s component of the m a t r i x . 
I t has been shown (Gersh & Catchpole 1960) t h a t the ground 
substance contains a great v a r i e t y of chemical c o n s t i t u e n t s , i t s 
main component however i s proteinpolysaccharide or proteoglycan 
macromolecules. These macromolecules are composed of a c e n t r a l 
core to which glycosaminoglycans, carbohydrate chains c o n t a i n i n g 
a c i d i c groups, are attached. The proteoglycan macromolecules 
are thought to be attached a t i n t e r v a l s along a l i n e a r c a r t i l a g e 
hyaluronate molecule (Hardingham & Muir 1972, Rosenberg et a l 1975). 

The length of the hyaluronate molecule backbone of these aggregates 
v a r i e s from 400 to 4000 nm w i t h proteoglycan subunits a r i s i n g 
l a t e r a l l y a t i n t e r v a l s of 20 - 30 nm„ The length of the 
proteoglycan subunits v a r i e s from 100 to 400 nm. This i s shown 
d i a g r a m a t i c a l l y i n F i g . 2.1. 
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Proteoglycan complex (MV 26-40 xlO f cD) 
(PGC) 

Hvaluronate 

30-50 
Disaccharides 

Keratan SO ^ 

Chondroitin SO 

Subuni t 
(PIS) 
MW 2 x l 0 6 D 

Glycoprotein 
Link 

Fig2.1 Diagramatic r e p r e s e n t a t i o n of proteoglycan aggregates, 
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I n human a r t i c u l a r c a r t i l a g e two types of glycosaminoglycans have 
been i d e n t i f i e d , c h o n d r o i t i n sulphate and keratan sulphate 
(Seno et a l 1965, Tsiganos and Muir 1967, Heinegard and Grodell 
1967, Hoffman et a i 1967). 

The r e l a t i v e p r o p o r t i o n of these two glycosaminoglycans which are 
present i n the macromolecule v a r i e s from almost e n t i r e l y c h o n d r o i t i n 
sulphate to equal amounts of both (Muir and Jacobs 1967, P e d r i n i 1969, 
Tsiganos e t a l 1971). 

I t i s thought t h a t the c h o n d r o i t i n sulphate i s l i n k e d to the serine 
residues of the p r o t e i n core by a bridge of n e u t r a l sugars (Roden 
and Armand 1966, Lindahl and Roden 1966, Roden and Smith 1966, 
H e l t i n g and Roden 1968) and t h a t keratan sulphate i s l i n k e d by the 
t e r m i n a l sugar galactosamine and the theorine residues of the 
p r o t e i n core (Tsiganos and Muir 1967). 

The v a r i a t i o n i n proteoglycan concentration w i t h distance from the 
surface has been i n v e s t i g a t e d using h i s t o l o g i c a l , biochemical and 
physio-chemical a n a l y s i s techniques. Glycosaminoglycans have 
c h a r a c t e r i s t i c i o n - b i n d i n g p r o p e r t i e s and can t h e r e f o r e be 
demonstrated h i s t o l o g i c a l l y by s t a i n i n g w i t h c a t i o n i c dyes. 
D i f f e r e n t i a t i o n between the two glycosaminoglycans i s also possible 
by using the ' c r i t i c a l e l e c t r o l y t i c c o n c e n t r a t i o n ' (CEC) p r i n c i p l e 
( S c o t t and D a r l i n g 1965). 

A l c i a n blue i s the most commonly used c a t i o n i c dye, w i t h various 
concentrations of magnesium c h l o r i d e added to vary the e l e c t r o l y t i c 
c o n c e n t r a t i o n . 

S t a i n i n g w i t h A l c i a n blue at low CEC i n d i c a t e s both keratan sulphate 
and c h o n d r o i t i n sulphate and i s most intense i n the deep and 
intermediate zones of a r t i c u l a r c a r t i l a g e , decreasing i n i n t e n s i t y 
towards the surface (Stockwell and Scott 1965). S t a i n i n g w i t h 
A l c i a n blue a t high CEC i n d i c a t e s only keratan sulphate and i s much 
less intense than w i t h low CEC. I t i s again most intense i n zone 
3 and decreases towards the surface. 

More q u a n t i t a t i v e measures of the glycosaminoglycan concentration 
can be obtained using biochemical a n a l y s i s . The most common 
procedure i s to estimate the uronic a c i d concentration using the 
B i t t e r and Muir procedure (1962) and the hexosamine content using 
Elson and Morgan (1933) r e a c t i o n . 
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The c h o n d r o i t i n sulphate c o n c e n t r a t i o n can then be estimated by 
m u l t i p l y i n g the uronic a c i d content, expressed as a percentage of 
the wet or dry weight, by 513 which i s the molecular weight of the 
disaeehoride. The keratan sulphate c o n c e n t r a t i o n i s estimated by 
s u b t r a c t i n g the uronic a c i d from the hexosamine content and 
m u l t i p l y i n g by 464. 

Using these procedures i t has been shown t h a t there i s considerable 
v a r i a t i o n i n composition of a r t i c u l a r c a r t i l a g e from j o i n t to j o i n t 
and w i t h s i t e on each j o i n t (Muir et a l 1970, Kempson et a l 1973). 
At each p a r t i c u l a r s i t e there seems to be l i t t l e v a r i a t i o n i n 
c h o n d r o i t i n sulphate c o n c e n t r a t i o n w i t h depth, the average value 
f o r femoral head c a r t i l a g e being out 0.055 mM/g wet weight, but 
there i s a s i g n i f i c a n t increase i n keratan sulphate w i t h depth. 
There i s also an increase i n the c o n c e n t r a t i o n of keratan sulphate 
w i t h age (Venn 1978). 

An a l t e r n a t i v e procedure f o r the e s t i m a t i o n of glycosaminoglycans 
has been developed by Maroudas (1968). This method measures the 
c o n c e n t r a t i o n of n e g a t i v e l y charged f i x e d groups i n the wet t i s s u e 
and i s u s e f u l i n t h a t i t i s a non-destructive technique and can be 
applied to amounts of t i s s u e as small as 1 mg wet weight. Fixed 
charge density measurements c o r r e l a t e extremely w e l l w i t h 
t r a d i t i o n a l chemical a n a l y s i s (Venn and Maroudas 1977) and again 
i n d i c a t e t h a t the t o t a l glycosaminoglycan content increases w i t h 
both depth from the surface and w i t h age of the specimen. 

2.2.4 Fibrous Component 

The collagen f i b r e s of a r t i c u l a r c a r t i l a g e are formed by the 
aggregation of rod shaped tropocollagen molecules each of about 
300 nm le n g t h . Tropocollagen i s made up of three OLl I I 
polypeptide chains wound together to form a h e l i x ( M i l l e r et a l 
1971). Inherent i n the s t r u c t u r e of the tropocollagen molecule 
i s the a b i l i t y to form c r o s s - l i n k s between molecules. This 
property of tropocollagen r e s u l t s i n the formation of a h i g h l y 
c r o s s - l i n k e d f i b r o u s network which can be chemically d i s r u p t e d 
only by c e r t a i n d i g e s t i v e enzymes and which, except during growth 
and r e p a i r , i s m e t a b o l i c a l l y i n e r t i n a d u l t human t i s s u e . 
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I n human a r t i c u l a r c a r t i l a g e collagen accounts f o r about 507. of 
the dry weight (20 - 307„ wet weight) of the t i s s u e ( B o l l e t et a l 
1963, Anderson et a l 1964). As w i t h the ground substance there 
i s considerable v a r i a t i o n i n collagen content w i t h depth from the 
j o i n t surface and i t has been shown (Muir et a l 1970) t h a t i n 
zone 1, the s u p e r f i c i a l l a y e r , almost a l l of the dry weight i s 
accounted f o r by collagen. 

I n a d d i t i o n to the v a r i a t i o n i n collagen content, there i s also 
v a r i a t i o n i n both the size and s t r u c t u r a l arrangement of the 
f i b r e s w i t h depth. 

Using Scanning E l e c t r o n Microscopy i t has been shown (Weiss et a l 
1968, Minns and Steven 1976) t h a t i n the s u p e r f i c i a l layer the 
f i b r e s are approximately 0.03yU.min w i d t h , packed c l o s e l y together 
and o r i e n t a t e d p a r a l l e l to the surface of the c a r t i l a g e . I n the 
intermediate and deep zones the f i b r e s are g e n e r a l l y broader than 
i n the s u p e r f i c i a l l a y e r , v a r y i n g from 0.1 - lyu-<*, and are both 
more randomly o r i e n t a t e d and widely spaced. The predominant 
d i r e c t i o n of the f i b r e s i s r a d i a l to the a r t i c u l a r surface. 

2.2.5 I n t e r a c t i o n of Ground Substance and Collagen Fibres 

The i n t e r a c t i o n of the ground substance and collagen f i b r e s of 
a r t i c u l a r c a r t i l a g e can be considered from two p o i n t s of view. 

F i r s t l y i t seems l i k e l y t h a t there i s a chemical i n t e r a c t i o n of 
some kin d between the proteoglycans and the collagen, although 
the exact nature of t h i s i n t e r a c t i o n i s not known (Muir 1979). 

Secondly there i s a physical i n t e r a c t i o n between the ground 
substance and the f i b r e s , the nature of which obviously 
determines the o v e r a l l response of a r t i c u l a r c a r t i l a g e to the 
loads i t i s subjected t o . 

Proteoglycans are hydrophylic c o l l o i d s which swell i n the presence 
of water to form a gel and i n normal a r t i c u l a r c a r t i l a g e 
approximately 757„ of the wet weight i s due to water (Miles and 
Eichelberger 1964, Linn and Sokoloff 1965). Although some of 
t h i s water i s i n t r a c e l l u l a r almost a l l of i t i s i n the e x t r a ­
c e l l u l a r m a t r i x . 
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I n an unloaded s t a t e the pressure due to the s w e l l i n g of the 
proteoglycans i s balanced by t e n s i l e e l a s t i c forces i n the cross-
l i n k e d collagen network (Maroudas 1979). 

When a load i s applied to the a r t i c u l a r c a r t i l a g e the e q u i l i b r i u m 
of forces i s di s t u r b e d and, i f the load i s maintained, water i s 
d r i v e n out of the loaded region by the pressure g r a d i e n t . As the 
water i s expelled from the loaded region a d i f f e r e n c e i n osmotic 
pressure develops between the loaded and unloaded regions. The 
ra t e a t which water i s expelled w i l l t h e r e f o r e decrease w i t h time 
u n t i l e q u i l i b r i u m i s again reached. I n t h i s s t a t e the increased 
f l u i d pressure i n the m a t r i x w i l l balance the a p p l i e d load and the 
t e n s i l e stresses i n the collagen. 

Load ca r r i a g e by a r t i c u l a r c a r t i l a g e i s t h e r e f o r e dependent on both 
the proteoglycans, which r e t a i n the water w i t h i n the m a t r i x and 
regu l a t e i t s f l o w , and on the collagen f i b r e s which r e s i s t t e n s i l e 
forces w i t h i n the m a t r i x and confine the proteoglycans. 
D i s r u p t i o n of e i t h e r of these components of a r t i c u l a r c a r t i l a g e 
w i l l a f f e c t the load bearing p r o p e r t i e s of the t i s s u e . I n a d d i t i o n 
to a l t e r i n g the mechanical p r o p e r t i e s of the t i s s u e d i s r u p t i o n or 
removal of one component w i l l f a c i l i t a t e easier d i s r u p t i o n or 
removal of the other. I f the ground substance i s removed the 
increased s t r a i n s which develop i n the f i b r e s when the t i s s u e i s 
loaded could r e s u l t i n mechanical f a i l u r e of the f i b r e s . 

Conversely i f the collagen network i s di s r u p t e d there would no 
longer be a c o n f i n i n g f o r c e on the proteoglycans and ground 
substance d e p l e t i o n could occur. 

2.2.6 Ageing, F i b r i l l a t i o n and Osteoarthrosis 

Human a r t i c u l a r c a r t i l a g e f r e q u e n t l y develops areas of f i b r i l l a t i o n 
or degenerative c a r t i l a g e . F i b r i l l a t i o n has been defined as a 
st a t e i n which the a r t i c u l a r c a r t i l a g e surface no longer appears 
s t r u c t u r a l l y i n t a c t when examined by the l i g h t microscope 
(Freeman and Meachim 1979). 

Although the incidence of f i b r i l l a t i o n of a r t i c u l a r c a r t i l a g e 
increases w i t h age i t does not n e c e s s a r i l y accompany ageing and 
th e r e f o r e when considering age r e l a t e d changes i n the composition 
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of a r t i c u l a r c a r t i l a g e a d i s t i n c t i o n must be made between normal 
or i n t a c t c a r t i l a g e and c a r t i l a g e e x h i b i t i n g any degree of 
degeneration. 

The f o l l o w i n g changes i n biochemistry have been observed i n normal 
or h i s t o l o g i c a l l y i n t a c t a r t i c u l a r c a r t i l a g e ; there i s no 
s i g n i f i c a n t v a r i a t i o n d uring ageing i n the c e l l d e n s i t y of e i t h e r 
f u l l thickness femoral condylar or humeral head c a r t i l a g e 
(Stockwell and Meachim 1979). I t has been shown however th a t 
although the f u l l thickness c e l l density remains constant there i s 
i n f a c t a decrease i n the c e l l u l a r i t y of the s u p e r f i c i a l layer 
combined w i t h an increase i n c e l l u l a r i t y of the deeper layers 
(Stockwell 1967). 

The ground substance content of a r t i c u l a r c a r t i l a g e , as measured 
by f i x e d charge d e n s i t y increases s l i g h t l y w i t h age (Venn 1977). 

There i s no s i g n i f i c a n t change i n the collagen content of 
a r t i c u l a r c a r t i l a g e w i t h age (Maroudas 1979). 

Recent studies as to the water content of a r t i c u l a r c a r t i l a g e 
i n d i c a t e t h a t there i s a steady decrease i n water content w i t h 
age (Venn 1977). 

As already mentioned, although f i b r i l l a t i o n does not always 
develop as a r t i c u l a r c a r t i l a g e ages, the l i k e l i h o o d of f i b r i l l a t e d 
areas being present i n a j o i n t i s higher the older the person, 
r i s i n g to 957„ incidence i n the knee j o i n t a t 80 years (Heine 1926). 
I t has been shown t h a t two types of f i b r i l l a t i o n can occur (Byers 
et a l 1970). The most common form occurs i n non-pressure bearing 
areas of a r t i c u l a r j o i n t s and i s termed non-progressive f i b r i l l a t i o n , 
as i t does not lead to o s t e o a r t h r o s i s . I n pressure bearing areas 
of the j o i n t f i b r i l l a t i o n can also occur and i n these cases the 
lesions are progressive, leading to o s t e o a r t h r o s i s of the j o i n t . 
I t i s q u i t e l i k e l y t h a t the a e t i o l o g y of these two types of 
d i s r u p t i o n of a r t i c u l a r c a r t i l a g e i s d i f f e r e n t and as the progressive 
le s i o n s are the most c l i n i c a l l y s i g n i f i c a n t i t i s t h i s type of 
f i b r i l l a t i o n t h a t has been studied most e x t e n s i v e l y . 

Although f i b r i l l a t i o n can be e a s i l y i d e n t i f i e d by the d i s r u p t i o n 
of the a r t i c u l a r surface, i t has been shown t h a t changes i n the 
chemical composition of the t i s s u e precede the development of 
f i b r i l l a t e d areas. When considering o s t e o a r t h r o s i s i t i s these 
c ' l e r n i c a \ changes which t h e r e f o r e give the most accurate measure 
of the degree of degeneration which i s present. 
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By experimentally inducing o s t e o a r t h r o s i s i n dogs i t has been 
shown th a t the i n i t i a l change i n o s t e o a r t h r o s i s i s an increase 
i n the water content of the t i s s u e (McDevitt and Muir 1974, 75, 
76, McDevitt e t a l 1977). 

This increase i n water content continues as degeneration 
progresses and i s accompanied by a decrease i n the glycosaminoglycan 
content of the t i s s u e , both on a dry weight and wet weight basis. 
The collagen content on a dry weight basis does not appear to change 
although due to the increase i n water content there i s a decrease 
on a wet weight basis (Venn and Maroudas 1977). 
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2.3 Biomechanics of Human, Synovial J o i n t s 

2.3.1 I n t r o d u c t i o n 

There are two possible approaches to the study of the 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 . The f i r s t i s to consider 
the t i s s u e p u r e l y as an engineering m a t e r i a l and to i n v e s t i g a t e 
the p r o p e r t i e s of t h a t m a t e r i a l under various loading c o n d i t i o n s , 
such as long d u r a t i o n compressive loading and t e n s i l e loading. 
The second i s to consider the p h y s i o l o g i c a l r o l e of the ti s s u e and 
the loading c o n d i t i o n i t experiences i n v i v o , and to i n v e s t i g a t e 
the response of the t i s s u e to these loading c o n d i t i o n s i n v i t r o . 
The f i r s t approach has been adopted by many workers and the 
r e s u l t s of these i n v e s t i g a t i o n s are discussed i n 2.4. Although 
t h i s type of t e s t procedure y i e l d s i n t e r e s t i n g i n f o r m a t i o n as to 
the 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 may u l t i m a t e l y lead to 
a complete description of i t s mechanical p r o p e r t i e s , the relevance 
of the r e s u l t s a t present, to the normal f u n c t i o n of synov i a l 
j o i n t s and the development of j o i n t disease i s not always 
immediately obvious. 

The second approach has th e r e f o r e been adopted during t h i s research 
and,to e s t a b l i s h the t e s t conditions, a knowledge of the loading of 
a r t i c u l a r c a r t i l a g e i n v i v o i s necessary. 

2.3.2 I n Vivo Loading of A r t i c u l a r C a r t i l a g e 

I t i s not e t h i c a l l y possible to d i r e c t l y measure the forces 
t r a n s m i t t e d by synov i a l j o i n t s i n normal p a t i e n t s . The forces 
t r a n s m i t t e d by a prost h e s i s can be measured by i n c o r p o r a t i n g f o r c e 
transducers i n the pr o t h e s i s (Rydell 1966, Carlsan et a l 1974). 
However these r e s u l t s are not i n general r e l e v a n t to normal s u b j e c t s . 

Non-invasive techniques which enable the c a l c u l a t i o n of the forces 
a c t i n g have been developed (Paul 1967, 1976, Morrison 1968, 1970). 
By measuring limb p o s i t i o n , ground f o o t force and e i t h e r measuring 
or assuming which muscle groups are a c t i n g during various a c t i v i t i e s , 
i t i s possible to estimate the magnitude and l i n e of a c t i o n of the 
r e s u l t a n t f o r c e s . I f there are s i g n i f i c a n t a c c e l e r a t i o n s 
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of the limbs during the a c t i v i t y then the corresponding i n e r t i a 
forces and movements must also be included i n the c a l c u l a t i o n s . 

Obviously the assumptions which must be made about body segment 
masses, muscle forces and l i n e s of a c t i o n and the corces exerted 
by ligaments lead to l i k e l y e r r o r s i n the c a l c u l a t e d forces. 
Taking i n t o account the assumptions made, the c a l c u l a t e d values 
of j o i n t f o r c e are l i k e l y to have e r r o r s of up to 207» (Swanson 
1980). 

However, as the v a r i a t i o n i n forces i n i n d i v i d u a l s of a large 
p o p u l a t i o n i s l i k e l y to be as high as 207<> the forces c a l c u l a t e d 
by the method above give a u s e f u l estimate of the magnitude of 
the forces a c t i n g a t the j o i n t s . 

C a l c u l a t i o n s based on the above assumptions i n d i c a t e t h a t during 
normal walking, at approximately one c y c l e per second, the 
maximum j o i n t f o r c e a t the h i p i s approximately 5 times the body 
weight and a t the knee approximately 3 times the body weight. 

Taking an average body weight of 70Kg t h i s would i n d i c a t e 
maximum forces during walking of about 3.4 KN a t the h i p and 2 KN 
at the knee. 

2.3.3. Contact Areas and Stresses 

I n a d d i t i o n to c a l c u l a t i n g the forces t h a t act a t the j o i n t i t i s 
also necessary to measure or c a l c u l a t e the contact area at the 
j o i n t to enable the stresses which e x i s t i n v i v o to be determined. 

Various techniques have been used to measure these contact areas, 
the most common of which are dyeing, c a s t i n g and radiographic 
procedures. Using a dyeing technique the contact areas at the 

2 2 
hip have been estimated as v a r y i n g from 3.83 i n to 4.38 i n 
during the normal walking cycle which i n d i c a t e s peak stresses of 
326 l b / i n 2 (0.22 MN/m2) (Greenwald and O'Connor 1971). 
Using the same technique the contact area i n the p a t e l l o / f e m o r a l 
j o i n t has been estimated as ranging from 170 - 320 mm2 at 150° 
f l e x i o n and from 340 = 440 mm2 a t 60° f l e x i o n (Matthews et a l 1977). 

2 
These contact areas i n d i c a t e a maximum stress of 2.5 NM/m i n l e v e l 
w alking. 
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Casting techniques i n d i c a t e contact areas i n the p a t e l l o / f e m o r a l 
2 

j o i n t of between 1.48 and 5.46 cm w i t h average stresses of 0.6 -
2 

2.42MN /m (Seedhom and Tsubuku 1977), i n the t i d i o / f e m o r a l j o i n t 
2 2 2 of about 12 cm w i t h average stresses of 12 Kg/cm (0.12 MN/m ) 

2 
(Walker and Erkman 1975) and i n the h i p of about 4.5 cm (Dowson 
et a l 1967). Using radiographic methods the contact area of 
the t i b i o / f e m o r a l j o i n t has been estimated as between 4.24 and 

2 
11.84 cm (Kettelkamp and Jacobs 1972) and between 18.22 and 

2 
21.95cm (Maquet et a l 1975). 
One of the main problems w i t h a l l the techniques used, and a 
po s s i b l e explanation of the v a r i a t i o n s i n r e s u l t s obtained, i s 
t h a t the j o i n t has to be held under compressive load f o r a longer 
time than during normal w a l k i n g , to enable e i t h e r the c a s t i n g 
m a t e r i a l to set, the i n j e c t i o n of a s u i t a b l e dye or the X-Ray to 
be taken. I t i s l i k e l y t h e r e f o r e t h a t the contact areas measured 
by these techniques are l a r g e r than those which occur i n v i v o , due 
to the time dependent deformation of a r t i c u l a r c a r t i l a g e , and t h a t 
the stresses i n v i v o are higher than those c a l c u l a t e d . These 
r e s u l t s can, however, be taken to give an i n d i c a t i o n of the stresses 
which occur and can be used as a basis f o r the design of t e s t 
equipment to enable t e s t i n g of a r t i c u l a r c a r t i l a g e w i t h i n the 
p h y s i o l o g i c a l range of stresses. 
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2.4 Mechanical P r o p e r t i e s 

2.4.1 I n t r o d u c t i o n 

During the l i f e t i m e of an i n d i v i d u a l the a r t i c u l a r c a r t i l a g e of 
a l l the j o i n t s i s subjected to many m i l l i o n s of compressive load 
cycles. At the load bearing j o i n t s such as the ankle, knee and 
h i p , i n a d d i t i o n to the compressive loads exerted by the 
surrounding muscles, which occur at a l l j o i n t s , the a r t i c u l a r 
c a r t i l a g e also transmits the load due to body weight. I t has 
been estimated t h a t a t these load bearing j o i n t s the a r t i c u l a r 
c a r t i l a g e i s subject t o , on average, 10 load cycles per year. 
When considering the 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 
i t i s th e r e f o r e the response of the c a r t i l a g e to compressive loads 
which has been most e x t e n s i v e l y s t u d i e d . 

The most commonly used t e s t procedure has been to apply a s t a t i c 
load to a small area of c a r t i l a g e and to measure, and t r y to 
ch a r a c t e r i s e , the subsequent deformation w i t h time. Test 
procedures which more c l o s e l y mimic the loading which a r t i c u l a r 
c a r t i l a g e i s subjected to i n v i v o such as s i n u s o i d a l compressive 
loading have also been used. 

I n a d d i t i o n to i n v e s t i g a t i n g the 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 
during compressive loa d i n g , some i n v e s t i g a t i o n s i n t o the t e n s i l e 
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 have been c a r r i e d out. These 
include studies i n t o the v a r i a t i o n i n t e n s i l e s t r e n g t h w i t h depth 
from the a r t i c u l a r surface and i n t o the t e n s i l e f a t i g u e 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 . 

Whichever t e s t mode i s used i t must always be remembered t h a t 
a r t i c u l a r c a r t i l a g e i s a l i v i n g t i s s u e i n the body and any t e s t 
performed i n v i t r o can only be used as an i n d i c a t i o n of what the 
mechanical peoperties of a r t i c u l a r c a r t i l a g e might be i n v i v o . 
I n assessing the r e l a t i o n s h i p between the response of a r t i c u l a r 
c a r t i l a g e during i n v i t r o t e s t s and i t s response i n v i v o two main 
d i f f e r e n c e s i n c o n d i t i o n s must be considered. 

F i r s t l y the t i s s u e being studied has been removed from the body and 
secondly the load may not be applied as under p h y s i o l o g i c a l 
c o n d i t i o n s . 
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The f i r s t d i f f e r e n c e can be considered n e g l i g i b l e i f the t i s s u e i s 
tes t e d soon a f t e r removal from the body, due to the avascular nature 
of a r t i c u l a r c a r t i l a g e and i t s very low turnover r a t e under normal 
c o n d i t i o n s . I f the t i s s u e cannot be tested immediately, however, 
the storage procedures used must be taken i n t o account, as i t i s 
possible t h a t these w i l l a f f e c t the mechanical p r o p e r t i e s of the 
t i s s u e . 

There i s considerable disagreement i n the l i t e r a t u r e as to whether 
or not the usual method of storage of t i s s u e , frozen a t - 20°C, 
a f f e c t s the mechanical p r o p e r t i e s of the t i s s u e . 

Several i n v e s t i g a t o r s claim t h a t storage has no e f f e c t on the 
mechanical p r o p e r t i e s , p r o v i d i n g the t i s s u e i s only frozen and 
thawed once (Maroudas 1968, Kempson et a l 1971«4 Other workers, 
however, have measured d i f f e r e n c e i n p r o p e r t i e s between f r e s h and 
stored f r o z e n t i s s u e ( V i i d i k and Lewin 1966, Hori and Mockros 1976). 

The d i f f e r e n c e i n loading c o n d i t i o n s must be considered c a r e f u l l y , 
p a r t i c u l a r l y i f the t e s t mode used i s designed to be as close to 
p h y s i o l o g i c a l loading as po s s i b l e . 

During compression t e s t s the use of small indentors w i l l induce a 
stress f i e l d which i s not r e p r e s e n t a t i v e of the p h y s i o l o g i c a l 
stresses i n c a r t i l a g e , p a r t i c u l a r l y i n the surface l a y e r s . 

A l t e r n a t i v e l y , i f the load i s applied over the whole surface area 
of the specimen, then spreading of the specimen w i l l occur i f i t 
i s unconfined. 

With e i t h e r of these arrangements, t h e r e f o r e , although the load 
being applied may be w i t h i n the p h y s i o l o g i c a l range, the response 
of the t i s s u e i s not n e c e s s a r i l y the same as the response i n v i v o . 

The t e s t s may be used however, as an i n d i c a t i o n of the p h y s i o l o g i c a l 
response of a r t i c u l a r c a r t i l a g e and are also extremely u s e f u l as a 
comparative t e s t between specimens. 

2,4.2 The Mechanical Pro 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 i n Compression 

I n d e n t a t i o n t e s t s of unconfined specimens have been the most common 
method of studying the 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 . 
The general procedure i n these t e s t s i s to apply a constant load to 
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an area of c a r t i l a g e and to measure the subsequent deformation. 

The main features of deformation-time response of a r t i c u l a r 
c a r t i l a g e are an 6 instantaneous' deformation f o l l o w e d by time 
dependent deformation, known as the creep phase. 

The v a r i a t i o n i n 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 
w i t h r e l a t i o n to h i s t o l o g i c a l appearance was f i r s t i n v e s t i g a t e d 
by Hirsch (1944) using i n d e n t a t i o n t e s t s on human p a t e l l a r 
c a r t i l a g e . He observed t h a t the magnitude of deformation v a r i e d 
w i t h s i t e and t h a t at f i b r i l l a t e d areas the deformation was 
gr e a t e r than at n o n - f i b r i l l a t e d areas. Hirsch performed h i s 
experiments i n a i r and a f e a t u r e of the r e s u l t s he obtained was 
incomplete recovery of the c a r t i l a g e a f t e r removal of the load. 
This incomplete recovery was shown (Elmore et a l 1963) to be an 
a r t e f a c t due to t e s t i n g i n a i r . They performed i n d e n t a t i o n 
t e s t s on human and animal p a t e l l a e immersed i n Hanks balanced 
s a l t s o l u t i o n at e n u t r a l pH and found s i m i l a r 'instantaneous' 
deformation followed by creep deformation. On removal of the 
load however there was an 'instantaneous' recovery followed by 
time dependent recovery back to the o r i g i n a l dimensions. They 
concluded t h a t the incomplete recovery p r e v i o u s l y reported was 
due to the specimens d r y i n g out. 

Sokoloff (1966) found a s i m i l a r deformation-time response to 
those of e a r l i e r workers and noted t h a t a f t e r 1 hour of loading 
the deformation had reached an e q u i l i b r i u m value. The creep 
phase accounted f o r about % of the t o t a l deformation. He also 
noted t h a t deformation of f i b r i l l a t e d c a r t i l a g e was much great e r 
than normal c a r t i l a g e . Kempson (1970) and Kempson et a l (1971a, 
performed i n d e n t a t i o n t e s t s using two d i f f e r e n t c y l i n d r i c a l 
i n d e n t o r s , one being plane ended and the other h e m i s p h e r i c a l l y 

. 2 
ended. The a p p l i e d s t r e s s was approximately 3 MN/m i n each 
case. The deformation-time response showed the same main 
c h a r a c t e r i s t i c s as had been observed e a r l i e r and they found t h a t 
f o r times greater than 2 seconds, i . e . a f t e r the 'instantaneous' 
deformation, the curves were r e l a t e d by the equation 

y = k t n ( i ) 
where y = deformation 

t = time 
and k and n are constants. 
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Kempson found t h a t f o r v i s u a l l y normal c a r t i l a g e the values of 
the constants were 

0.044 £ k < 0.066 
0.15 < n < 0.21 

For f i b r i l l a t e d c a r t i l a g e the values of n were lower and the 
values of k were l a r g e r than f o r normal c a r t i l a g e . 

Repo et a l (1974) found t h a t t h e i r i n d e n t a t i o n responses could 
not be described by equation ( i ) and instead suggested t h a t a 
log-normal r e l a t i o n s h i p e x i s t s . 

oo _ 2 — i 
<f<t) = \ - 6e few - ( l n r / " j d I n t ( i i ) 

l n t L N a- / J 
Repo e t a l found t h a t t h e i r creep data could be described by 
equation ( i i ) f o r the time p e r i o d 5 seconds to 1 hour. 

Mulholland (1974) found t h a t h i s creep data were not log-normally 
d i s t r i b u t e d f o r times g r e a t e r than 7.5 minutes. 

Because of the apparent d i f f i c u l t y i n mathematically d e s c r i b i n g 
the complete time-deformation response of a r t i c u l a r c a r t i l a g e , the 
compressive s t i f f n e s s a t a p a r t i c u l a r time a f t e r the a p p l i c a t i o n of 
load has been used to compare the mechanical p r o p e r t i e s of one 
specimen w i t h another. 

McCutchen (1962) c a l c u l a t e d the Young's modulus of bovine 'leg j o i n t ' 
c a r t i l a g e by applying a se r i e s of in c r e a s i n g loads. The deformation 
was measured 30 minutes a f t e r each load was a p p l i e d , which was 
approximately the e q u i l i b r i u m deformation. He c a l c u l a t e d the 
Youngs Modulus on the f i r s t 0.28mm of deformation and on the 
deformation 'immediately a f t e r a p p l i c a t i o n of load' and obtained 
the values 

2 
E = 0.58 MN/m a t 0.28 mm d e f l e c t i o n 

2 
E = 11.1 MN/m instantaneous. 

2 
The s t r e s s l e v e l used was about 0.2 MN/m which i s low compared to 
p h y s i o l o g i c a l stresses. 
Sokoloff (1966) used a plane ended c y l i n d r i c a l indentor and 

c a l c u l a t e d Young's modulus f o r 'Instantaneous' deformation using the 
equation 

E = 2.67 PR 
F = a p p l i e d f o r c e 

where P = depth of 'Instantaneous' deformation 
R = radius of indent o r 

m i . - T> O OO Hr\T /_ 2 
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Hayes e t a l (1972) and Hori and Mockros (197&) considered only the 
'instantaneous' deformation of a r t i c u l a r c a r t i l a g e . By modelling 
the c a r t i l a g e as an i n f i n i t e e l a s t i c l a y e r bonded to a r i g i d h a l f 
space they found reasonable agreement between p r e d i c t e d and 
experi m e n t a l l y determined values of shear and bulk moduli of the 
c a r t i l a g e . 

The shear modulus f o r both healthy and diseased c a r t i l a g e was 
5 2 

found to vary over the range 4 - 35 x 10 N/m and the bulk modulus 
6 2 

over the range 9 - 170 x 10 N/m . 
Kempson et a l (1971) used the Young's modulus c a l c u l a t e d 2 seconds 
a f t e r loading to i n v e s t i g a t e the v a r i a t i o n i n s t i f f n e s s over the 
femoral head. The equations they used to c a l c u l a t e t h i s Young's 
modulus, c a l l e d the 2 second creep modulus, were o r i g i n a l l y 
formulated by Waters (1965) f o r i n d e n t a t i o n t e s t s on t h i n sheets 
of rubber. 

For the h e m i s p h e r i c a l l y ended indentor the equation used was 
( i i i ) 

where 

77 K*P0(Va) 
c. d* 
p = a p p l i e d load 
d = depth of deformation 
R = radius of indentor 
t = thickness of c a r t i l a g e 
a = radius of contact area 
K = constant 

0 ( t/a) i s an e m p i r i c a l c o r r e c t i o n f a c t o r which Waters c a l c u l a t e d 
f o r rubber. 

Kempson et a l (1971) found t h e i r r e s u l t s were systematic and 
rep r o d u c i b l e , to a c e r t a i n e x t e n t , between specimens. 

2 
They found the creep modulus v a r i e d from E 1.9 MN/m to 

2 
E r r 14.0 MN/m . The s t i f f e s t c a r t i l a g e was found i n the load 
bearing areas, a band of c a r t i l a g e which extends from the a n t e r i o r 
aspect of the femoral head over the s u p e r i o r surface t o the p o s t e r i o r 
aspect, and the s o f t e s t i n the p e r i f o v e a l region which i s the area 
where e a r l y f i b r i l l a t i o n of a r t i c u l a r c a r t i l a g e occurs (Byers e t a l 
1970). 
Using the same technique Kempson et a l (1970) found t h a t there was 
a s t a t i s t i c a l l y s i g n i f i c a n t increase i n creep modulus w i t h increased 
glycosaminoglycan content and t h a t removal of glycosaminoglycan by 
i n c u b a t i o n w i t h enzymes reduces the s t i f f n e s s of a r t i c u l a r c a r t i l a g e 
(Kempson 1979). 
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Simon (1971) found t h a t repeated t e s t s on the same area of 
c a r t i l a g e using d i f f e r e n t radius indentors gave a gr e a t e r v a r i a t i o n 
i n values of E, as c a l c u l a t e d by equation ( i i i ) when the c o r r e c t i o n 
f a c t o r was included and concluded t h a t the use of t h i s equation t o 
c a l c u l a t e Young's modulus could not be a p p l i e d to c a r t i l a g e . 

I n a d d i t i o n to i n d e n t a t i o n t e s t s and the various d i f f e r e n t methods 
of a n a l y s i s of r e s u l t s already described, there have been several 
i n v e s t i g a t i o n s using d i f f e r e n t compression t e s t s . 

Compression t e s t s of i n t a c t femoral heads (Armstrong et a l 1979) 
i n d i c a t e t h a t the method of loading g r e a t l y influences the apparent 
r e s u l t s . Armstrong e t a l have shown t h a t although i n d e n t a t i o n 
t e s t s of the i n t a c t femoral head i n d i c a t e no r e l a t i o n s h i p between 
s t i f f n e s s of c a r t i l a g e and age, loading of the femoral head by i t s 
n a t u r a l acetabulum i n d i c a t e d a marked increase i n deformation w i t h 
i n c r e a s i n g age. I t i s suggested t h a t the increase i n deformation 
i s due to an increase i n f l u i d f l u x under load, w i t h age. 
Higginson et a l (1976) have shown t h a t i f specimens are compressed 
i n a confined s t a t e , as they are under p h y s i o l o g i c a l c o n d i t i o n s , 
the 'instantaneous' deformation i s much less than f o r unconfined 
specimens. They suggest t h a t by c o n f i n i n g the specimen the 
instantaneous deformation i s r e s t r i c t e d to the order of the bulk 
modulus e f f e c t . Non-confined c y c l i c compressive loading of 
a r t i c u l a r c a r t i l a g e has i n d i c a t e d t h a t a t normal walking frequencies 
the response of the t i s s u e i s e s s e n t i a l l y e l a s t i c although non­
l i n e a r ^Johnson e t a l 1977). I n the case of confined c y c l i c 
compression the response of bovine a r t i c u l a r c a r t i l a g e has been 
shown to be almost l i n e a r - e l a s t i c (Higginson &. Snaith 1979) 

2.4.3 T e n s i l e 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 

Recently there have been several studies i n t o the 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 i n tension. The use of t h i s 
t e s t mode has been j u s t i f i e d on several grounds. Weightman (1976) 
suggests t h a t i n f o r m a t i o n as t o the t e n s i l e 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 i s r e l e v a n t to the understanding of o s t e o a r t h r o s i s , as 
t e n s i l e f a i l u r e of the c o l l a g e n f i b r e s d u r i n g compressive loading 
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of the whole t i s s u e i s a p o s s i b l e cause of the development of 
f i b r i l l a t i o n . Woo e t a l (1976, 1979) used t e n s i l e t e s t i n g both 
because i n t e r p r e t a t i o n of the r e s u l t s i s easier than w i t h 
compression t e s t s , and because the data are r e q u i r e d i f the 
c o n s t i t u i t i v e equations of a r t i c u l a r c a r t i l a g e are to be 
developed. 

I n a l l the i n v e s t i g a t i o n s dumb-bell shaped specimens, e i t h e r of 
f u l l thickness c a r t i l a g e or of s l i c e s p a r a l l e l to the a r t i c u l a r 
surface, were used. Kempson e t a l (1968) showed t h a t c a r t i l a g e 
was both s t i f f e r and stronger when loaded i n t e n s i o n p a r a l l e l to 
the predominate f i b r e o r i e n t a t i o n of the surface l a y e r than when 
loaded perpendicular to it„ They also showed t h a t both the t e n s i l e 
s t i f f n e s s and s t r e n g t h of a r t i c u l a r c a r t i l a g e decreases w i t h depth 
from the a r t i c u l a r surface. Kempson (1973) r e p o r t s t h a t there i s 
a decrease i n t e n s i l e s t r e n g t h and s t i f f n e s s w i t h i n c r e a s i n g age. 

Woo e t a l (1976, 1979) measured values of s t i f f n e s s s i m i l a r to those 
of Kempson; however, t h e i r study i n d i c a t e s higher u l t i m a t e 
s t r e s s l e v e l s i n the mid zone than i n the surface and deep zones. 

Chemical an a l y s i s has shown t h a t c a r t i l a g e s t i f f n e s s increases w i t h 
i n c r e a s i n g collagen content of the t i s s u e but i s independent of 
glycosaminoglycan content (Kempson at a l 1972) 

2.4.4 Fatigue of A r t i c u l a r C a r t i l a g e 

As a r t i c u l a r c a r t i l a g e i s loaded i n a c y c l i c manner many m i l l i o n s 
of times during the normal l i f e t i m e of an i n d i v i d u a l , i t has been 
suggested t h a t f a t i g u e of the c a r t i l a g e may be a cause of f a i l u r e 
of the t i s s u e (Kempson 1973, Freeman 1975). 

Repeated c y c l i c compression has been shown to cause s p l i t t i n g and 
f r a y i n g of the a r t i c u l a r surface s i m i l a r to t h a t seen i n f i b r i l l a t i o n 
(Weightman et a l 1973, Gore 1977). 

Te n s i l e f a t i g u e t e s t s i n d i c a t e t h a t a r t i c u l a r c a r t i l a g e i s f a t i g u e -
prone and t h a t there i s a decrease i n f a t i g u e r e s i s t a n c e w i t h 
i n c r e a s i n g age (Weightman 1975, 1976). 
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CHAPTER 3 

SCANNING ELECTRON MICROSCOPY 
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3.1 I n t r o d u c t i o n 

The use of Scanning E l e c t r o n Microscopy (SEM) i n the study of 
a r t i c u l a r c a r t i l a g e s t r u c t u r e and s u r f a c e contours was mentioned 
b r i e f l y i n Chapter 2„ As the use of SEM i s c e n t r a l to the r e s e a r c h 
d e s c r i b e d i n t h i s t h e s i s a more d e t a i l e d review of the use of the 
SEM i n t h i s f i e l d , and the p r e p a r a t i o n techniques which have been 
used, w i l l now be given. E q u a l l y important to t h i s t h e s i s i s the 
o b s e r v a t i o n of u n t r e a t e d t i s s u e i n the SEM and previous work i n t h i s 
f i e l d i s a l s o reviewed. 

Based on the r e s u l t s of r e s e a r c h i n these two areas of e l e c t r o n 
microscopy, techniques which would p o s s i b l y enable the o b s e r v a t i o n 
of dynamic t e s t i n g of a r t i c u l a r c a r t i l a g e i n the SEM have been 
developed. These techniques a r e a l s o d e s c r i b e d i n t h i s c h a p t e r . 

3.2 T r a d i t i o n a l Methods of Studying A r t i c u l a r 
C a r t i l a g e i n SEM 

The SEM has been used e x t e n s i v e l y i n the study of a r t i c u l a r 
c a r t i l a g e (McCall 1968, Walker et a l 1969, C l a r k 1971,72, 
R e d l e r e t a l 1973, Mow e t a l 1974, Cameron et a l 1976, Minns and 
Steven 1976). I n a l l these s t u d i e s the specimens were t r e a t e d 
p r i o r to o b s e r v a t i o n i n the SEM to remove the water p r e s e n t i n the 
t i s s u e . The most common technique used to dehydrate the t i s s u e i s 
to p l a c e i t i n i n c r e a s i n g s t r e n g t h s of acetone followed by removal of 
the acetone e i t h e r by vacuum or by C r i t i c a l P o i n t Drying. 

There i s reasonable agreement i n these s t u d i e s about the s t r u c t u r e 
of the c o l l a g e n f i b r e network w i t h i n the m a t r i x of a r t i c u l a r 
c a r t i l a g e and t h i s observed s t r u c t u r e i s shown d i a g r a m a t i c a l l y i n 
F i g . 3.1. 

I n the s u r f a c e l a y e r the c o l l a g e n f i b r e s are c l o s e l y packed, w i t h 
very l i t t l e i n t e r v e n i n g ground substance, and are o r i e n t a t e d 
p a r a l l e l to the a r t i c u l a r s u r f a c e . I n the mid-zone the f i b r e s a r e 
randomly o r i e n t a t e d and are much more widely spaced than i n the 
s u r f a c e l a y e r , and i n the deep-zone the f i b r e s a r e again w i d e l y 
spaced but a r e o r i e n t a t e d predominantly normal to the a r t i c u l a r 
s u r f a c e . 

The r e s u l t s of s t u d i e s of the s u r f a c e contours of a r t i c u l a r 
c a r t i l a g e show c o n s i d e r a b l e v a r i a t i o n from worker to worker and i t 
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seems l i k e l y that the d i f f e r e n c e s observed are due to the p r e p a r a t i o n 
technique used, as these w i l l a f f e c t the s u r f a c e of the specimen much 
more than the i n t e r n a l s t r u c t u r e . Although i t i s g e n e r a l l y agreed 
t h a t the s u r f a c e of a r t i c u l a r c a r t i l a g e i s not p e r f e c t l y smooth, the 
frequency and depth of the u n d u l a t i o n i s not u n i v e r s a l l y agreed. 

McCall (1968) and Walker e t a l (1969) observed t h a t the s u r f a c e of 
a r t i c u l a r c a r t i l a g e contained r i d g e s or u n d u l a t i o n s of approximately 
1 - 5 i n h e i g h t . They suggested t h a t these r i d g e s were due to 
the r e g u l a r a r r a y of l a r g e c o l l a g e n bundles. However, C l a r k (1971) 
concludes from h i s s t u d i e s t h a t these r i d g e s , which he observed 
occurred p a r a l l e l to the f r a c t u r e edge of the specimen, a r e a r t e f a c t s 
caused by the shrinkage of the c a r t i l a g e during dehydration and t h a t 
the dominant f e a t u r e of the s u r f a c e contours of a r t i c u l a r c a r t i l a g e 
a r e o v a l shaped d e p r e s s i o n s of approximately 20 - 40 yu-m diameter. 
He suggests t h a t these d e p r e s s i o n s c o r r e l a t e w i t h the p o s i t i o n s of 
u n d e r l y i n g c e l l s . 

Mow et a l (1974) observed r i d g e s p e r p e n d i c u l a r to the f r a c t u r e edge 
of t h e i r specimens but d i d not observe c o l l a g e n bundles. They 
suggest t h a t these r i d g e s a r e not a r t e f a c t s and t h a t they are due to 
the i n t e r a c t i o n of a r t i c u l a r c a r t i l a g e and the s y n o v i a l f l u i d . 

Cameron et a l (1976) i n v e s t i g a t e d the e f f e c t of s i x t e e n d i f f e r e n t 
p r e p a r a t i o n techniques on the appearance of a r t i c u l a r c a r t i l a g e i n 
the SEMo 

They concluded t h a t any technique which used a i r d r y i n g or f r e e z e 
d r y i n g alone was l i k e l y to i n t r o d u c e a r t e f a c t s and t h a t the methods 
l e a s t l i k e l y to introduce a r t e f a c t s were c r i t i c a l p o i n t drying or 
f r e e z e d r y i n g of t i s s u e which had been p r e v i o u s l y dehydrated through 
i n c r e a s i n g s t r e n g t h s of s o l v e n t s . They a l s o s t a t e t h a t even u s i n g 
these techniques the r e s u l t s can not be taken as a b s o l u t e , as the 
response of a r t i c u l a r c a r t i l a g e to each method of d r y i n g i s dependent 
on the age of the a r t i c u l a r c a r t i l a g e specimen. 

3.3 SEM of Wet T i s s u e 

Due to the problems of d i s t o r t i o n of the specimen which can r e s u l t 
from d r y i n g , s e v e r a l workers have modified the SEM to enable 
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o b s e r v a t i o n of e i t h e r f r o z e n or wet b i o l o g i c a l specimens. 

Cameron et a l (1976) used a c o l d stub to examine f r o z e n a r t i c u l a r 
c a r t i l a g e but found t h a t even when u s i n g a l a r g e beam diameter, to 
reduce e l e c t r o n n o i s e , the q u a l i t y of the image they obtained was 
v e r y poor. 

Turner and Smith (1974) however, obtained very good r e s u l t s w i t h 
a v a r i e t y of b i o l o g i c a l t i s s u e s u s i n g t h i s technique 

The use of environmental c o n t r o l c e l l s has been shown to be 
extremely u s e f u l i n the o b s e r v a t i o n of b i o l o g i c a l t i s s u e . 
(Robinson 1974, Parsons 1974, Fukami e t a l 1974). However, t h e r e 
a r e r e s t r i c t i o n s a s s o c i a t e d w i t h t h i s technique, i n p a r t i c u l a r the 
s i z e of the specimen must be s m a l l enough to f i t i n t o the c e l l and 
r e s o l u t i o n i s reduced due to s c a t t e r i n g of the beam by the vapour. 

The p o s s i b i l i t y of o bserving b i o l o g i c a l t i s s u e i n the SEM without 
e i t h e r t r e a t i n g the t i s s u e or u s i n g an environmental c e l l has been 
shown by Judge e t a l (1974) and Nixon (1 9 7 4 ) . I n both c a s e s the 
t i s s u e observed was human s k i n . 

Judge et a l observed e x c i s e d human s k i n washed w i t h 1% aqueous 
detergent s o l u t i o n a t room temperature and then p l a c e d on a specimen 
stub. They r e p o r t t h a t the s k i n withstood the e f f e c t s of vacuum f o r 
up to 40 minutes, but did not say what t h e i r c r i t e r i o n f o r 
w i t h s t a n d i n g vacuum was. 

Nixon, u s i n g a modified SEM, simply p l a c e d h i s thumb over a h a l f i n c h 
h o l e i n the specimen chamber, i n l i n e w i t h the e l e c t r o n beam. He 
was a b l e to make a victo r e c o r d i n g of the image w i t h m a g n i f i c a t i o n of 
up to IK. S t i l l photographs could then be taken of the video 
r e c o r d i n g . 

3.4 SEM of Wet A r t i c u l a r C a r t i l a g e 

The r e s u l t s d e s c r i b e d i n 3.3 suggest t h a t i t might be p o s s i b l e to 
observe other human t i s s u e s , such as a r t i c u l a r c a r t i l a g e , i n the SEM 
without p r e v i o u s l y d r y i n g the specimen. Although i t i s u n l i k e l y t h a t 
t h i s technique would be u s e f u l i n the d e t a i l e d study 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 , due to the l a r g e beam diameter and low 
v o l t a g e s n e c e s s a r y to avoid damage to the t i s s u e , i t c o u l d be u s e f u l 
f o r observing the deformations which occur during mechanical t e s t i n g 
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of specimens. The advantages of observing such t e s t s u s i n g SEM 
r a t h e r than c o n v e n t i o n a l l i g h t microscopy would be the l a r g e f i e l d of 
view and depth of focus which can be obtained i n SEM. 

Although human a r t i c u l a r c a r t i l a g e has a v e r y high water content, 
approximately 70 - 807.. of the wet weight, the p e r m e a b i l i t y of normal 
a r t i c u l a r c a r t i l a g e i s low and water flow through the m a t r i x when i t 
i s p l a c e d i n a vacuum cor r e s p o n d i n g l y slow. T h i s i s not the c a s e , 
however, w i t h f i b r i l l a t e d or o s t e o a r t h r o t i c c a r t i l a g e . I n a d d i t i o n 
to an i n c r e a s e i n water content, f i b r i l l a t e d c a r t i l a g e has a much 
high e r p e r m e a b i l i t y than normal c a r t i l a g e and water flow when the 
t i s s u e i s p l a c e d i n a vacuum w i l l t h e r e f o r e be much q u i c k e r . 

To e s t a b l i s h whether or not u n t r e a t e d c a r t i l a g e , both normal and 
f i b r i l l a t e d , c ould be observed i n the SEM, specimens were taken from 
a p a t e l l a which had been a s s e s s e d f o r n o r m a l i t y u s i n g the I n d i a n I n k 
t e s t (Meachim 1972) F i g . 3.2. 

I t was found t h a t w i t h normal c a r t i l a g e , taken from a r e a s where t h e r e 
was l i t t l e or no r e s i d u a l s t a i n i n g , the SEM reached working vacuum 
w i t h i n t h r e e minutes and t h a t the specimen could indeed be observed. 
Specimens taken from a r e a s where th e r e was r e s i d u a l s t a i n i n g , and 
which were t h e r e f o r e f i b r i l l a t e d , c ould not be observed however, as 
the SEM did not r e a c h working vacuum w i t h i n the f i f t e e n minute pump 
down pe r i o d . 

The SEM used was a Cambridge S t e r e o s c a n 600 and the only m o d i f i c a t i o n 
made was to use a pump of 300£/min. c a p a c i t y r a t h e r than 100£/min. 
pump o r i g i n a l l y f i t t e d . 

Once i t had been e s t a b l i s h e d t h a t working vacuum could be reached, i f 
the specimen was normal, the e f f e c t of both the beam and the vacuum 
on the t i s s u e was i n v e s t i g a t e d . 

The beam v o l t a g e was s e t a t 7.5Kv and maximum beam diameter was used. 
F i g s . 3.3 to 3.7 show examples of micrographs of the s u r f a c e of the 
specimen w i t h m a g n i f i c a t i o n s of up to x 500. Reasonable r e s o l u t i o n 
could be obtained a t these m a g n i f i c i a t i o n s and t h e r e was no v i s u a l l y 
apparent damage to the t i s s u e . Higher m a g n i f i c a t i o n s than x 500 did 
cause v i s u a l l y apparent damage to the t i s s u e , as can be seen i n 
F i g . 3.7. T h i s i s a micrograph a t m a g n i f i c a t i o n of x 500 of an a r e a 
o f t i s s u e which has p r e v i o u s l y been examined a t x I K m a g n i f i c a t i o n 
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The a r e a p r e v i o u s l y scanned a t IK i s c l e a r l y o u t l i n e d i n t h i s 
micrograph i n d i c a t i n g t h a t damage had occurred to the t i s s u e . I t 
i s concluded t h e r e f o r e t h a t u n t r e a t e d a r t i c u l a r c a r t i l a g e can be 
observed i n the SEM a t m a g n i f i c a t i o n s of up to x 500 without 
apparent damage or a l t e r a t i o n of the s u r f a c e of the t i s s u e due to 
the beam. 

I n a d d i t i o n to the v i s u a l examination as to the e f f e c t of vacuum 
and e l e c t r o n beam on the t i s s u e , the e f f e c t of pump down and 
ob s e r v a t i o n of the water content of the t i s s u e , was a l s o i n v e s t i g a t e d . 

S i x specimens; two of j u s t c a r t i l a g e , two of c a r t i l a g e plus 
u n d e r l y i n g bone and two of j u s t u n d e r l y i n g bone, were immersed i n 
Ringers s o l u t i o n and l e f t f o r 30 minutes to reach e q u i l i b r i u m . The 
specimens were then removed from the Ri n g e r s s o l u t i o n , excess 
f l u i d was removed w i t h a t i s s u e and the specimen was weighed. 
Immediately a f t e r weighing the specimen was placed i n the specimen 
chamber of the SEM and the microscope was pumped down to working 
vacuum. The len g t h of time taken f o r the microscope to reach 
working vacuum was recorded and the specimen was removed from the 
microscope and re-weighed. 

Each specimen was then re-immersed i n Ringers s o l u t i o n u n t i l the 
o r i g i n a l weight had been reached, which u s u a l l y took about \ hour, 
and r e p l a c e d i n the SEM and l e f t i n f o r f i v e minutes a t working 
vacuum. The specimens were then weighed and the whole procedure 
repeated t h i s time l e a v i n g the specimens a t working vacuum f o r ten 
minutes. 

The t o t a l water content of the specimens was determined by drying to 
const a n t weight i n vacuo. 

F i g . 3.8 shows the r e s u l t s f o r the s i x specimens of l o s s of water 
content, expressed as a percentage of wet weight, a g a i n s t time i n 
the microscope. 

As can be seen, l o s s of water as a percentage wet weight i s h i g h e s t 
i n the two specimens of j u s t c a r t i l a g e and lowest i n thoseof j u s t 
bone. T h i s i s not s u r p r i s i n g given the much h i g h e r water content 
of c a r t i l a g e compared w i t h bone. 

F i g . 3.9 shows the percentage of the o r i g i n a l water content which 
was l o s t during the time i n the microscope and i t can be seen t h a t 
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a much l a r g e r percentage of the o r i g i n a l water content i s l o s t from 
bone (more than 40%) than e i t h e r the c a r t i l a g e or c a r t i l a g e p l u s bone 
specimens. T h i s i s due to the extremely low p e r m e a b i l i t y of 
c a r t i l a g e compared w i t h bone. 

These r e s u l t s show t h a t i f c a r t i l a g e i s only examined f o r about f i v e 
minutes a f t e r pump down has been reached the wet weight w i l l be 
reduced by about 167,, which i s e q u i v a l e n t to a l o s s of about 207, of 
the o r i g i n a l water content. I t seems l i k e l y from the s h o r t time 
taken f o r the c a r t i l a g e to r e t u r n to i t s o r i g i n a l weight when 
re-immersed i n s a l i n e t h a t a l a r g e p r oportion of the water l o s s 
measured i s due to removal of s u p e r f i c i a l water. 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 the water content of the bulk of the t i s s u e i s 
u n a f f e c t e d or only a f f e c t e d very s l i g h t l y , w h i l s t i n the SEM. I f 
t h i s i s the c a s e then the mechanical p r o p e r t i e s of the t i s s u e when 
t e s t e d i n the SEM may w e l l be the same, or very s i m i l a r , to those 
when i t i s t e s t e d o u t s i d e the microscope immersed i n R i n g e r s . 

From these r e s u l t s i t was decided t h a t the SEM could be u s e f u l l y 
used to observe the deformations which occur during compression of 
small plugs of c a r t i l a g e . 
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4.1 I n t r o d u c t i o n 

As e x p l a i n e d i n Chapter 1 the main purpose of t h i s i n v e s t i g a t i o n 
was to t r y to observe, and measure, the deformation of a r t i c u l a r 
c a r t i l a g e under p h y s i o l o g i c a l loading c o n d i t i o n s . 

I n Chapter 2 the v a r i o u s s t u d i e s that have been performed to 
determine the loading which occurs i n human j o i n t s i n v i v o were 
d e s c r i b e d . Although the r e s u l t s of these s t u d i e s vary q u i t e 
c o n s i d e r a b l y , they do i n d i c a t e t h a t during normal walking, a t 
fr e q u e n c i e s of approximately one c y c l e per second, the maximum 

2 
s t r e s s that occurs i n a r t i c u l a r c a r t i l a g e i s between 2 and 6 MN/m . 

The load c y c l e t h a t occurs each time a step i s taken i s not a 
simple s i n u s o i d a l v a r i a t i o n ( P a u l 1967). However, because of 
the d i f f i c u l t y of e x a c t l y s i m u l a t i n g the load c y c l e previous 
workers who have s t u d i e d c y c l i c loading of a r t i c u l a r c a r t i l a g e 
have approximated the p h y s i o l o g i c a l load c y c l e by applying a 
s i n u s o i d a l l y v a r y i n g load. 

I n t h i s i n v e s t i g a t i o n the response of a r t i c u l a r c a r t i l a g e during 
a s i n g l e load a p p l i c a t i o n i s st u d i e d and i t was decided t h a t a 
near approximation to p h y s i o l o g i c a l loading could be achieved by 
applying a constant displacement r a t e , which would r e s u l t i n s t r e s s e s 

2 
of up to 10 MN/m i n 2 to 3 seconds. Based on previous 
i n v e s t i g a t i o n s i n t o the 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 , d e s c r i b e d i n Chapter 2, i t was c a l c u l a t e d that i f a 
displacement r a t e of approximately 0.3 mm/sec was a p p l i e d the 
l e v e l s of s t r e s s and s t r a i n achieved w i t h i n 2 to 3 seconds would 
be approximately those that occur i n v i v o . 
The equipment used i n t h i s i n v e s t i g a t i o n was t h e r e f o r e designed 
to operate a t a range of constant displacement r a t e s with 0„3 mm/ 
sec as the mid-point of the range i n each c a s e . F a c i l i t i e s 

2 
to measure s t r e s s e s of up to 10 MN/m , and displacements of up 
to 3 mm were a l s o i n c o r p o r a t e d i n the r i g d e s i g n s . I t was 
decided that the specimens would have a diameter of 5 mm and 
t h e r e f o r e the loads measured would be up to approximately 250 N. 
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4.2 SEM T e s t R i g and In s t r u m e n t a t i o n 

Given the ranges of load and displacement r e q u i r e d f o r the t e s t i n g 
of the specimens, the main c r i t e r i o n f o r the design of the SEM r i g 
was t h a t of s i z e . The load c e l l , displacement t r a n s d u c e r , specimen 
holder and compression device a l l had to be small enough to f i t i n t o 
the specimen chamber of the microscope. 

Although small load c e l l s are commercially a v a i l a b l e they are r a t h e r 
expensive and t h e r e f o r e a small load c e l l was designed and b u i l t 
s p e c i f i c a l l y f o r t h i s study. The load c e l l i s shown i n F i g . 4.1. 
As can be seen the load c e l l enables the measurement of both 
compression and shear loads by r e c o r d i n g the change i n r e s i s t a n c e 
of s t r a i n gauges a t t a c h e d to two p a i r s of l e v e r arms. Gauges 1 and 
2 are coupled together to measure compressive loads w h i l s t 3 and 4 
measure shear l o a d s . Each p a i r of s t r a i n gauges were connected to 
form a \ bridge input i n t o a p o r t a b l e s t r a i n i n d i c a t o r (Manufactured 
by P e e k e l , Rotterdam, H o l l a n d ) . The output of the s t r a i n 
i n d i c a t o r was connected to an U l t r a V i o l e t r e c o r d e r . The load c e l l 
was c a l i b r a t e d u s i n g s t a t i c loading and the r e s u l t s are shown i n 
Appendix B. I t can be seen that w i t h i n the range of loads 

r e q u i r e d f o r the t e s t s the relationship between the load c e l l output 
and the a p p l i e d load i s l i n e a r . 

The displacement t r a n s d u c e r used i n t h i s r i g i s a commercially 
a v a i l a b l e l i n e a r l y v a r i a b l e d i f f e r e n t i a l t r a n s d u c e r (LVDT). The 
output of the LVDT was connected to a d i r e c t reading transducer 
meter (Type C52 Manufactured by Boulton and Pau l , Wolverhampton) 
and the output from t h i s was recorded on a second channel on the 
U.V. r e c o r d e r . 

The device which enables the constant displacement r a t e to be 
a p p l i e d to the specimen i s simply a specimen stub a t t a c h e d to a 
b r a s s block which can move i n a channel cut i n a s t e e l mounting. 
The b r a s s block has an i n t e r n a l screw thread and i s l i n k e d v i a a 
worm and wheel to a constant speed P a r v a l u x motor. The output 
from the motor can be v a r i e d u s i n g a r h e o s t a t and wi t h the worm and 
wheel arrangement chosen, the displacement r a t e can be v a r i e d from 
0.1 mm/sec to 0,8 mm/sec , 
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The load c e l l , LVDT and compression d e v i c e were mounted on a base 
p l a t t e n s u p p l i e d by Cambridge Instruments as shown i n F i g 4.2. 

The next step i n the d e s i g n of t h i s equipment was to arrange for 
the l e a d s from the load c e l l and LVDT,and the d r i v e s h a f t of the 
compression device to be connected to the r e c o r d i n g equipment and 
the motor o u t s i d e the SEM, w h i l s t m a i n t a i n i n g an a i r t i g h t s e a l . 
A standard f r o n t p l a t e f o r the SEM vacuum chamber was modified f o r 
t h i s purpose. The t i l t and r o t a t e c o n t r o l s normally mounted on 
t h e f r o n t p l a t e were removed and i n t h e i r p l ace were i n s e r t e d an 
a i r t i g h t p i n connector f o r the e l e c t r i c a l connections and a d r i v e 
c o u p l i n g s e a l e d w i t h 0 r i n g s as shown i n F i g . 4.3. 

Once the SEM r i g had been designed and b u i l t one f u r t h e r 
c a l i b r a t i o n was c a r r i e d out before t e s t i n g began. The design of 
the load c e l l i s dependent on bending of l e v e r arms under e i t h e r 
compressive or shear loading producing a change i n the r e s i s t a n c e 
of the a t t a c h e d s t r a i n gauges. At each p a r t i c u l a r load t h e r e f o r e , 
there w i l l be a small displacement of the specimen stub due to the 
bending of the l e v e r s . By loading the r i g w i t h no specimen 
p r e s e n t t h i s displacement can be measured and subsequently 
s u b t r a c t e d from the o v e r a l l displacement measured when a specimen 
i s a c t u a l l y t e s t e d . The r e s u l t of the displacement—load 
c a l i b r a t i o n of the SEM r i g i s shown i n Appendix B, 

4.3 Dartec T e s t R i g 

The Dartec t e s t i n g machine can be operated i n e i t h e r t e n s i o n or 
compression but the load c e l l used f o r these t e s t s was s u i t a b l e 
only f o r t e n s i o n . For the s e r i e s of t e s t s performed i n the 
Dartec i t was t h e r e f o r e n e c e s s a r y t h a t a compression cage should 
be used which would enable the machine to be operated i n the 
t e n s i l e mode w h i l s t a p plying compressive loads to t h e specimen. 
Although compression cages are commercially a v a i l a b l e f o r Dartec 
t e s t machines they are not s u i t a b l e f o r t e s t i n g a t the loads used 
i n t h i s i n v e s t i g a t i o n , as the f r i c t i o n a l r e s i s t a n c e i s of the same 
order of magnitude as the loads r e q u i r e d to compress a r t i c u l a r 
c a r t i l a g e . A low f r i c t i o n compression cage was t h e r e f o r e designed 
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F i g . 4.2 Base P l a t t e n 

F i g . 4.3 F r o n t P l a t e . 
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f o r t h i s i n v e s t i g a t i o n as shown i n F i g . 4.4. The bearings and 
shaf t s of the cage were supplied by E.W. Bearings L i m i t e d , 
Brough Park, Fossway, Newcastle upon Tyne, 
and the f r i c t i o n a l resistance of the cage i s less than ION. 
The e x t e r n a l extensometer of the Dartec was mounted on the cage 
and the plunger was p o s i t i o n e d r e s t i n g on an adju s t a b l e screw 
which could be locked i n p o s i t i o n as shown i n F i g . 4.5. This 
a d j u s t a b l e screw enables the extensometer to be accurately zeroed 
during the t e s t procedure which, as w i l l be described i n d e t a i l 
i n Chapter 5, i s necessary f o r the opera t i o n of the machine. 

I n the centre of the bottom p l a t e of the compression cage a hole 
was d r i l l e d f o r the specimen holder to l o c a t e i n . As the 
specimens were to be tested immersed i n s a l i n e a 2 mm c i r c u l a r 
channel was cut i n the bottom p l a t e of the cage and during 
t e s t i n g a small tube of perspex was placed around the specimen 
i n t h i s channel. The j o i n between the perspex tube and the 
p l a t e was w a t e r t i g h t and once the specimen had been p o s i t i o n e d 
the tube could be i n s e r t e d and the specimen immersed i n s a l i n e . 

As w i t h the SEM r i g , the deformation—load c h a r a c t e r i s t i c of the 
Dartec r i g w i t h no specimen present was determined and t h i s i s 
shown i n Appendix B. 

4.4 I n s t r o n Rig 

The I n s t r o n t e s t machine was used i n the compressive mode and 
the equipment needed f o r the t e s t s was t h e r e f o r e very simple. 
A small brass p l a t e , w i t h a hole f o r the specimen holder and a 
channel f o r the perspex tube, was made to p o s i t i o n on the top p l a t e 
of the load c e l l . On the underside of the brass p l a t e a small 
c i r c u l a r r i d g e which locates w i t h a recess i n the top p l a t e and 
enables accurate c e n t r i n g of the specimen. A 10 mm diameter 
brass c y l i n d e r w i t h a screw thread to f i t the crosshead mounting 
of the I n s t r o n was the only other piece of equipment needed. 
Both these pieces of equipment are shown i n p o s i t i o n i n the 
I n s t r o n i n F i g . 4.6 



4 4 

i 

i 

Fig. 4.4 Dartec Compression Cage. 

A 
Fig. 4.5 Cage Zeroing Screw. 

Fig. 4.6 I n s t r o n Test System. 



45 

4.5 Microtome 

The Microtome used during t h i s i n v e s t i g a t i o n was manufactured by 
MSE of London. The device was modified as i t was thought t h a t 
the s l i c e s of c a r t i l a g e removed would be more l i k e l y to be 
p a r a l l e l to the surface of the specimen i f the remaining 
c a r t i l a g e was confined and unable to 'bend'. Fi g . 4.7 shows 
the equipment used i n place on the microtome. The brass rod 
can be moved up i n s i d e the brass holder, which has a hole s l i g h t l y 
l a r g e r than 5 mm d r i l l e d through i t . The specimens were placed 
i n the holder and by r a i s i n g the rod the required thickness of 
specimen could be pushed up and s l i c e d o f f . I t was necessary 
to make the hole s l i g h t l y l a r g e r than the diameter of the 
specimens as i t was found t h a t the u n d e r l y i n g bone was o f t e n of 
s l i g h t l y l a r g e r diameter than the c a r t i l a g e . The technique used 
to remove the s l i c e s using t h i s equipment i s described i n Chapter 
5. 
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Fig. 4,/ Modified Microtome 
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CHAPTER 5 

STORAGE AND PREPARATION OF SPECIMENS 
AND EXPERIMENTAL PROCEDURE 
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5.1 C o l l e c t i o n and Storage of Specimens 

A l l the specimens used i n t h i s study were from a d u l t human 
p a t e l l a e . The p a t e l l a e were obtained a t post mortem and 
stored i n a i r t i g h t glass containers a t e i t h e r + 4°C or - 20°C 
u n t i l used. A small amount of s a l i n e s o l u t i o n was present i n 
the containers which prevented dehydration of the t i s s u e , w h i l s t 
avoiding the problem of leaching out of the ground substance 
which occurs i f c a r t i l a g e i s stored t o t a l l y immersed i n s a l i n e 
s o l u t i o n . 

The e f f e c t of storage procedures on the mechanical p r o p e r t i e s of 
t i s s u e has been studied by several workers. However, as was 
mentioned i n Chapter 2, the r e s u l t s of these i n v e s t i g a t i o n s have 
been c o n f l i c t i n g . I n order to gain more i n f o r m a t i o n as to the 
s i g n i f i c a n c e of storage procedures the two procedures mentioned 
e a r l i e r were adopted d u r i n g t h i s study. 23 p a t e l l a e were used 
i n the study, 7 of which were stored f r o z e n at - 20°C and 16 
unfrozen a t + 4°c. This was taken i n t o account during the 
a n a l y s i s of the mechanical t e s t i n g and i s discussed f u r t h e r i n 
Chapter 7. 

The ages of the p a t e l l a e ranged from 25 to 82 years. 

5.2 Preparation of Specimens 

As each p a t e l l a was needed i t was removed from the f r i d g e and 
those stored a t - 20°C were l e f t to d e f r o s t at room temperature. 

The p a t e l l a e were then c a r e f u l l y dissected to remove any s o f t 
t i s s u e and washed w i t h s a l i n e to remove any synovial f l u i d . The 
I n d i a n i n k t e s t ( Meachim 1972) was used to assess v i s u a l l y the 
extent and degree of f i b r i l l a t i o n which was present i n each p a t e l l a . 
This t e s t was not used to assess the n o r m a l i t y of the t i s s u e 
q u a n t i t a t i v e l y as t h i s was done l a t e r by biochemical a n a l y s i s , but 
was used to give an i n d i c a t i o n as to whether or not a specimen 
removed from a p a r t i c u l a r s i t e would be normal. This was 
p a r t i c u l a r l y important when preparing specimens f o r t e s t i n g i n the 
SEM as f i b r i l l a t e d specimens could not be used, due to the much 
higher p e r m e a b i l i t y they e x h i b i t . 
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To enable easy handling and p o s i t i o n i n g of the p a t e l l a i t was 
placed 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 screw holes 
through the side w a l l . Pointed and screws were introduced 
through these holes and screwed i n t o the bone of the p a t e l l a , 
thus h o l d i n g i t f i r m l y w i t h i n the d i s h . The dish was attached 
to an a d j u s t a b l e stand so t h a t each area of c a r t i l a g e from which 
a specimen was to be removed could be p o s i t i o n e d w i t h the 
a r t i c u l a r surface i n a h o r i z o n t a l plane. Once the p a t e l l a had 
been clamped i n t o the dish i t was covered w i t h a wet ti s s u e to 
prevent dehydration of the a r t i c u l a r c a r t i l a g e . This t i s s u e was 
removed and replaced as each i n d i v i d u a l specimen was prepared. 

The specimens used i n a l l the t e s t s i n t h i s i n v e s t i g a t i o n were 
5 mm diameter c y l i n d r i c a l plugs of c a r t i l a g e w i t h u n d e r l y i n g 
bone which were removed from the p a t e l l a using a hardened s t e e l 
c u t t e r and press. The c u t t e r was pressed through the 
c a r t i l a g e i n t o the u n d e r l y i n g bone and by sharply t w i s t i n g the 
p a t e l l a the bone could be f r a c t u r e d , l e a v i n g the specimen i n the 
c u t t e r . The a d j u s t a b l e stand, c u t t e r and press used are shown 
i n F i g . 5.1. 

The o r i g i n a l c u t t e r used had only a small diameter hole running 
through i t and the specimens were ejected from the c u t t e r by a 
small plunger which was p o s i t i o n e d i n s i d e the c u t t e r and which 
could be pushed against the c a r t i l a g e surface to f o r c e the 
specimen out. Although t h i s method proved s a t i s f a c t o r y f o r 
normal t i s s u e i t was u n s u i t a b l e f o r use w i t h f i b r i l l a t e d or 
o s t e o a r t h r o t i c t i s s u e and the c u t t e r was t h e r e f o r e m o d i f i e d . 
The diameter of the hole running through the c u t t e r was 
increased to a l i t t l e more than 5 mm w i t h the c u t t i n g edge 
remaining a t 5 mm diameter. The specimens could now be e j e c t e d 
from the c u t t e r by a plunger pressed on the un d e r l y i n g bone thus 
avoiding any p o s s i b i l i t y of damage to the a r t i c u l a r c a r t i l a g e . 

The s i t e on the p a t e l l a which each specimen was removed from was 
recorded d i a g r a m a t i c a l l y and the specimens were placed i n small 
screw-top j a r s w i t h a small amount of s a l i n e to prevent dehydration. 
By c a r e f u l p o s i t i o n i n g of the p a t e l l a on the ad j u s t a b l e stand the 
specimens could be cut so t h a t the surface of the c a r t i l a g e plug was 
perpendicular to the sides of the plug. The bone end of the 
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Fig. 5.1 Adjustable Stand, Cutter and Press 
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specimen d i d not always f r a c t u r e perpendicular to the sides of 
the plug and t h e r e f o r e the bone end was subsequently trimmed f l a t 
i n a watch-makers l a t h e . The specimens were then stuck onto 
small brass specimen stubs using cyno-acrylate adhesive. This 
adhesive sets very q u i c k l y , u s u a l l y i n about ten seconds, and 
once the specimen was f i r m l y attached to the specimen holder i t 
was placed, w i t h the holder i n t o i t s own i n d i v i d u a l j a r . This 
again prevented dehydration of the a r t i c u l a r c a r t i l a g e . Just 
p r i o r to t e s t i n g , each specimen was immersed i n s a l i n e s o l u t i o n 
f o r one hour to ensure t h a t i t was f u l l y hydrated. The 
specimens were not removed from the same s i t e s on each p a t e l l a 
but were taken from s i t e s which had a large enough f l a t area to 
be p o s i t i o n e d h o r i z o n t a l l y under the c u t t e r . This obviously 
depended on the contours of each p a t e l l a . The maximum number 
of specimens obtained from one p a t e l l a was twelve but us u a l l y 
e i g h t or nine could be prepared. 

5.3 Experimental Procedure 

5.3.1 I n t r o d u c t i o n 

As described i n Chapter 3, the equipment designed f o r use i n the 
SEM applied a constant r a t e displacement to the specimen. The 
t e s t mode adopted i n the Dartec and I n s t r o n t e s t s was also a 
constant r a t e displacement to enable easy comparison between the 
three series of t e s t s . 

The m a j o r i t y of f u l l thickness specimens and specimens w i t h s l i c e s 
removed tested i n the Dartec were tested a t a displacement r a t e of 
0.3 mm/sec . As discussed i n Chapter 2, i t i s l i k e l y t h a t 
t h i s r a t e w i l l f a l l w i t h i n the normal p h y s i o l o g i c a l range. I n 
a d d i t i o n to the main se r i e s of t e s t s the e f f e c t of s t r a i n r a t e was 
also determined i n both the SEM and Dartec. 

The i n d i v i d u a l s l i c e s t e s t e d i n the I n s t r o n were teste d a t a 
displacement r a t e of 0.083 mm/sec which meant t h a t the s t r a i n 
r a t e was of the same order of magnitude as i n the f u l l thickness 
t e s t s . 
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5.3.2 Experimental Procedure Using SEM 

The SEM used i n t h i s i n v e s t i g a t i o n was a Cambridge Stereoscan 
S600 5 The oper a t i n g voltage was 7.5 Kv and during the t e s t 
the m a g n i f i c a t i o n was set on X50. The scan speed had to be 
set a t TV to enable a video recording to be made. 

At the beginning of each t e s t session the t e s t r i g was placed 
i n s i d e the specimen chamber, w i t h o u t a specimen present, and 
the microscope was pumped down to working vacuum. The beam 
was focused and any astigmatism present was compensated f o r . 
At t h i s stage the t e s t r i g could be approximately p o s i t i o n e d 
so t h a t the specimen would be i n the f i e l d of view and only a 
small amount of adjustment would be necessary when the specimen 
was a c t u a l l y i n s e r t e d . When the best possible p i c t u r e had been 
obtained the microscope was set t o ' a i r ' and the t e s t s could be 
s t a r t e d . 

As sta t e d e a r l i e r each specimen was soaked i n s a l i n e f o r 1 hour 
before t e s t i n g . Before p l a c i n g i n the microscope the specimens 
were t h e r e f o r e wiped l i g h t l y w i t h a t i s s u e to remove any surplus 
s a l i n e . The specimen was then i n s e r t e d i n t o the t e s t r i g , 
placed i n the specimen chamber and the microscope was pumped 
down to working vacuum. While the microscope was pumping down 
the motor and b e l t d r i v e were p o s i t i o n e d and the motor was 
clamped to the table top. 

Once working vacuum had been reached the specimen could be 
po s i t i o n e d e x a c t l y w i t h i n the f i e l d of view and then the t e s t 
r i g stage was clamped t o the f r o n t p l a t e . During the t e s t the 
stage was l e f t clamped t o the f r o n t p l a t e and was i n i t s lowest 
p o s i t i o n . This minimised the movement of the r i g i t s e l f d u ring 
the t e s t , but i t could not be e l i m i n a t e d a l t o g e t h e r . The 
microscope was then focussed a c c u r a t e l y a t mag x 200 and scan 
speed 0.5 frame seconds. When these were reset t o x 50 and TV 
scan the gain and c o n t r a s t were adjusted. 

The compression stub was moved i n t o the f i e l d of view and was 
set j u s t before contact w i t h the specimen. The video recorder 
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and UV recorder were then switched on and then the motor was 
switched on. The compression t e s t was allowed to continue 
u n t i l the load recorded reached approximately 100N. The time 
taken v a r i e d t h e r e f o r e f o r each t e s t , depending on the ' s t i f f n e s s ' 
of the specimen but u s u a l l y the motor was on f o r 3 or 4 seconds. 
Immediately the t e s t was f i n i s h e d the UV recorder was switched o f f 
and the microscope was set to standby. This meant t h a t i f the 
vacuum d e t e r i o r a t e d due to f l u i d being expelled from the t i s s u e 
the HT voltage d i d not cut out, due to t r i p mechanisms, which can 
cause damage to the screen as the beam decays. The motor was 
then reversed u n t i l the compression stub was i n i t s o r i g i n a l 
p o s i t i o n , as i n d i c a t e d by the LVDT reading. The microscope 
could then be brought back up t o a i r and the video recorder 
switched o f f . 

The specimen was then removed from the t e s t r i g , re-immersed i n 
s a l i n e s o l u t i o n and a new specimen t e s t e d . 

Each t e s t took about f i v e minutes t o perform i n c l u d i n g the time 
taken f o r the microscope to reach working vacuum. Once a 
specimen had been teste d i n the SEM i t was re-immersed i n s a l i n e 
and e i t h e r r e - t e s t e d i n the SEM or the Dartec or prepared f o r 
biochemical analysis. 

I f the specimen was to be r e - t e s t e d i t was l e f t to recover f o r 
at l e a s t 4 hours. I t was found t h a t by lea v i n g the specimens 
f o r t h i s l ength of time the response under i d e n t i c a l circum­
stances was, w i t h i n experimental e r r o r , i d e n t i c a l to the 
o r i g i n a l response. Based on t h i s f a c t , specimens were teste d 
three times a t three d i f f e r e n t displacement r a t e s , 0.1 mm/sec, 
0.3 mm/sec, 0.8 mm/sec. These were the minimum, median and 
middle displacement rates t h a t could be obtained w i t h o u t 
changing the motor or gears used. The r e s u l t s of these t e s t s 
are discussed i n Chapter 7. 

5.3.3 Experimental Procedure Using Dartec 

Although the Dartec i s a f a i r l y complicated machine to set up, 
the t e s t procedure once the t r i p s and ramp speed have been set 
i s q u i t e simple. A d e t a i l e d step by step procedure f o r the 
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t e s t s performed i s t h e r e f o r e given i n Appendix C and the 
i n f o r m a t i o n given here w i l l be of a more general, d e s c r i p t i v e 
nature. 

As has been st a t e d e a r l i e r the purpose of using the Dartec t e s t 
machine was to enable t e s t s to be performed on 'wet' specimens, 
t h a t i s specimens immersed i n s a l i n e , as a comparison to those 
performed at vacuum i n the SEM. I n a d d i t i o n , by removing s l i c e s 
of c a r t i l a g e from the specimens and r e - t e s t i n g the remaining 
c a r t i l a g e i t was hoped t h a t an estimate of how each s l i c e 
c o n t r i b u t e d to the o v e r a l l deformation could be made. 

The f i r s t f a c t to e s t a b l i s h was t h e r e f o r e whether or not 
repeatable r e s u l t s could be obtained from the same specimen i f i t 
was l e f t to recover, immersed i n s a l i n e , between t e s t s . 

As w i t h the SEM t e s t s i t was found t h a t the response of each 
specimen was repeatable as long as the specimen had been l e f t f o r 
a t l e a s t 4 hours. A s i m i l a r series of t e s t s to those performed 
i n the SEM were c a r r i e d out to e s t a b l i s h the e f f e c t of s t r a i n r a t e 
on the response of the t i s s u e . This was p a r t i c u l a r l y important 
w i t h the Dartec t e s t s as the s t r a i n r a t e would obviously be higher 
once a s l i c e had been removed from a specimen i f i t was r e - t e s t e d 
at the same displacement r a t e . The displacement rates a p p l i e d 
ranged from 0.03 to 3 mm/sec and the r e s u l t s of the t e s t s are 
described more f u l l y i n Chapter 7. B r i e f l y the r e s u l t s i n d i c a t e d 
t h a t there was no s i g n i f i c a n t d i f f e r e n c e i n response w i t h i n t h i s 
range of displacement r a t e s . A fundamental assumption was then 
made which was t h a t i f the response of the f u l l thickness of t i s s u e 
was repeatable at d i f f e r e n t s t r a i n rates then the response a t each 
l e v e l through the thickness of the t i s s u e would be the same when 
the t i s s u e was r e - t e s t e d . Based on t h i s assumption i t was 
presumed t h a t the d i f f e r e n c e i n response of a specimen when 
re - t e s t e d w i t h a s l i c e removed was due s o l e l y to the removal of 
t h a t s l i c e . 

The t e s t procedure f o r specimens tested i n the Dartec was t h e r e f o r e 
as f o l l o w s -

The specimen was placed, immersed i n s a l i n e , i n the t e s t r i g and a 
constant r a t e displacement was a p p l i e d u n t i l the recorded load 
reached approximately 100N. The specimen was then unloaded, 
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removed from the r i g and l e f t to recover f o r 4 hours. A f t e r 4 
hours the specimen was removed from the holder, placed i n the 
microtome holder and a s l i c e of c a r t i l a g e approximately 500 yum 

t h i c k was s l i c e d o f f p a r a l l e l to the a r t i c u l a r surface. The 
thickness of the s l i c e was measured using a micrometer and the 
remaining c a r t i l a g e plug was re-glued t o the specimen holder. 
The specimen could then be r e - t e s t e d and t h i s procedure could 
be continued u n t i l a l l the c a r t i l a g e had been removed from the 
specimen. 

I n some cases the specimens were only tested a t f u l l thickness 
i n which case a f t e r the f i r s t t e s t they were removed from the 
specimen holder and l e f t to recover immersed i n s a l i n e before 
being prepared f o r biochemical a n a l y s i s . 

5 . 3.4 Experimental Procedure I n I n s t r o n 

The experimental procedure i n the I n s t r o n was e s s e n t i a l l y very 
s i m i l a r t o t h a t of the Dartec. Each specimen was placed i n the 
t e s t r i g , immersed i n s a l i n e and loaded a t a constant r a t e of 
displacement up to approximately 1 0 0 N . The specimen was then 
removed from the r i g and l e f t to recover f o r a t l e a s t 4 hours. 

Once the specimen had recovered i t was s l i c e d i n t o layers of 
approximately 5 0 0 y u m thickness. Each s l i c e was measured and 
then i n d i v i d u a l l y tested using the same t e s t r i g . Because of 
the much higher s t r a i n rates which would have r e s u l t e d i f the 
s l i c e s were teste d a t 0 . 3 mm/sec the displacement r a t e was 
reduced to 0 . 0 8 3 mm/sec f o r these s l i c e s . As w i t h the other 
t e s t procedures the s l i c e s were l e f t t o recover immersed i n 
s a l i n e before being prepared f o r biochemical a n a l y s i s . 

5 . 3 . 5 Measurement of Thickness 

The thickness of a l l the specimens teste d i n the SEM and those 
test e d only a t f u l l thickness i n the Dartec were measured a f t e r 
they had been t e s t e d . 
A f t e r the t e s t had been c a r r i e d out the specimens were l e f t 
immersed i n s a l i n e to recover. The c a r t i l a g e was then s l i c e d 
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o f f the bone using a s c a l p e l and the thickness of c a r t i l a g e 
measured using a micrometer. I n some cases, where the bone 
c a r t i l a g e i n t e r f a c e was not perpendicular to the sides of the 
p l u g , an average thickness f o r the whole specimen was estimated. 
I n each case care had to be taken not t o apply any compressive 
f o r c e to the c a r t i l a g e d u r i n g the measuring as the r e s u l t i n g 
deformation would obviously introduce e r r o r s i n t o the thickness 
measurement. I t was decided before any experiments were 
c a r r i e d out t h a t the easiest way to measure the thickness would 
be a f t e r t e s t i n g when the specimens could be removed from the 
u n d e r l y i n g bone. This obviously assumes t h a t the specimens do 
i n f a c t recover t h e i r o r i g i n a l thickness. Measurements taken 
from the video recordings of the specimens before t e s t i n g 
support t h i s assumption as they agree c l o s e l y w i t h the micro­
meter measurements taken a f t e r t e s t i n g . 

I n the case of the s l i c e d specimens the o v e r a l l thickness was 
estimated by adding together the thicknesses of the i n d i v i d u a l 
s l i c e s . 

Once the c a r t i l a g e thickness had been measured i t was then ready 
to be analysed biochemically. 



CHAPTER 6 

BIOCHEMICAL ANALYSIS AND RESULTS 
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6.1 I n t r o d u c t i o n 

Any study of the mechanical p r o p e r t i e s of a t i s s u e must include 
a method of assessing the n o r m a l i t y of the ti s s u e being t e s t e d . 
I n the case of a r t i c u l a r c a r t i l a g e t h i s i s p a r t i c u l a r l y 
important as the e f f e c t of other v a r i a b l e s , apart from the 
biochemistry, such as age of the specimen and s i t e w i t h i n the 
j o i n t , on the mechanical p r o p e r t i e s i s s t i l l not known. I f 
any sense i s to be made of the mechanical r e s u l t s obtained then 
i t must be possible during the ana l y s i s to r e s t r i c t the number 
of v a r i a b l e s to a minimum. 

As discussed i n Chapter 2, although f i b r i l l a t i o n of the a r t i c u l a r 
surface i s a c l e a r i n d i c a t i o n t h a t d i s r u p t i o n of the c a r t i l a g e 
has occurred i t seems l i k e l y t h a t d i s r u p t i o n of the surface of 
the a r t i c u l a r c a r t i l a g e i s i n f a c t preceded by a l t e r a t i o n s i n 
the water and uronic a c i d content of the t i s s u e . Measurements 
of these two v a r i a b l e s would t h e r e f o r e appear to be the most 
accurate method of determining the n o r m a l i t y of the t i s s u e . 

I n t h i s study t h e r e f o r e , the water and uronic acid content of 
each specimen test e d was measured bio c h e m i c a l l y . I n t h i s 
chapter the biochemical techniques used are described and the 
r e l a t i o n s h i p s between these two v a r i a b l e s and age and s i t e of 
specimen are discussed. The r e l a t i o n s h i p between the biochemistry 
and the mechanical p r o p e r t i e s of the ti s s u e w i l l be discussed i n 
Chapter 7. 

6.2 Water Content 

The water content of the specimens was determined by d r y i n g to 
constant weight i n vacuo. Each specimen was taken from i t s 
storage tube, surplus s a l i n e was removed w i t h a s o f t t i s s u e and 
the wet weight of the specimen was measured. The specimens were 
then placed i n a desiccator and l e f t w i t h the pump running u n t i l 
a constant dry weight had been reached. 48 hours was u s u a l l y 
s u f f i c i e n t f o r t h i s . The water content of the t i s s u e was then 
c a l c u l a t e d as the d i f f e r e n c e between the wet and dry weight. 
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I t i s p o s s i b l e t h a t some i n t r a c e l l u l a r water i s not removed 
us i n g t h i s d r ying technique and t h a t the true water content of 
the t i s s u e i s s l i g h t l y higher than measured. However, i t i s 
u n l i k e l y t h a t the i n t r a c e l l u l a r water content has any 
s i g n i f i c a n t e f f e c t on the mechanical p r o p e r t i e s of the t i s s u e 
as there are few c e l l s i n a r t i c u l a r c a r t i l a g e , whereas the 
water content as measured, th a t i s the m a t r i x water content, 
may be d i r e c t l y r e l a t e d to the mechanical p r o p e r t i e s . I t i s 
a l s o u n l i k e l y that the i n c r e a s e i n water content seen i n the 
i n i t i a l s t a g es of o s t e o a r t h r o s i s i s due to an i n c r e a s e i n 
i n t r a c e l l u l a r water and t h e r e f o r e , as the purpose of 
measuring water content was to a s s e s s the n o r m a l i t y of the 
t i s s u e and determine the r e l a t i o n s h i p , i f any, between water 
content and mechanical p r o p e r t i e s of the t i s s u e , i t was 
decided t h a t the technique d e s c r i b e d should be used i n t h i s 
study. 

6.3 Uronic A c i d Content 

The Uronic Acid content of each specimen was determined by the 
method of B i t t e r and Muir ( 1 9 6 2 ) . A f t e r the water content of 
each specimen had been determined, as d e s c r i b e d i n 6.3, the 
specimens were d i g e s t e d i n papain s o l u t i o n (0.2 ml papain i n 
2 ml 17. NaHC0 3/Cyst b u f f e r Ph 8.0) a t 60°C f o r 48 hours. The 
volume was made up to 5 ml w i t h d i s t i l l e d water and, depending 
on the dry weight of the specimen, e i t h e r 0.1 ml or 0.3 ml 
a l i q u o t s were taken f o r chemical a n a l y s i s . 

6.4 Biochemical R e s u l t s 

The water content of the samples ranged from 667. to 867„ of the 
wet weight. The v a r i a t i o n i n water content w i t h age i s shown 
i n F i g . 6.1. There i s no apparent r e l a t i o n s h i p between the 
water content and the age of the sample although there i s an 
i n c r e a s e i n the range of water content w i t h age. T h i s 
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i s c o n s i s t e n t with previous o b s e r v a t i o n s that the i n c i d e n c e 
of f i b r i l l a t i o n and o s t e o a r t h r o s i s , i n d i c a t e d by i n c r e a s e d 
water content, i n c r e a s e s w i t h age whereas the water content 
of normal c a r t i l a g e d e c r e a s e s s l i g h t l y with age (Venn 1977). 
I f the v a r i a t i o n i n range of water content w i t h age f o r 
normal a r t i c u l a r c a r t i l a g e as determined by Venn(l977) i s 
superimposed on the r e s u l t s ( F i g . 6.2) i t can be seen that 
approximately 50% of the samples f a l l w i t h i n the normal 
range w h i l e approximately 507„ have water content higher than 
the normal range. The number of specimens a t any p a r t i c u l a r 
age w i t h an above normal water content i n c r e a s e s w i t h age, 
w i t h a l l the specimens from the 25 year old p a t e l l a f a l l i n g 
w i t h i n the normal range and a l l the specimens from the 82 year 
o l d p a t e l l a being above the normal range. 

Using the ranges f o r normal water content determined by Venn, 
the specimens i n t h i s study can t h e r e f o r e be d i v i d e d i n t o two 
groups; those where there has been no a l t e r a t i o n i n 
b i o c h e m i s t r y and can be c l a s s i f i e d as normal, and those where 
the b i o c h e m i s t r y would i n d i c a t e d i s r u p t i o n of s t r u c t u r e i s 
p r e s e n t to some degree. T h i s c l a s s i f i c a t i o n i n t o normal and 
abnormal specimens i s d i s c u s s e d f u r t h e r i n Chapter 7 i n 
r e l a t i o n to mechanical p r o p e r t i e s of the specimens. 

The v a r i a t i o n i n water content w i t h s i t e of the specimen i s 
shown i n F i g . 6.3 and 6.4. I n F i g . 6.3 the a c t u a l v a l u e s 
measured are shown and i n F i g . 6.4 the d i s t r i b u t i o n of normal 
and abnormal specimens, as determined by age and water content, 
i s i n d i c a t e d f o r those p a t e l l a e where specimens from both groups 
were pr e s e n t . These r e s u l t s i n d i c a t e that there i s no s y s t e m a t i c 
v a r i a t i o n i n water content w i t h s i t e . 

The Uronic Acid content of the specimens ranged from 0.5% to 
4.7% on a dry weight b a s i s and 0.1 to 1.047„ on a wet weight 
b a s i s . These v a l u e s are c o n s i s t e n t w i t h the v a l u e s reported 
by previous workers f o r normal a r t i c u l a r c a r t i l a g e ( Maroudas et_ 
a l 1969, F i c a t and Maroudas 1975, Sweet e t a l 1977). 

The v a r i a t i o n i n Uronic Acid content w i t h age and s i t e a r e 
shown i n F i g s . 6.5 to 6.8 and there i s no c o r r e l a t i o n between 
Uronic A c i d content and e i t h e r of these two v a r i a b l e s . 
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CHAPTER 7 

MECHANICAL RESULTS; ANALYSIS AND DISCUSSION 
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7.1 I n t r o d u c t i o n 

As d e s c r i b e d i n Chapter 5, three t e s t procedures u s i n g three 
d i f f e r e n t t e s t machines were used during t h i s i n v e s t i g a t i o n . 
I n each case a constant r a t e displacement was a p p l i e d to the 
specimen and the r e s u l t a n t load measured. 

Before the main bulk of the experimentation was s t a r t e d three 
s h o r t s e r i e s of t e s t s were performed to e s t a b l i s h two c r i t e r i a 
f o r the subsequent a n a l y s i s . 

The f i r s t s e r i e s of t e s t s was to e s t a b l i s h whether a specimen 
t e s t e d more than once responded i n the same manner each time, 
i f i t had been l e f t to recover immersed i n s a l i n e between 
t e s t s . The second s e r i e s of t e s t s was to e s t a b l i s h the e f f e c t 
of v a r y i n g the s t r a i n r a t e on the response of the t i s s u e . The 
info r m a t i o n from these t e s t s i s most important to the a n a l y s i s 
of the r e s u l t s from the Dartec t e s t s as i t i s during these t e s t s 
t h a t not only i s the same specimen t e s t e d more than once but the 
t h i c k n e s s of the specimen i s reduced between s u c c e s s i v e t e s t s . 
I t i s a l s o n e c e s s a r y to enable a n a l y s i s of a l l the f u l l 
t h i c k n e s s t e s t s as i t was proposed th a t a l l the t e s t s be 
performed a t the same displacement r a t e and t h e r e f o r e , as the 
t h i c k n e s s of the specimens was not the same i n each case, a t 
s l i g h t l y d i f f e r e n t s t r a i n r a t e s . 

The t h i r d s e r i e s of t e s t s was to e s t a b l i s h whether or not the 
f u l l t h i c k n e s s response recorded under vacuum i n the SEM was the 
same as the response recorded f o r the same specimen, when 
immersed i n s a l i n e . T h i s information i s o b v i o u s l y r e q u i r e d 
before any comparison between d i f f e r e n t specimens t e s t e d under 
the two c o n d i t i o n s can be made. The r e s u l t s of these three 
p r e l i m i n a r y i n v e s t i g a t i o n s are presented f i r s t i n t h i s chapter 
and based on these r e s u l t s , the subsequent a n a l y s i s of the 
main s e r i e s of t e s t s i s then d e s c r i b e d . The a n a l y s i s of r e s u l t s 
i s d i v i d e d i n t o two s e c t i o n s ! v a r i a t i o n i n response w i t h depth, 
and response of f u l l t h i c k n e s s t i s s u e , 
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7.2 Repeat T e s t i n g of Specimens and E f f e c t of 
Varying S t r a i n Rate 

S e v e r a l specimens were t e s t e d more than once i n both the SEM and 
Dar t e c . I t was found t h a t i f the specimens were l e f t immersed 
i n s a l i n e f o r about 4 hours i n between t e s t s the response, 
although not i d e n t i c a l , was e s s e n t i a l l y the same f o r repeat t e s t s . 

F i g s 7.1 to 7.4 show four examples of specimens t e s t e d more than 
once i n the SEM and F i g s 7.5 to 7.8 show four examples of 
specimens t e s t e d more than once i n the D a r t e c . I n some ca s e s 
specimens were compressed to l e s s than h a l f t h e i r o r i g i n a l 
t h i c k n e s s during the t e s t s and i t i s t h e r e f o r e apparent t h a t 
a r t i c u l a r c a r t i l a g e has a q u i t e remarkable a b i l i t y to r e c o v e r 
from the e f f e c t s of compressive l o a d i n g . F i g s 7.9 to 7.14 show 
the load-deformation response of s i x specimens each t e s t e d a t 
f i v e d i f f e r e n t displacement r a t e s ; 0.03, 0.06, 0.3, 0.6, 3 mm/sec 
i n the Dartec and F i g s 7.15 to 7.17 show the response of three 
specimens t e s t e d a t displacement r a t e s of 0.1, 0.3 and 0.8 mm/sec 
i n the SEM. 

The t h i c k n e s s of these specimens ranged from 2.15 mm to 3.5 mm 
which, w i t h the displacement r a t e s used, g i v e s a range of s t r a i n 
r a t e s from 0.867. per second to 1407. per second. 

As can be seen w i t h the e x c e p t i o n of the specimen shown i n F i g . 
7.13, there i s very l i t t l e v a r i a t i o n i n response w i t h i n the range 
of s t r a i n r a t e s t e s t e d . There i s no c o n s i s t e n t i n c r e a s e or 
decrease i n the slope of the response w i t h i n c r e a s i n g s t r a i n r a t e . 

The e x c e p t i o n to the r e s u l t s i s the specimen shown i n F i g . 7.13. 
T h i s was the t h i c k e s t of the specimens t e s t e d and t h e r e f o r e the 
a p p l i e d s t r a i n r a t e s were a t the lowest end of the range t e s t e d . 
I t seems l i k e l y t h a t the i n c r e a s e i n deformation of the t i s s u e 
shown a t the s l o w e s t s t r a i n r a t e s i s due to the i n c r e a s e d 
s i g n i f i c a n c e of water flow during these t e s t s . T h i s would r e s u l t 
i n l a r g e r deformations a t the same load as i n e f f e c t the response 
measured i s a combination of the e l a s t i c and creep response of 
the t i s s u e . 

Based on these r e s u l t s i t was decided t h a t a l l f u l l t h i c k n e s s 
specimens i n the SEM and Dartec could be t e s t e d a t the same 
displacement r a t e of 0.3 mm/sec. T h i s would mean th a t the 
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a p p l i e d s t r a i n r a t e was w e l l w i t h i n the range t e s t e d during 
t h i s s e r i e s of p r e l i m i n a r y t e s t s . For the t e s t i n g of s l i c e s 
i n the I n s t r o n the a p p l i e d displacement r a t e was chosen as 
0.083 mm/sec. As the s l i c e s were nominally 0.5 mm t h i c k 
t h i s r e s u l t s i n a s t r a i n r a t e of approcimately 177. per 
second, which i s ag a i n w e l l w i t h i n the range t e s t e d and 
approximately the same as during the f u l l t h i c k n e s s t e s t s . 

I t was a l s o decided t h a t the t e s t s i n the Dartec, where s l i c e s 
of c a r t i l a g e are removed and the remaining t i s s u e r e t e s t e d , 
could a l l be performed a t 0.3 mm/sec and i t would be 
reasonable to assume th a t any d i f f e r e n c e i n the response was 
due to the removal of the t i s s u e , r a t h e r than e i t h e r repeat 
t e s t i n g or the s l i g h t i n c r e a s e i n s t r a i n r a t e . 
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7.3 Comparison Between Response i n SEM and Dartec 

To e s t a b l i s h whether or not the response of a r t i c u l a r c a r t i l a g e 
i s a f f e c t e d by the specimen being i n a vacuum during these t e s t s 
21 f u l l t h i c k n e s s specimens were t e s t e d both i n the SEM and the 
D a r t e c . The r e s u l t s obtained by the two d i f f e r e n t methods are 
shown i n F i g s 7.18 to 7.38. The a n a l y s i s used to convert the 
load-displacement measurements to s t r e s s — s t r a i n and the 
d e f i n i t i o n of compliance are d e s c r i b e d i n d e t a i l i n S e c t i o n 7.4. 

As can be seen, i n the m a j o r i t y of c a s e s the responses recorded 
were v e r y s i m i l a r i n both the SEM and D a r t e c . There i s no 
c o n s i s t e n t d i f f e r e n c e i n the responses measured as shown by 
F i g . 7.39,which i s a graph of compliance i n SEM v e r s u s compliance 
i n the D a r t e c . 

The s l i g h t d i f f e r e n c e which was observed i n some ca s e s i s t h e r e f o r e 
a t t r i b u t e d to experimental e r r o r . On the b a s i s of these r e s u l t s 
i t i s t h e r e f o r e assumed th a t during these s h o r t term t e s t s , l a s t i n g 
only 2 or 3 seconds, a r t i c u l a r c a r t i l a g e deforms i n e s s e n t i a l l y the 
same manner whether immersed i n s a l i n e or i n a vacuum. 

I n the a n a l y s i s of the main s e r i e s of t e s t s t h e r e f o r e no 
d i f f e r e n t i a t i o n i s made between specimens t e s t e d i n the SEM and 
those t e s t e d immersed i n s a l i n e . For those specimens which were 
t e s t e d under both c o n d i t i o n s only the response immersed i n s a l i n e 
i s i n c l u d e d i n the a n a l y s i s . 

These t e s t s a r e of course of s h o r t d u r a t i o n and as d i s c u s s e d i n 
7.2 i t i s u n l i k e l y t h a t f l u i d flow i s a major c o n t r i b u t i o n to the 
deformation which occurs during the t e s t . I f the t e s t s were of 
long d u r a t i o n , more than a few seconds, i t would be expected t h a t 
a much g r e a t e r d i f f e r e n c e i n response would be apparent. During 
long d u r a t i o n t e s t s the major c o n t r i b u t i o n to the deformation i s 
f l u i d flow and the r a t e of f l u i d flow i s dependent on both the 
magnitude of the a p p l i e d load and on the osmotic p r e s s u r e d i f f e r e n c e 
which e x i s t s between the m a t r i x and the surrounding medium 
(Elmore e t a l 1963). I n the case of long d u r a t i o n t e s t s c a r t i l a g e 
t e s t e d under the vacuum would t h e r e f o r e be l i k e l y to appear much 
l e s s s t i f f , i . e . i t would e x h i b i t g r e a t e r deformation f o r the same 
a p p l i e d load, than the same specimen t e s t e d i n s a l i n e . 
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7.4 Analysis of Data 

7.4.1 I n t r o d u c t i o n 

The d e f i n i t i o n of s t r e s s used i n the a n a l y s i s i s 

<T = P/A ( i v ) 
where P = applied load 

A = o r i g i n a l cross s e c t i o n a l area of specimen 
and compression i s s i g n i f i e d as p o s i t i v e . 

The d e f i n i t i o n of s t r a i n used i s the so c a l l e d l o g a r i t h m i c 
s t r a i n , o f t e n used to describe large s t r a i n s ( H i l l 1951) 

(v) 

where h Q = o r i g i n a l thickness of specimen 
h = c u r r e n t thickness of specimen 

Compression i s again s i g n i f i e d as p o s i t i v e and i t can be seen 
t h a t as the thickness of the specimen approaches zero, € — > 0 O . 

The slope of a s t r e s s - s t r a i n curve i s used to define the 'modulus' 
of the m a t e r i a l . I f the s t r e s s - s t r a i n curve i s a s t r a i g h t l i n e 
then the 'modulus' i s constant f o r t h a t specimen. I f the curve 
i s not s t r a i g h t then t o enable comparison between specimens the 
'modulus' can be defined as the slope of the tangent a t a 
prescribed value of s t r e s s or s t r a i n . The inverse of the 
'modulus' i s designated here as the 'compliance". 

As mentioned i n Chapter 4, each t e s t r i g used i n t h i s i n v e s t i g a t i o n 
e x h i b i t e d a small, c o n s i s t e n t load-deformation response and these 
are shown i n Appendix B . For each specimen the measured 
deformation was corrected using the appropriate r i g l o a d — 
deformation curve before any a n a l y s i s of the data was s t a r t e d . 

7.4.2 F u l l Thickness Tests 

The loads and displacements measured during the f u l l thickness 
t e s t s were converted to stress and s t r a i n using equations ( i v ) 
and ( v ) and a s t r e s s - s t r a i n curve was p l o t t e d f o r each specimen. 
F i g . 7,4 0 i s an example of the response recorded f o r several 
specimens from one p a t e l l a . 

As can be seen the response i s c h a r a c t e r i s e d by an i n i t i a l 
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n o n - l i n e a r r e l a t i o n s h i p between stress and s t r a i n f o l l o w e d by 
an almost l i n e a r r e l a t i o n s h i p f o r the main p a r t of the t e s t . 
This lack of l i n e a r i t y i n the response i s i n agreement w i t h 
previous work using unconfined specimens (Johnson et a l 1977). 

As explained i n Section 7.4.1, an o v e r a l l 'modulus' can only 
be assigned to a specimen i f the s t r e s s — s t r a i n r e l a t i o n s h i p i s 
constant. This i s not the case f o r the specimens tested here 
and t h e r e f o r e to permit comparison between the response of a 
large number of specimens i t was necessary to measure a 
c h a r a c t e r i s t i c of the response a t a p a r t i c u l a r p o i n t during the 
t e s t . 

As w i l l be shown i n Section 7.4.3, the video analysis of 
specimens t e s t e d i n the SEM i n d i c a t e t h a t i n some cases there 
were sections through the thickness of the c a r t i l a g e where there 
was v i r t u a l l y no deformation under the loads a p p l i e d . Rather 
than measure a modulus or s t i f f n e s s , which i n these cases would 
be i n f i n i t y , the s t r e s s — s t r a i n r e l a t i o n s h i p of each specimen 
was t h e r e f o r e c h a r a c t e r i s e d by the compliance a t a p a r t i c u l a r 
value of s t r e s s . 

2 
The stress t h a t the compliance was measured a t was 3 MN/m as 
t h i s value of stress was i n the second, almost l i n e a r p a r t of the 
response f o r each specimen and i n most t e s t s the l e v e l of stress 

2 
reached was higher than 3 MN/m , t h e r e f o r e enabling the m a j o r i t y 
of specimens to be included i n the a n a l y s i s . 
Once the s t r e s s - s t r a i n r e l a t i o n s h i p of a specimen had been 

2 

p l o t t e d the compliance a t 3 MN/m was measured and recorded. 

7.4.3 SEM Layer Analysis 
Using the video recordings made during the SEM t e s t s , d i r e c t 
measurements of the deformations which occurred throughout the 
thickness of the specimen could be made. Although t h e o r e t i c a l l y 
a l l the specimens tested i n the SEM could be analysed f o r 
v a r i a t i o n i n compliance w i t h depth, the number was l i m i t e d by 
the q u a l i t y of the video recording i n each case. During t h i s 
i n v e s t i g a t i o n , which was performed over a two year pe r i o d , there 
was a n o t i c e a b l e decrease i n the q u a l i t y of video recording t h a t 
could be made. The cause of t h i s decrease i n q u a l i t y i s 
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unknown. However, the e f f e c t was t h a t a n a l y s i s of video 
recordings of the l a t e r experiments became i n c r e a s i n g l y 
d i f f i c u l t and i n some cases impossible. This problem and 
the possible s o l u t i o n t o i t are discussed i n more d e t a i l i n 
Chapter 8. For those specimens where the q u a l i t y of the 
video recording made an a l y s i s possible the procedure was as 
f o l l o w s -

By p l a c i n g the c o n t r o l of the video recorder i n the STOP 
p o s i t i o n , i t i s possible to wind the tape on by hand. Each 
reco r d i n g was wound on by t h i s method u n t i l the compression 
stub j u s t came i n t o contact w i t h the surface of the specimen. 
This zero displacement p o s i t i o n was c o r r e l a t e d w i t h the zero 
load measurement recorded by the load c e l l described i n 
Chapter 4. A g r i d was then placed on the screen of the video 
monitor and the co-ordinates of s e v e r a l , e a s i l y i d e n t i f i a b l e , 
f e a t u r e s throughout the depth of the specimen were recorded. 
The video was then wound on u n t i l the compression stub had 
moved 5 mm on the monitor, equivalent to 0.1 mm compression 
of the specimen, and the co-ordinates of the same fea t u r e s were 
again recorded. This procedure was repeated f o r each 0.1 mm 
of displacement d u r i n g the t e s t . 

Figs 7.41 to 7.43 show a series of s t i l l photographs taken of 
the video recording made during a t e s t . By s u b t r a c t i n g the 
co-ordinates of the adjacent features the deformation of the 
layer i n between the features could be determined f o r each 
value of o v e r a l l deformation. 

The values of s t r a i n i n each la y e r were c a l c u l a t e d using 
equation ( v ) and these were c o r r e l a t e d w i t h the measured s t r e s s . 
Figs 4.44 and 4.45 show two examples of the s t r e s s - s t r a i n 
r e s u l t s obtained f o r d i f f e r e n t depths through the c a r t i l a g e . 

As w i t h the other s t r e s s — s t r a i n responses, the graphs were 
2 

characterised by the value of compliance at 3 MN/m s t r e s s . 
F i g . 4.45 i s an example of the cases observed where no 
deformation occurred i n a p a r t i c u l a r l a y e r of the c a r t i l a g e 
during the t e s t . I n these cases, by measuring compliance 
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r a t h e r than s t i f f n e s s the need to deal w i t h i n f i n i t e s t i f f n e s s 
i n the subsequent a n a l y s i s i s e l i m i n a t e d . 

7.4.4 Dartec S l i c e Tests 

As described i n Section 7.2, the load-deformation response of 
each s l i c e removed from the specimen i s deduced by the d i f f e r e n c e 
i n the load deformation response of the specimen w i t h and w i t h o u t 
the p a r t i c u l a r s l i c e . The load-deformation responses f o r one 
specimen as each s l i c e was removed were th e r e f o r e p l o t t e d 
together on one graph as shown i n Figs 7.46 and 7.47. By 
measuring the d i f f e r e n c e i n deformation at several loads 
during the t e s t the load-deformation response of each s l i c e was 
deduced and converted to stress and s t r a i n using equations ( i v ) 
and ( v ) . As w i t h the f u l l thickness and SEM lay e r t e s t s , the 
stress s t r a i n response f o r each s l i c e was p l o t t e d and the 

2 
compliance a t 3 MN/m measured and recorded. F i g . 7.43 shows 
an example of the s t r e s s - s t r a i n response recorded where s l i c e 1 
i s nearest the a r t i c u l a r surface. 
7.4.5 I n s t r o n S l i c e Tests 

As the s l i c e s t e s t e d i n the I n s t r o n were a l l tested i n d i v i d u a l l y 
the a n a l y s i s of the data was e x a c t l y as f o r the f u l l thickness 
specimens. The load—deformation response was converted to 
s t r e s s — s t r a i n using equations ( i v ) and ( v ) and the compliance of 

2 
the s t r e s s - s t r a i n curve was measured a t 3 MN/m . 
Fig . 7.49 shows an example of the stress s t r a i n response f o r 
s l i c e s from the same specimen w i t h s l i c e 1 again being the s l i c e 
nearest the a r t i c u l a r surface. 
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7.5 V a r i a t i o n i n Compliance w i t h Depth 

Figs 7.50, 7.51 and 7.52 show the values of compliance measured 
at d i f f e r e n t depths through the thickness of the specimens using 
the three experimental techniques described. The normalised 
depth was c a l c u l a t e d by d i v i d i n g the depth of the mid-point of 
each layer or s l i c e by the f u l l thickness of the specimen 

A t o t a l of 49 specimens were t e s t e d ; 20 i n the SEM, 16 i n the 
Dartec and 13 i n the I n s t r o n . 

40 of the specimens analysed showed a marked decrease i n compliance 
w i t h depth from the a r t i c u l a r surface w h i l e 9 showed an increase i n 
compliance w i t h depth. Of the 40 specimens where compliance 
decreased w i t h depth, 31 had a minimum value of compliance a t a 
depth of between 257<. and 757. of the specimen thickness. The 9 
remaining specimens i n t h i s group showed a c o n t i n u a l decrease i n 
compliance w i t h depth. No obvious reason could be found f o r the 
d i f f e r e n t compliance d i s t r i b u t i o n of the 9 specimens whose 
compliance increased w i t h depth, although i t should be noted t h a t 
5 out of the 9 had been stored frozen which, as w i l l be shown i n 
Section 7.6, does seem to a f f e c t the f u l l thickness response of 
the t i s s u e . F i g . 7.53 shows the v a r i a t i o n i n compliance w i t h 
depth of those specimens stored a t + 4°C and F i g . 7.54 i s of 
those stored at - 20°C. Although no q u a n t i t a t i v e d i f f e r e n c e 
can be said t o e x i s t between the two groups, from a q u a l i t a t i v e 
p o i n t of view the specimens stored f r o z e n would appear, on 
average, to have higher values of compliance i n the mid-zone than 
those stored unfrozen. 

I t can be seen from Figs 7.50, 7.51 and 7.52 t h a t the extreme 
values f o r compliance come from the SEM a n a l y s i s . This i s t o be 
expected as i t i s only when using t h i s technique t h a t the regions 
or layers to be analysed can be selected according to t h e i r 
behaviour. 

With both the Dartec and I n s t r o n t e s t procedures no such s e l e c t i o n 
i s possible and the r e s u l t s obtained must be the average f o r each 
s l i c e , which may i n f a c t c o n t a i n regions of high and low compliance. 
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7.6 V a r i a t i o n i n F u l l Thickness Compliance 

110 f u l l thickness specimens were tested i n t h i s i n v e s t i g a t i o n 
-8 

and the values of compliance measured ranged from 2.3 x 10 to 
-1 2 -t 2 2.47 x 10 m /N w i t h a mean value of 7.8 x 10 m /N. 

Twelve of the p a t e l l a e used i n t h i s study had e i g h t or more 
specimens taken from d i f f e r e n t s i t e s and Figs 7.55 and 7.56 show 
the v a r i a t i o n i n compliance w i t h s i t e observed i n these p a t e l l a e . 
No c o n s i s t e n t p a t t e r n of compliance w i t h s i t e i s evident from 
t h i s study. 

I n F i g . 7.56 i t can be seen t h a t i n e i g h t cases out of the twelve 
the range of compliance i s r e s t r i c t e d to two or three of the 
a r b i t r a r y d i v i s i o n s of the t o t a l range of compliance, and only i n 
f o u r cases are there specimens from the same p a t e l l a i n both the 
extreme ranges. The r e s u l t s i n d i c a t e t h e r e f o r e t h a t i t i s l i k e l y 
t h a t i f an area of high compliance i s present on a p a t e l l a the 
remaining c a r t i l a g e w i l l also e x h i b i t higher than average 
compliance. 

F i g . 7.57 shows the v a r i a t i o n i n compliance w i t h age f o r a l l the 
specimens. No obvious c o r r e l a t i o n between compliance and age i s 
i n d i c a t e d by t h i s graph although i t can be seen t h a t the range of 
compliance at any p a r t i c u l a r age increases w i t h i n c r e a s i n g age. 

There are however two other v a r i a b l e s , i n a d d i t i o n to age, which 
may i n f l u e n c e the compliance of a specimen. These are the 
method of storage and the s t a t e of biochemical n o r m a l i t y of the 
specimen, as i n d i c a t e d by the water content of the t i s s u e . 

Figs 7.58 and 7.59 show the v a r i a t i o n i n compliance w i t h age, 
w i t h the specimens d i v i d e d i n t o those stored a t - 20°C and a t 
+ 4°C. 

From a q u a l i t a t i v e p o i n t of view these graphs would suggest t h a t 
i n f a c t i n a d d i t i o n to the increase i n range of compliance w i t h 
age there i s a general increase i n compliance w i t h age and t h a t 
the r e l a t i o n s h i p between compliance and age i n each case might be 
of the form 

Compliance = a x age'' + c ( v i ) 
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where a, b and c are constants. 

To i n v e s t i g a t e t h i s f u r t h e r the r e s u l t s of the specimens stored 
a t + 4°C were considered i n i s o l a t i o n from those specimens 
stored a t - 20°C. 

2 
By curve f i t t i n g , the value of c was estimated as 20 m /MN. 
R e w r i t i n g equation ( v i ) t h i s gives 

y - 20 = a x b ( v i i ) 
where y = compliance 

x = age 
Equation ( v i i ) was r e c t i f i e d by log t r a n s f o r m a t i o n to give 

log y' = log a + b log x ( v i i i ) 
where y' = y - 20 

The method of l e a s t squares was used to determine the 'best' 
s t r a i g h t l i n e f o r the data. 

y = 8.13 x 10"* x * W + 20 ( i x ) 
( r = 0.526 s i g n i f i c a n t a t the 17. l e v e l ) 

o 
These r e s u l t s i n d i c a t e t h e r e f o r e f o r t i s s u e stored at + 4 C the 
compliance i s h i g h l y dependent on the age, i n c r e a s i n g w i t h 
i n c r e a s i n g age. 
I f we now consider the t i s s u e stored a t - 20°C i t can be seen 
t h a t the values of compliance measured are on average higher than 
those p r e d i c t e d by equation ( i x ) , F i g . 7.60. This i s seen even 
more c l e a r l y i f j u s t the mean values of compliance at each age 
are p l o t t e d against age as shown i n F i g . 7.61. I t appears t h a t 

2 
the compliance i s on average 40 m /(V»K?higher i f the specimen i s 
stored a t - 20°C. F i g . 7.62 shows the mean measured values of 
compliance f o r specimens stored a t + 4°C, the mean measured 
values of compliance minus 40 m^M*\§£ov specimens stored at - 20°C 
and the l i n e p r e d i c t e d by equation ( i x ) . I t can be seen t h a t 
there i s now e x c e l l e n t c o r r e l a t i o n between p r e d i c t e d and measured 
values. The r e s u l t s t h e r e f o r e i n d i c a t e t h a t not only i s 
compliance of a r t i c u l a r c a r t i l a g e h i g h l y dependent on age, i t i s 
also h i g h l y dependent on storage procedures, w i t h t i s s u e stored 
a t - 20°C e x h i b i t i n g higher compliance than t i s s u e stored a t + 4°C. 
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I n a d d i t i o n to the e f f e c t of age and storage on compliance, the 
e f f e c t of biochemistry can be i n v e s t i g a t e d using the r e s u l t s 
already discussed i n Chapter 6. Figs 7.63 to 7.66 show the 
r e l a t i o n s h i p between compliance and water content, Uronic Acid 
7o dry weight and Uronic Acid % wet weight. The r e s u l t s are 
separated i n specimens stored at - 20°C and + 4°C to e l i n i n a t e 
the e f f e c t of storage already described. As can be seen, there 
i s no apparent c o r r e l a t i o n between compliance and any of these 
v a r i a b l e s and s t a t i s t i c a l a n a l y s i s confirms t h i s lack of 
c o r r e l a t i o n . 

I f t h e . r e s u l t s are separated i n normal and abnormal as described 
i n Chapter 6 the r e l a t i o n s h i p between compliance and age are as 
shown i n Figs 7.67 and 7.68, again the r e s u l t s being s p l i t i n t o 
those stored frozen and those unfrozen. Because of the small 
number of specimens i n each of the f o u r groups, i t i s not 
possible to perform any u s e f u l s t a t i s t i c a l a n a l y s i s of t h i s 
data but from a q u a l i t a t i v e p o i n t of view the r e l a t i o n s h i p 
between compliance and age does not seem to be d i f f e r e n t f o r 
normal and abnormal specimens i n e i t h e r the frozen or non-frozen 
groups. 

The r e s u l t s of t h i s i n v e s t i g a t i o n do not i n d i c a t e t h a t the 
compliance i s dependent on the biochemical composition of the 
t i s s u e . However, i t should be remembered t h a t the Uronic Acid 
content of a l l the specimens i s w i t h i n the range f o r normal 
t i s s u e and t h e r e f o r e none of the specimens tested can be 
c l a s s i f i e d as severely o s t e o a r t h r o t i c . 
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7.7 Summary of Results 

1. The compliance of a r t i c u l a r c a r t i l a g e i s highest i n the 
s u p e r f i c i a l zone, decreasing to a minimum i n the mid-
zone and inc r e a s i n g again s l i g h t l y i n the deep zone. 

2. Compliance of a r t i c u l a r c a r t i l a g e i s h i g h l y dependent 
on the age of the t i s s u e , i n c r e a s i n g w i t h i n c r e a s i n g 
age. 

3. Compliance of a r t i c u l a r c a r t i l a g e i s dependent on 
storage procedures; storage a t - 20°C causes an 
increase i n the compliance of specimens. 

4. The response of a r t i c u l a r c a r t i l a g e to sho r t term 
compression t e s t s i s independent of s t r a i n r a t e i n the 
range 1 - 1407. per second. 

5. The response of a r t i c u l a r c a r t i l a g e to short term 
compression t e s t s i s repeatable i f the specimen has 
been l e f t to recover immersed i n s a l i n e f o r 4 hours. 

6. The response of a r t i c u l a r c a r t i l a g e t o sho r t term 
compression t e s t s i s tne same whether the specimen i s 
immersed i n s a l i n e or i n a vacuum. 

7. There i s no apparent systematic v a r i a t i o n i n compliance 
of a r t i c u l a r c a r t i l a g e w i t h s i t e on the p a t e l l a . 

8. There i s no apparent c o r r e l a t i o n between compliance of 
a r t i c u l a r c a r t i l a g e and water content or Uronic Acid 
content of the specimen. 
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CHAPTER 8 

CONCLUSIONS AND IMPLICATIONS 
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8.1 I n t r o d u c t i o n 

The conclusions about r e l a t i o n s h i p s between v a r i a b l e s were 
discussed i n Chapter 7. I n t h i s chapter the relevance and 
i m p l i c a t i o n s of these conclusions to previous and f u t u r e work 
i n t h i s f i e l d are discussed. 

8.2 Storage Procedures 

The r e s u l t s of t h i s i n v e s t i g a t i o n s t r o n g l y i n d i c a t e t h a t the 
mechanical response of a r t i c u l a r c a r t i l a g e to compressive 
loading i s a f f e c t e d by the storage procedure used. As many 
workers i n the past have teste d t i s s u e stored a t - 20°C i t 
must be assumed t h a t t h e i r values f o r compliance w i l l be 
higher or s t i f f n e s s lower than i f the specimen had 
not been frozen. I t i s suggested t h e r e f o r e t h a t i n any 
f u t u r e study i n t o the 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 f r e s h t i s s u e should be used whenever p o s s i b l e . As 
storage of t i s s u e i s almost i n e v i t a b l y necessary during a study, 
i t should be stored a t above f r e e z i n g p o i n t i n a moist 
environment to prevent dehydration. 

8.3 Ageing of Tissue 

The compliance of normal a r t i c u l a r c a r t i l a g e i s h i g h l y dependent 
on the age of the t i s s u e but independent of e i t h e r the water or 
Uronic Acid content. This would suggest t h a t ageing f a c t o r s 
such as shortening i n chain l e n g t h of the glycosaminoglycans and 
f a t i g u e of collagen f i b r e s may be more important i n determining 
the o v e r a l l mechanical response of normal t i s s u e than the a c t u a l 
biochemical composition of the t i s s u e . This seems a reasonable 
s u p p o s i t i o n as the mechanical p r o p e r t i e s of the t i s s u e must be 
dependent on the i n t e r a c t i o n of the c o n s t i t u e n t s and any 
a l t e r a t i o n i n t h i s i n t e r a c t i o n i s l i k e l y to a f f e c t the mechanical 
response. Once the i n t e r a c t i o n between the c o n s t i t u e n t s i s 
d i s r u p t e d to such an extent t h a t there i s a large a l t e r a t i o n i n 
the biochemical composition, as i n severe o s t e o a r t h r o s i s , then 
the mechanical p r o p e r t i e s may depend on the biochemistry of the 
t i s s u e , as has been shown by previous workers. 
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This i n f l u e n c e of age must be taken i n t o c o n s i d e r a t i o n i n any 
f u t u r e i n v e s t i g a t i o n of 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 and may give a clue to the a e t i o l o g y of 
o s t e o a r t h r o s i s as w i l l be discussed i n Section 8.4. 

8.4 Relevance of Results to the A e t i o l o g y 
of Osteoarthrosis 

The r e s u l t s of t h i s i n v e s t i g a t i o n i n d i c a t e t h a t during normal 
a c t i v i t i e s deformation of a r t i c u l a r c a r t i l a g e i s r e s t r i c t e d to 
the surface zone of the c a r t i l a g e . This supports the suggestion 
t h a t one of the main f u n c t i o n s of a r t i c u l a r c a r t i l a g e i s to 
increase the contact area i n a j o i n t , thus reducing the stress i n 
the u n d e r l y i n g bone. 

However, i f unusually high loads are applied to a r t i c u l a r 
c a r t i l a g e deformation w i l l occur i n the mid-zone and the collagen 
f i b r e s present there w i l l be subjected to t e n s i l e s t r a i n . I t 
has been shown t h a t not only do the collagen f i b r e s i n the mid-
zone e x h i b i t lower u l t i m a t e t e n s i l e stress l e v e l s than those i n the 
surface zone but t h a t collagen i s f a t i g u e prone and there i s a 
decrease i n t e n s i l e f a t i g u e resistance w i t h age (Kempson 1973, 
Weightman 1975, 1976). 

Based on the observations made during t h i s i n v e s t i g a t i o n and the 
above statements as to the t e n s i l e and f a t i g u e p r o p e r t i e s of 
c o l l a g en, the f o l l o w i n g hypothesis as to the a e t i o l o g y of 
o s t e o a r t h r o s i s i s proposed. 

During the l i f e t i m e of an i n d i v i d u a l the a r t i c u l a r c a r t i l a g e i n 
the load bearing j o i n t s may be subjected to occasional extremely 
high loading such as occurs when jumping from a height or periods 
of above average loading, such as during running. I n e i t h e r of 
these cases the collagen f i b r e s i n the mid-zone w i l l be subjected 
to t e n s i l e s t r a i n . 

I f the occasional loading i s high enough or the p e r i o d of above 
average loading long enough t e n s i l e f a i l u r e of collagen f i b r e s 
w i l l occur i n the mid-zone. The l i k e l i h o o d of t h i s happening 
w i l l increase w i t h age due to the decrease i n the f a t i g u e 
resistance of collagen. This d i s r u p t i o n of the f i b r e network 
w i l l r e s u l t i n an increase i n water content i n the mid-zone, due 
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to s w e l l i n g of the glycosaminoglycans (which i s the f i r s t 
biochemical a l t e r a t i o n observed i n experimentally induced 
osteoarthroses (McDevitt and Muir 1974, 1975, 1976, McDevitt 
et a l 1977) and an increase i n the normally low compliance of 
the mid-zone. 

Once the compliance of the mid-zone r i s e s the t e n s i l e s t r a i n s i n 
the surface zone during normal loading w i l l be increased, due to 
increased deformation of the mid-zone. This i s shown 
d i a g r a m a t i c a l l y i n Figs 8.1 and 8.2. 

The increased t e n s i l e s t r a i n s i n the surface layer w i l l r e s u l t i n 
t e n s i l e f a i l u r e of the collagen f i b r e s and u l t i m a t e l y t o t a l 
d i s r u p t i o n of the f i b r o u s network w i l l become evident. I t i s 
th e r e f o r e suggested t h a t progressive f i b r i l l a t i o n which u l t i m a t e l y 
leads to o s t e o a r t h r o s i s i s i n f a c t i n i t i a t e d by t e n s i l e f a i l u r e o f 
collagen f i b r e s i n the mid-zone. Non-progressive f i b r i l l a t i o n 
which occurs mainly i n non-load bearing areas of the j o i n t i s 
probably due to 'wear and tea r ' of the a r t i c u l a r surface and, as 
the mid-zone s t r u c t u r e i s not a f f e c t e d , i s u n l i k e l y to lead to 
complete d i s r u p t i o n of the c a r t i l a g e . 
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Fig8.1 Loading of normal c a r t i l a g e . 

Surface 

Mid 
Zone 

Deep 
Zone > 

Fig8„2 Loading of abnormal c a r t i l a g e . 
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APPENDIX A 



Specimen Age 
(Years) 

Water 
Content 

(7c w/wt) 

U ron i c 
Acid 

(7. d/wt) 

Uronic 
Ac id 
[7. w/wt) 

Storage Gompliance 
(mVNxlO* ) 

Al 25 78.9 2.93 0.&2 FR 78 
A 2 25 76.8 6.36 1.01 FR 52 
A3 25 73.0 3.15 0.85 FR fal 
A4 25 75.9 4.37 1.05 FR 57 
A5 25 75.1. 2.61 0.65 FR 98 
A 7 25 77.0 3.03 0.7 FR 67 
A6 25 75.8 1. Co 0.41 FR 48 
A9 25 78.8 1.35 0.29 FR 55 
AlO 25 73.2 2.4 0.J4 FR 55 

58 73.4 2.41 0.i>4 NOT FR 41 
- c2 58 74.0 2.69 0.68 NOT F" 59 

C3 58 82.5 1.45 0.25 NOT ?P 44 
cs 58 81.3 2.85 0.54 NOT FR 32 
CIO 58 84.5 2.01 0.31 NOT FP 61 
Cl I 58 80.5 1.7 0.33 NOT FR 106 
C12 5S 73.4 3.9 1.04 NOT FP 52 
Dl 46 81.1 1.95 0.37 FR 67 
D2 46 82.8 3.02 0.52 FR 35 
D3 46 72.3 2.04 0.57 FR 48 
D4 46 81.1 1.63 0.31 FR 89 
D7 46 81.7 1.24 0.23 FR 77 
DS 46 74.0 2.2 0.57 FR 55 
D9 46 80.1 1.7 0.34 FR 37 
DIO 46 74.1 J .81 0.47 FR 168 
D l l 46 79.3 2.39 0.49 FR 130 
Gl 48 80.7 1.95 0.38 NOT F? 44 
G2 43 83.2 3.9 0.66 NOT FR 54 
G4 48 72.9 2.6 0.7 NOT FP 43 
G6 48 82.4 2.5 0.44 NOT FR 54 
G7 43 70.9 2.32 0.6 NOT FR 32 
G9 48 78.3 2.38 0.52 NOT FR 30 
GIO 48 75.6 2.45 0.6 NOT FR 50 
G i l 48 75.8 2.76 0.67 NOT FR 32 
G12 48 79.7 2.44 0.49 NOT FRR 33 
HI 68 71.6 3.4b 0.98 NOT FR 43 

i 



J Specimen Age 
(Years) 

Water 
Content 

(7. w/wt) 

Uronic 
Acid 
(% d/wt) 

Uronic 
Acid 

(7. w/wt) 

Storage Compliance 
(mVNxlO) 

H4 68 74o5 2.63 0.67 NOT FR 39 
H5 68 74.2 2.07 0.54 NOT FR 46 
H6 68 72.0 3.22 0.9 NOT FR 32 
LI 61 71.3 2.72 0.78 NOT FR 125 
L2 61 72.5 1.8 0.5 NOT FR 63 
L3 61 75.5 3.11 0.76 NOT FR 77 
L4 61 76.1 2.4 0.57 NOT FR 48 
L5 61 77.3 2.26 0.52 NOT FR 43 
L6 61 74.1 2.8 0.73 NOT FR 46 
L7 61 78.2 2.92 0.64 NOT FR 73 
L9 61 72.0 2.57 0.72 NOT FR 75 
L10 61 76.8 i.12 0.72 NOT FR 73 
Qi 59 70.9 2.39 0.7 NOT FR 48 
Q2 59 71.7 1.43 0.7 NOT FR 48 
Q3 59 73.4 2.43 0.64 NOT FR 55 
04 59 73.1 2.04 0.55 NOT FR 55 
Q5 59 71.2 2.25 0.65 NOT FR 59 
Q6 59 75.7 2.28 0.55 NOT FR 61 
08 59 71.5 2.53 0.72 NOT FR 44 
Q9 59 71.8 2.8 0.79 NOT FR 78 
Rl 65 75.2 1.04 0.26 NOT FR 71 
R2 65 81.4 1.14 0.21 NOT FR 115 
R3 65 77.8 1.72 0.38 NOT FR 91 
R4 65 77.1 0.81 0.18 NOT FR 73 
R6 65 80.1 1.01 0.2 NOT FR 83 
R7 65 76.8 0.63 0.15 NOT FR 69 
R8 65 81.9 1.94 0.35 NOT FR 115 
SI 66 76.3 1,04 0.25 FR 115 
S3 66 73.0 1.31 0.47 FR 137 
S4 66 74.5 1.84 0.47 FR 83 
S5 66 75.7 2.66 0.65 FR 177 
S6 66 73.3 1.89 0.5 FR 137 
S7 66 65 7 2.34 0.78 FR 148 
S9 66 71.1 i.23 0.35 FR 100 
Tl 53 71.3 1.17 0.33 FR 59 



Specimen Age 
(Years) 

Water 
Content 
(7. w/wt) 

Uronic 
Acid 
(7. d/wt) 

Uronic 
Acid 

(7. w/wt) 

Storage Compliance 
(mVNxltf) 

T2 53 71.1 1.21 0.35 FR 59 
T5 53 79.7 1.83 0.37 FR 56 
T6 53 69.5 2.51 0.77 FR 59 
Ul 57 78.9 0.91 0.21 NOT FP S5 
U2 57 85.6 1.9 0.27 NOT FR 50 
VI 35 75.7 2.68 0.65 FR •7-3 

V2 35 78.0 1.64 0.36 FR 61 
V3 35 80.0 1.12 0.22 FR 93 
V4 35 76.6. c 1.5 0.35 FR 57 
V5 35 79.7 1.14 0.23 FR 63 
V6 35 79.4 2.26 0.46 FR 31 
V7 35 75.7 1.59 0.39 FR 32 
V9 35 73.2 1.6 0.43 FR 81 
Wl 49 79.5 1.96 0.4 FR 54 
W4 49 72.8 1.67 0.45 FR 23 
W6 49 75.3 2.24 0.3 FR 25 
XI 81 79.8 1.64 0.33 NOT FR 151 
X2 81 81.5 2.28 0.42 NOT FR 50 
X4 81 78.9 2.23 0.48 NOT FR 156 
X5 81 78.2 1.45 0.32 NOT FR 39 
X9 81 77.0 2.86 0.66 NOT FR 247 
X10 31 83.0 2.62 0.45 NOT FR 54 
X12 81 84.9 1.5S 0.24 NOT FR 174 
Yl 65 81.7 l.b3 0,33 NOT FR 89 
Y2 65 76.1 1.47 0.35 NOT FR 100 
Y4 65 76.2 1.37 0.33 NOT FR 98 
Y5 65 75.3 1.45 0.36 NOT FR 52 
Y6 65 72.8 1.49 0.41 NOT FR 69 
Y7 65 78.4 3.0 0.65 NOT FR 106 
Y9 65 80.3 0.98 0.19 NOT FR 91 
Z2 64 81.6 1.0 0.18 FR 106 
Z3 64 80.7 1.29 0.25 F?- 109 
Z5 64 74.8 1.84 0.46 FR 104 
Z6 64 78.6 1.68 0.36 FR 77 
Z7 64 85.3 1.26 0.19 FR 151 



Specimen Age 
(Years) 

Water 
ConL. nt 
(% w/wt) 

Uronic 
Acid 

(7c d/wt) 

Uronic 
Acid 

(7. w/wt) 

S torage Compliance 
(mVNxlO* ) 

Z8 64 83.8 0.57 0.09 FR 89 
AA1 59 76.5 1.79 0.42 FR 93 
AA3 59 78 .9 2.16 0.46 FR 85 
AA4 59 80.6 2.46 0.48 FR 140 
AA5 59 80.0 1 .94 0.39 FR 180 
AA8 59 81.3 1.71 0.32 FR 61 
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DARTEC RAMP TEST 

1. A l i g n l o a d c e l l a n d top j a w . 

2 . P l a c e r i g i n m a c h i n e . 

3 . P o s i t i o n c r o s s - h e a d so t h a t , w h e n bottom j a c k i s i n 
lowest p o s i t i o n , the two s p e c i m e n h o l d e r s a r e j u s t 
s e p a r a t e d (1mm) . 

4. R a i s e bottom j a c k . 

5. I n s e r t s p e c i m e n , p e r s p e x c y l i n d e r a n d s a l i n e . 

6 . L o w e r bottom j a c k so t h a t u p p e r s t u b i s j u s t a b o v e the 
s p e c i m e n . 

7 . P o s i t i o n e x t e r n a l e x t e n s o m e t e r u s i n g s c r e w a n d d i a l . 

8 . S w i t c h from s t r o k e to e x t e r n a l c o n t r o l . 

9 . S w i t c h to r u n . 

10. Se lec t - v e r a m p . 

11. Se lec t h o l d . 

12. P o s i t i o n bottom j a c k so t h a t u p p e r s t u b i s j u s t a b o v e 
the s p e c i m e n , b y m o v i n g e x t e n s o m e t e r . 

13. Se lec t +ve r a m p . R e c o r d l o a d / d i s p . 

14. Se lec t h o l d . 

15. Se lec t - v e r a m p . 

16. R a i s e bottom j a c k so t h a t u p p e r s t u b i s s e v e r a l mm 
above s p e c i m e n b y m o v i n g e x t e n s o m e t e r . 

17- S w i t c h to S t o p / Z e r o . 

18. S w i t c h to S troke C o n t r o l 

19- R a i s e bottom j a c k 

20 . Remove s p e c i m e n 


